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A large proportion of patients with chronic myeloid leukemia
(CML; 20%-50%) develop resistance to imatinib in a BCR-
ABL1-independent manner. Therefore, new therapeutic strate-
gies for use in this subset of imatinib-resistant CML patients
are urgently needed. In this study, we used a multi-omics
approach to show that PPFIA1 was targeted by miR-181a. We
demonstrate that both miR-181a and PPFIAI-siRNA reduced
the cell viability and proliferative capacity of CML cells
in vitro, as well as prolonged the survival of B-NDG mice
harboring human BCR-ABL1-independent imatinib-resistant
CML cells. Furthermore, treatment with miR-181a mimic
and PPFIA1-siRNA inhibited the self-renewal of c-kit" and
CD34" leukemic stem cells and promoted their apoptosis.
Small activating (sa)RNAs targeting the promoter of miR-
181a increased the expression of endogenous primitive miR-
181a (pri-miR-181a). Transfection with saRNA 1-3 inhibited
the proliferation of imatinib-sensitive and -resistant CML cells.
However, only saRNA-3 showed a stronger and more sustained
inhibitory effect than the miR-181a mimic. Collectively, these
results show that miR-181a and PPFIA1-siRNA may overcome
the imatinib resistance of BCR-ABLIl-independent CML,
partially by inhibiting the self-renewal of leukemia stem cells
and promoting their apoptosis. Moreover, exogenous saRNAs
represent promising therapeutic agents in the treatment of im-
atinib-resistant BCR-ABL1-independent CML.

INTRODUCTION

Chronic myeloid leukemia (CML) is a cancer of the blood and bone
marrow, in which BCR-ABLI plays a central role."” Imatinib resis-
tance is the major incentive for developing new drugs for the treat-
ment of CML. Furthermore, the basis for BCR-ABL-independent

drug resistance is unclear; it may be caused by (1) CML stem cells,
(2) the participation of alternative survival signaling pathway, and
(3) autophagy and mitochondrial metabolism. Among these,
leukemic stem cells (LSCs) are the most common cause of imatinib
resistance, as LSCs cannot be eradicated with imatinib.>*

MicroRNAs (miRNAs) are a class of endogenous, non-coding, single-
stranded short RNAs that are involved in post-transcriptional negative
regulation of genes in eukaryotes. They range in size from 19 to 24 nu-
cleotides.” They exhibit different levels of expression in various tumors
and are involved in almost all aspects of tumor biology, such as prolif-
eration, apoptosis, invasion/metastasis, and angiogenesis. Therefore,
miRNAs play a prominent role in the etiology and progression of can-
cer. PTPRF interacting protein alpha 1 (PPFIA1), also known as liprin-
a1, belongs to the liprin family that includes liprin-o and liprin-p pro-
teins. PPFIA1 is overexpressed in a variety of malignancies and has been

Received 20 December 2022; accepted 28 April 2023;
https://doi.org/10.1016/j.0mtn.2023.04.026.

!%These authors contributed equally

Correspondence: Haiyan Hu, Clinical trial center of Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital, Shanghai, China.

E-mail: xuril 104@163.com

Correspondence: Hong Nie, International Cooperative Laboratory of Traditional
Chinese Medicine Modernization and Innovative Drug Development of Chinese
Ministry of Education (MOE), College of Pharmacy, Jinan University, Guangzhou
510632, China

E-mail: hongniel970@163.com

Correspondence: Keda Zhang, College of Pharmacy, Shenzhen Technology Uni-
versity, Shenzhen 518118, China.

E-mail: zhangkeda@sztu.edu.cn

Correspondence: Jia Fei, Department of Biochemistry and Molecular Biology,
Medical College of Jinan University, Guangzhou 510632, China.

E-mail: tfejjia@jnu.edu.cn

Molecular Therapy: Nucleic Acids Vol. 32 June 2023 © 2023 The Author(s). 729
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Updates


https://doi.org/10.1016/j.omtn.2023.04.026
mailto:xuri1104@163.com
mailto:hongnie1970@163.com
mailto:zhangkeda@sztu.edu.cn
mailto:tfeijia@jnu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2023.04.026&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Molecular Therapy: Nucleic Acids

A B

— .
\ Harvested GeneChip
—_—

NC mimics

mRNA Array g
miR-181a 0 / Proteomics
e —_—>
mimics
He,
NC mimics ||—> l,J/M“G'ia Mix Heavy A Expression
and Light Protein ___ Trypsin-digestion Prediction Microarray
/?, Lysates 1:1 > and LC-MS/MS (2891) (105)
miR-181a Q e
S — T
mimics Ve
c L
&%
& © Q\V\ &° & & QQ\‘;\ :&\f»
&K & £ é&
EIRS
K562-IMR KCL22-IMR
BK NC siPPFIAl miR-181a BK NC siPPFIAl miR-181a
PPFIA] | "™ e s PPFIA| | " "y — —

Actil | o — — — Acin gy WD WD

E SCR Control =1 NC F 150 mm NC
E3 hsa-miR-181a =m AMO-miR-181a o =1 miR-181a
1.4 -;’ 5 _ 12
by £87
§ = T EE L 2 g s
s = 3 N =e8
3 € = = 2NN oq S 64
32 = =R N 208
© © - —F= \ = 5
2% = = N <
® - « [ § [ 3
2 = =5 N )
= NEEE N 0-
Psi-peck-2 PPFIA1-3'UTR Mut-3'UTR 12 24 48

(legend on next page)

730 Molecular Therapy: Nucleic Acids Vol. 32 June 2023



www.moleculartherapy.org

shown to be an important promoter for tumor cells spreading in the
extracellular matrix and is required for tumor cell migration and inva-
sion, including breast cancer.” We previously found by monitoring cell
proliferation that miR-181a and PPFIA1-siRNA inhibit the develop-
ment of imatinib resistance in CML. PPFIA is an important gene target,
and miR-181a is a promising biomarker in the prognostic prediction of
hematological malignancies.® "'

A considerable fraction of CML patients develop resistance to tyro-
sine kinase inhibitors (TKIs) because these drugs cannot kill LSCs,
which leads to drug resistance and the recurrence of CML.'> The
transplantation of LSCs isolated from patients with CML into
NOD-SCID mouse mice leads to leukemia development in these an-
imals.'> Moreover, the biological, functional, and targeting character-
istics of LSCs may be similar to those of normal hematopoietic stem
cells."*"” LSCs may therefore resist apoptosis and innate immune
attack, while undergoing self-renewal and long-term survival.'>"”

Small activating RNA (saRNA), one of the dsRNAs, was initially
discovered and named by Longcheng Li’s team in 2006. When
dsRNAs target upstream of gene promoters and control the RNA-
Argonaute pathway, it is known as "RNA activation," which positively
regulates the transcription of genes. It is a subsequent technology to
RNAi that controls gene expression through double-stranded
RNA.'® Primitive (pri)-miR-181a, induced by saRNA activation, is
structurally different from the miR-181a mimic. Thus, endogenous
pri-mir-181a, with a miR-181a-5p and miR-181a-3p structure, has
a stronger and more durable effect on the biological functions of im-
atinib-resistant (IMR) CML cells than the miR-181a mimic.'**°

RNA interference (RNAi) silences genes for 5 to 7 days, whereas the
effects of saRNA last for up to 13 days.'>* Portnoy et al. identified
saRNA targets on the promoter sequence of the E-cadherin-
encoding gene.”' Moreover, the upregulation of DPYSL3 expression
is expected to inhibit tumor metastasis and provide significant benefits
for patients with locally advanced high-risk prostate cancer.”>**
Transfection of saRNA into hepatoma cell lines inhibits cell migration
and invasion, as well as the formation of intrahepatic and distant
metastasis, to prolong survival.”* saRNAs upregulate cancer-related
genes, regulate cell cycling and proliferation, promote cell aging and
apoptosis, inhibit cancer cell invasion and migration, and reverse che-
moresistance. We could harness these diverse functions of the natu-
rally present saRNAs for use in therapeutic agents without having to
synthesize potentially unsafe exogenous genetic sequences.”>* Since
saRNA has the same sequence form as siRNA, the delivery mode for
siRNA can be applied to it. The delivery system for small nucleic acids

is now also being rapidly improved. Novel structure of ionizable lipid
molecule iBL0O104 enables tumor visualization therapy.”’ A novel
ionizable lipid-assisted nucleic acid delivery system (iLAND) shows
good physicochemical properties, thermal stability, and excellent
siRNA transport efficiency.*® Xiong et al. enhanced MAS1 expression
using saRNA delivered in an amphiphilic dendrimer vector and signif-
icantly suppressed tumorigenesis and inhibited tumor progression in a
variety of cancers in tumor xenograft mouse models and patient-
derived tumor models.”” These drug delivery systems not only solve
drug issues but also significantly increase their therapeutic potential.
And they allow pharmaceuticals to be given in ways that would not
be conceivable otherwise.*’ Although, at present, the use of saRNAs
in the clinic is limited, we envisage that saRNA-based therapies would
benefit many patients with rare diseases.

In this study, we found that the overexpression of miR-181a mimics
could overcome imatinib resistance in CML by targeting the PPFIAI
oncogene; however, the exact mechanism was unclear. We attempted
to activate endogenous pri-miR-181a expression using saRNA and
compare the biological differences between CML cells with elevated
pri-miR-181a or miR-181a mimic expression to explore the potential
advantages of using saRNA in the treatment of IMR CML.

RESULTS

miR-181targets PPFIA1

A schematic of microarray and SILAC quantitative proteomics work-
flow is shown in Figure 1A. The accuracy of target gene prediction can
be greatly improved by using the combination of microarray, prote-
omics, and bioinformatics assays (Figure 1B). To predict the miR-
181a target genes, we used the Agilent human 1A whole genome
oligonucleotide chip array and measured hybridization signal inten-
sity. We surmised that the downregulated genes could be the miR-
181a target genes. We used the miRFocus software, which integrates
five commonly used miRNA target gene prediction programs and an-
alyzes the signaling pathways associated with a gene of interest.
Following treatment with miR-181a mimic or the PPFIAI-siRNA,
the expression levels of PPFIAI mRNA and protein were reduced
in K562-IMR cells (Figure 1C) and KCL22-IMR cells (Figure 1D).
PPFIA1 3’ non-coding region (UTR) and mutants were amplified
by PCR and inserted into the psiCHECK-2 vector plasmid (Premaga)
downstream of the fluorescein gene termination codon by double
digestion (Figure 1E). miR-181a and the constructed reporter vector
were co-transfected into cells using the Dual-Luciferase Reporter
Assay System (E1910) (Promega). Equal amounts of the anti-Ago2
antibody were added to the miR-181a mimic and negative control
(NC) groups and were used to show that Ago2 was bound to the

Figure 1. PPFIA1 is an miR-181a target

(A) Schematic outlining the SILAC-LC-MS/MS and RIP analysis process. (B) Candidate miR-181a target genes were identified by a multi-omics approach, combining mRNA
expression profiling (RIP), SILAC gquantitative proteomics, and miRFocus bioinformatics prediction. (C) The expression of PPFIAT mRNA and protein was reduced after
transfecting the miR-181a mimic and PPFIA7-siRNA into K562-IMR (D) or KCL22-IMR (E) cells. Luciferase reporter assay shows the interaction between miR-181aand the 3’
UTR of PPFIAT. (F) Equal amounts of the anti-Ago2 antibody were added to the miR-181a mimic (100 nM) and NC groups (100 nM). Binding of PPFIAT mRNA to miR-181a
was detected at 12, 24, and 48 h. The RIP assay showed that miR-181a targeted PPFIAT and inhibited its expression. The data are presented as the mean + SD, obtained
from at least three independent experiments. Significance was determined by Student’s t test, *p < 0.05, **p < 0.01, versus the NC group.
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miRNA. The binding between PPFIA1 mRNA and miR-181a was de-
tected at 12, 24, and 48 h (Figure S1). The RNA immunoprecipitation
(RIP) assay showed that miR-181a targeted and inhibited PPFIAI
expression (Figure 1F).

PPFIA1-siRNA and miR181a inhibit the proliferation of CML cells
with BCR-ABL1-independent imatinib resistance in vitro and

in vivo

The effects of the miR-181a mimic and the PPFIAI-siRNA on the
viability of K562-IMR and KCL22-IMR cells were detected following
transfection. K562-IMR and KCL22-IMR cells were treated with the
same concentrations of the miR-181a mimic or PPFIAI-siRNA for
24, 48, or 72 h (Figures 2A and 2B). After culturing for a specified
time, the viability of the K562-IMR and KCL22-IMR cells was
measured using the CCK-8 assay. We found that the optimal duration
of miR-181a mimic and PPFIAI-siRNA treatment was 24-96 h. The
miR-181a mimic and PPFIAI-siRNA had strong inhibitory effects
on the proliferation of K562-IMR and KCL22-IMR cells at 48 and
72 h. The K562-IMR cells were infected with a lentiviral vector con-
taining the luciferase reporter gene, and the resulting K562-IMR/lucif-
erase cells were cultured with puromycin (6 pg/mL) and maintained
for 1 week. The K562-IMR/luciferase cells were plated into a white,
opaque 96-well plate. We confirmed that the number of K562-IMR/
luciferase cells was proportional to the fluorescence intensity
(Figures S2A and S2B), indicating that the K562-IMR/luciferase cells
could be tracked in B-NDG mice. Thus, B-NDG mice were injected
with 1 x 10° K562-IMR/luciferase cells via the tail vein and imaged
on day 0 mice to confirm the presence of K562-IMR/luciferase cells.
The leukemic B-NDG mice were then injected with miR-181a mimic
or PPFIAI-siRNA every other day for a total of seven times. On
completion of the treatment course (day 20), we performed in vivo im-
aging of the B-NDG mice in each group to detect the proliferation of
K562-IMR/luciferase cells (Figure 2C). Compared with the NC group,
the fluorescence intensity (representing the severity of disease) of the
B-NDG mice treated with either miR-181a mimic or PPFIA1-siRNA
was reduced, while their survival was increased (Figure 2D). These re-
sults indicate that the miR-181a and PPFIAI-siRNA attenuated BCR-
ABL1-independent CML resistance in B-NDG mice in vivo.

miR-181a mimic and PPFIA1-siRNA overcome BCR-ABL-
independent CML resistance by targeting c-kit* CD34* LSCs

The resistance of resistant CML strains to therapeutic drugs may be
due to the self-renewal ability of their LSCs. Although LSCs account

for only a small proportion of leukemia cells, their stem cell charac-
teristics are the root of CML recurrence. The regulation of reversible
protein phosphorylation plays an important role in cellular homeo-
stasis. After transfecting PPFIAI-siRNA into K562 and KCL22 cells,
we extracted total protein and detected by phosphorylated proteins
using a phosphorylation antibody chip. We found that the phosphor-
ylation levels of a variety of proteins were reduced following the trans-
fection of PPFIA1-siRNA. Among these proteins, the levels of c-kit, a
surface marker of hematopoietic cells, decreased most significantly
(Figure 3A). Flow cytometry also validated that the proportion of
c-kit" cells in IMR populations was higher than that in the imati-
nib-sensitive strains of K562 and KCL22 (Figure 3B). The proportion
of c-kit"-expressing cells was reduced after the K562-IMR and
KCL22-IMR cells were treated with miR-181a mimic or PPFIAI-
siRNA. (Figure 3C). To verify whether PPFIAI expression had an ef-
fect on c-kit protein levels, the miR-181a mimic and PPFIA1-siRNA
were transfected into cells, and the amount of c-kit protein was quan-
tified by western blotting. We found that the transfection of miR-181a
mimic and PPFIA1-siRNA reduced the expression of c-kit in cells
(Figure 3D). To further study the relationship among LSCs, the
miR-181a mimic, and PPFIAI-siRNA, we also measured CD34
expression by flow cytometry. We found that the proportion of
IMR K562 and KCL22 cells expressing CD34" cells was higher than
that of their imatinib-sensitive equivalents (Figures S3A and S3B).
However, the proportion of CD34" K562-IMR and KCL22-IMR cells
decreased after they were treated with miR-181a mimic and PPFIA1-
siRNA (Figure 2E). These results suggest that the miR-181a mimic
and PPFIA1-siRNA inhibit the proliferation of K562-IMR cells and
KCL22-IMR cells by specifically targeting CD34™ LSCs.

saRNA-3 activates endogenous miR-181a and inhibits CML cell
proliferation

We used bioinformatics to interrogate the promoter region of the miR-
181a-encoding gene and designed saRNAs. Figure 4A shows the se-
quences of the three saRNAs (named saRNA 1-3) that we designed
to target miR-181a. Compared with the BK control group, the average
inhibition rates were as follows: 16.40% for the NC group, 26.56%, for
the miR-181a group, 25.60% for the saRNA-1 group, 25.96% for the
saRNA-2 group, and 33.43% for the saRNA-3 group (Figure 4B). In
K562 cells, the inhibitory effect of saRNA-3 was stronger than that
of the miR-181a mimic. After transfection with saRNA1-3 for 72 h,
the expression levels of endogenous miR-181a in K562 cells were de-
tected. Out of the three saRNAs, only saRNA-3 increased the

Figure 2. The miR181a mimic and PPFIA1-siRNA inhibited the proliferation of chronic myeloid leukemia cells with BCR-ABL1-independent imatinib

resistance in vitro and in vivo

(A) K562 and KCL22 are imatinib-sensitive cells, whereas K562-IMR and KCL22-IMR are imatinib-resistant (IMR) cells. The two IMR cell lines were cultured with increasing
concentrations of imatinib, and their proliferation was measured after 48 h of imatinib treatment. (B, C) Effect of the miR-181a mimic and PPFIAT-siRNA (100 nM) transfection
on K562-IMR and KCL22-IMR cells. Cell viability was detected using the CCK-8 assay at 24, 48, and 72 h. The miR181a mimic and PPFIA7-siRNA can overcome imatinib
resistance in CML. (D) K562-IMR/luciferase cells were injected into the tail vein of B-NDG mice. Different groups of these B-NDG mice were then treated equal volumes of
imatinib solution and 10 nmol NC, 10 nmol miR-181a mimic, or 10 nmol PPFIA7-siRNA every other day for 10 days. The proliferation of the K562-IMR/luciferase cells in
B-NDG mice in each treatment group was then observed by in vivo imaging (n = 3 per group). (E) Survival analysis showed that both miR-181a and PPFIAT-siRNA prolonged
the survival of B-NDG mice transplanted with K562-IMR/Iuciferase cells and treated with equal volumes of imatinib and 10 nmol NC, 10 nmol miR-181a mimic, or 10 nmol
PPFIA1-siRNA. The data are presented as the mean + SD, obtained from at least three independent experiments. Significance was determined by Student’s t test, *p < 0.05,

**p < 0.01, *p < 0.01 versus the NC group.
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expression of endogenous miR-181a (Figure 4C). We therefore next
transfected cells with saRNA-3 and assessed protein expression by
western blotting. In K562 cells, the PPFIA1 protein expression level
was lower following miR-181a transfection, compared with the NC
group (Figure 4D). We then set out to compare the effects of direct
endogenous miR-181a activation or transfection with the miR-181
mimic on the proliferation of K562 cells at 72, 96, 120, and 144 h after
transfection (Figure 4E). The inhibitory effect of saRNA-3 on the pro-
liferation of K562 cells was stronger than that of the miR-181a mimic.
At 120 and 144 h, the effect of the miR-181a was not statistically signif-
icantly different from that of the NC group. However, saRNA-3 had a
statistically significant effect at these time points, compared with NC
group. This experiment showed that saRNA-3 inhibited K562 cell pro-
liferation for a longer time. The proliferative capacity of K562 cells was
examined using the soft agar colony formation assay. After colony for-
mation, crystal violet staining was used to identify clones, which were
then counted. The K562 cells transfected with saRNA-3 formed fewer
clones than the NC group (Figure 4F). These results show that
saRNA-3 inhibited the proliferation of K562 cells.

saRNA-3 increases endogenous miR-181a levels to overcome
the imatinib resistance of CML cells in vitro and in vivo
Regarding the inhibitory effect of saRNA-3 in IMR CML cell lines, we
found that the saRNA-3 inhibited the proliferation of K562-IMR and
KCL22-IMR cells more strongly than the miR-18la mimic (Fig-
ure 5A). Moreover, the expression of endogenous miR-181a was
higher in the K562-IMR and KCL22-IMR cells transfected with
saRNA-3 than in those transfected with the NC (Figure 5B). Western
blotting indicated that saRNA-3 significantly reduced PPFIA1 pro-
tein expression in K562-IMR and KCL22-IMR cells (Figure 5C). As
for the imatinib-sensitive cell lines, the proliferative ability of K562-
IMR and KCL22-IMR cells was examined by soft agar colony forma-
tion assay. saRNA-3-transfected K562-IMR and KCL22-IMR cells
formed fewer clonal colonies than the NC group, while there was little
difference between the BK and NC groups (Figure 5D). Leukemic
B-NDG mice were injected with saRNA-3 a total of seven times
over the treatment period. On completion of the treatment course
(day 20), in vivo imaging of the two groups of B-NDG mice was per-
formed to detect the proliferation of K562-IMR/luciferase cells.
Compared with the NC group, B-NDG mice injected with
saRNA-3 exhibited lower fluorescence intensity, reduced disease
severity (Figure 5E), and a slower rate of weight loss. Moreover, the
mice in the saRNA-3 treatment group had longer survival times (Fig-
ure 5F). These results suggest that saRNA-3 inhibited the degree of

proliferation of BCR-ABLI-independent IMR CML cell lines in
B-NDG mice. A summary diagram outlining the regulatory network
discussed above is presented in Figure 6.

DISCUSSION

TKIs are effective drugs in the early treatment of CML. However, pa-
tients with CML can develop resistance to imatinib. To date, no effec-
tive drugs have been developed to treat the full range of IMR CML
Moreover, 20%-50% of CML patients develop BCR-
ABL1-independent imatinib resistance, which may be caused by
LSCs. Thus, it is of utmost importance to develop new drugs to treat
BCR-ABLI-independent IMR CML.*

. 31
variants.

LSCs are a major cause of imatinib resistance and CML recurrence.
The ability of LSCs to persist after TKI treatment and form a reservoir
contributes to the recurrence and progression of CML, as well as TKI
resistance. LSC quantitation at diagnosis and after treatment can pre-
dict patients’ response to first-line treatment and their prognosis.’>**

c-kit is a receptor tyrosine kinase expressed in different kinds of stem
cells (especially in hematopoietic stem cells), which plays an impor-
tant role in their maintenance and differentiation.’>*® Thus, inhibi-
tion of c-kit also inhibits the proliferation of CML stem/progenitor
cells.”” c-kit is a cell surface receptor on hematopoietic stem cells
and a proto-oncogene. After interacting with its ligand, stem cell fac-
tor (SCF), c-kit provides important cellular signals for the survival,
proliferation, and differentiation of hematopoietic stem cells and he-
matopoietic progenitor cells. Therefore, c-kit is a feasible therapeutic
target in CML.”* *° In the present study, we found that the proportion
of c-kit-positive cells was higher in the IMR CML cell population than
that in the imatinib-sensitive CML cell population. The tissue expres-
sion patterns of c-kit in mice and humans are comparable. Therefore,
mice may be an effective model to study the on- and off-target toxic-
ities of anti-c-kit directed immunotherapy.*'*> We found that treat-
ment with miR-181a mimic or PPFIAI-siRNA reduced the propor-
tion of c-kit-positive CML cells. miR-181a has been previously
shown to inhibit the c-kit pathway and prevent the development of
CML.* Tt is also reported that SCF/c-kit signaling must be inhibited
in order for TKIs to induce the apoptosis of CML cells, since SCF can
resist the inhibitory effect of TKIs in CML cells.

We showed that the proportion of CD34-positive cells within the IMR
CML cell population was higher than that in the imatinib-sensitive
CML cell population. Thus, imatinib resistance may be related to

Figure 3. miR-181a and PPFIA1-siRNA decreased c-kit and CD34 expression on imatinib-resistant chronic myeloid leukemia cells

(A) Phosphorylation of signaling proteins was assessed in the PPFIAT-siRNA and NC groups, using a phosphoantibody microarray system. The difference in phosphorylation
sites between the PPFIAT-siRNA and NC groups was expressed as the Phos ratio. The Phos ratio for the c-kit protein decreased most significantly after PPFIAT-siRNA
transfection. (B) Flow cytometry showed that the proportion of c-kit* cells in the imatinib-sensitive K562 and KCL22 cell population was lower than that in the imatinib-
resistant K562-IMR and KCL22-IMR cell population. After 48 h of treatment with either the miR-181a mimic or PPFIAT-siRNA, the proportion of c-kit* cells within the K562-
IMR. Significance was determined by Student’s t test, *p < 0.05, *p < 0.01, **p < 0.01 (C) and KCL22-IMR (D) cell populations decreased, compared with the NC group. This
was also confirmed by western blotting. (E) Flow cytometry showed that the proportion of CD34™ cells within the K562-IMR and KCL22-IMR cell populations decreased after
treatment with miR-181a mimic and PPFIAT-siRNA for 48 h, compared with the NC. The data are presented as the mean + SD, obtained from at least three independent
experiments. Significance was determined by Student’s t test, *p < 0.05, **p < 0.01, **p < 0.01 versus the NC group.
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the increase in the number of LSCs. After treatment with miR-181a
mimic or PPFIAI-siRNA, the proportion of CD34-positive cells
decreased. The expression of miR-181a is low in LSCs. Moreover,
miR-181a has been shown to inhibit the proliferation of LSCs
in vitro and the development of leukemia in vivo by targeting
SERPINEI. Therefore, miR-181a is a potential therapeutic agent for
targeting LSCs. A study showed that after 12 months of treatment
with imatinib, the percentage of CD34"c-kit" cells in CML patients
with a complete cytogenetic response or a major molecular response,
which are associated with disease improvement, decreased signifi-
cantly. Therefore, to obtain the best treatment response in CML pa-
tients, it is necessary to eliminate CD34" and c-kit" cells by inducing
their apoptosis. These results show that the success of treatment in
CML is affected by the frequencies of CD34" and c-kit" CML cells.**

Apoptosis is catalyzed by thousands of proteins and requires the
enzymatic activity of effector caspases.”” Inducing apoptosis by stim-
ulating exogenous signaling pathways can overcome resistance to
therapeutic drugs.*>*” A better understanding of drug-resistant mol-
ecules (and the underlying mechanisms) will help to design clinically
successful cancer treatment strategies, especially in patients with dis-
ease recurrence. For example, the continuous activation of the MEK
signaling cascade emphasizes the importance of auxiliary pathways,
independent of the BCR-ABLI fusion protein activation, in the devel-
opment of future therapies targeting residual LSCs and drug-resistant
patients lacking the BCR-ABLI mutation.*®

Gene activation by saRNAs involves the targeted recruitment of the
Argonaute protein to specific promoter sequences, which then in-
duces stable epigenetic changes to promote transcription. Meanwhile,
RNAi involves the RNA-induced silencing complex, which inhibits
gene expression by catalyzing the degradation of complementary
mRNA. saRNA is also an Ago-dependent process (involving mainly
Ago2 and Agol), which involves the delayed initiation and sustained
activity across multiple cell divisions. These characteristics are in
sharp contrast to those of RNAi, indicating that epigenetic mecha-
nisms are involved.'® To find saRNAs targeting PPFIA1, we interro-
gated the promoter region of miR-181a (selected 1,000 bp) using the
Ensembl database, and we generated complementary sequences 19 bp
in length, with two additional suspended nucleotides ([dT] [dT],
required for binding the target sequence). saRNA activation begins

in the same way as RNAI in the cytoplasmic Ago pathway; however,
it becomes different from the RNAi process after Ago is programmed
by the guiding RNA, which targets a nuclear promoter sequence.
Therefore, RNA activation has common characteristics with RNAi,
such as Ago dependence, and also has unique characteristics such
as delayed dynamics and longer persistence.*’

RNA activation is a nuclear process. Thus, a higher concentration of
saRNA is required to achieve the same effects in cultured cells as
that of siRNA to induce cytoplasmic RNAi. Higher concentrations
of nuclear RNA activation and RNAIi are necessary to compensate
for the inherent nuclear rejection characteristics of double-stranded
RNA.” When the saRNA targeting the miR-181a promoter acts on
CML cells, under the condition of increasing the same concentra-
tion, the cell viability is detected within 72-144 h. We observed
that the inhibition of CML cell proliferation by saRNA was more
potent and lasted longer than that of miR-181a. This delayed ki-
netics may obtain its nuclear target through saRNA, and the subse-
quent gene induction involving histone modification represents a
rate limiting step. Another feature of RNA activation is that the ef-
fect is prolonged after a single transfection of saRNA, which may
last for over 10 days.”' saRNA has important applications in the
fields of gene reprogramming and gene therapy, and it can also
be used for cell-based brain repair and the treatment of gene expres-
sion defects in neurological diseases. Thus, there is potential to use
saRNA as a scalable tool for the treatment of haploid deficiency in
neuropathogenesis.

In conclusion, we identified an saRNA (saRNA-3), which promoted the
production of endogenous pri-miR-181a. The resulting increase in
endogenous mIR-181a levels overcame BCR-ABL-independent imati-
nib resistance better than the exogenous miR-181a mimic by inhibiting
LSC self-renewal and promoting their apoptosis by targeting PPFIAI.

MATERIALS AND METHODS

saRNA and sequences

In humans, miR-181al and miR-181a2 are located on chromosome 1
(bp 198,859,04-198,859,153) and chromosome 2 (bp 124,692,442-
124,692,551), respectively. saRNAs target the miR-181a promoter,
similarly to siRNAs. saRNA is 19 bp in length, with a sequence com-
plementary to the miR-181la promoter, and the suspended two

Figure 4. The newly identified saRNA-3 inhibited chronic myeloid leukemia cell proliferation more strongly than miR-181a

(A) The strategy used to identify the promoter region of the activated target genes and design saRNAs using the Ensembl (http://www.ensemb)l.org) genome browser. The
sequences of three saRNAs (named saRNA 1-3) are shown. (B) The inhibitory effect of 200 nM saRNA 1-3 on the proliferation of K562 cells 72 h after transfection was
compared with the NC; viability was detected using the CCK-8 assay. All the saRNAs inhibited the proliferation of K562 cells, but only saRNA-3 had a stronger inhibitory effect
than the miR-181a mimic. (C) The expression level of miR-181a in K562 cells was detected 72 h after the transfection of RNAs 1-3. Only saBNA-3 could increase the
endogenous expression of miR-181a. (D) The effect of transfecting K562 cells saRNA-3 for 72 h on the expression of PPFIA1 protein was assessed by western blotting. After
saRNA-3 transfection, PPFIA1 protein expression (targeted by miR-181a) decreased, compared with the NC group. (E) After transfection with saRNA-3 at a concentration of
200 nM, the inhibition of cell proliferation was detected using the CCK-8 assay at 72, 96, 120, and 144 h. saRNA-3 had a stronger inhibitory effect on the proliferation of K562
cells than the miR-181a mimic at all the time points. At 120 and 144 h, the effect of the miR-181a mimic was not significantly different from that of the NC. By contrast,
saRNA-3 significantly inhibited the proliferation of K562 cells, compared with the NC. (F) Compared with NC group, saRNA-3 also inhibited the colony formation capacity of
K562 cells in soft agar; while, no significant difference in colony formation was observed between the BK and NC groups. 5,000 cells per well were plated into 6-well plates.
The data are presented as the mean + SD, obtained from at least three independent experiments. Significance was determined by Student’s t test, *p < 0.05, **p < 0.01,
***p < 0.01 versus the NC.
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nucleotides ([dT][dT]). Negative control, sense: 5-UUCUCCGAAC
GUGUCACGUTT-3' and antisense: 5-ACGUGACACGUUCGGA
GATT-3'. PPFIA1-siRNA, sense: 5-CCACAAAGCUCUGGAUGAA
dTdT-3" and antisense: 5-UUCAUCCAGAGCUUUGUGGATAT-3'.
PPFIA1 3’ UTR, 5-UUUUAGUCUUUCAAAUGAAUGUA-3'. PP
FIA1-mut-3' UTR, 5¥-UUUUAGUCUUUCAAAAACUGACAA-3'.
miR-181a mature sequence, 5'-AACAUUCAACGCUGUCGGUGA
GU-3’ miR181a mimic sense, 5'-AACAUUCAACGCUGUCGGUG
AGU-3' and antisense, 5- UCACCGACAGCGUUGAAUGUUG
U-3’ saRNA-1, sense: 5-GGAAUAUGAUGAUAAUUUAATAT-3'
and antisense: 5-UAAAUUAUCAUCAUAUUCCATAT-3'. saRNA-2,
sense: 5-GGGCUGUAAUUUAGUUCAAATAT-3' and antisense:
5'- UUGAACUAAAUUACAGCCCATAT-3'. saRNA-3, sense: 5'- GG
UAGUUUACAGCCUCUAAATAT-3' and antisense: 5-UUAGAG
GCUGUAAACUACCATAT-3'.

Cell culture and transfection

The K562 cell line was purchased from the Shanghai Institute of
Cell Biology, China. The KCL22 cell line was kindly provided by
Professor Markus Muschen (Children’s Hospital Los Angeles,
Los Angeles, CA, USA). K562-IMR and KCL22-IMR cells, resis-
tant to 1 uM imatinib, were constructed in our laboratory by
continuous exposure to increasing concentrations of imatinib.
K562-IMR/luciferase cells were constructed by stable transfection;
efficient and stable firefly luciferase expression was confirmed.
Briefly, the cells were diluted with the serum-free and antibiotic-
free RPMI-1640 medium. The Lipofectamine 2000 reagent was
gently mixed in a 1:1 (v/v) ratio with nucleic acid and incubated
for 20 min at room temperature. The Lipofectamine 2000-RNA
complex was then slowly added to the cell suspension, followed
by gentle plate agitation, until fully mixed. Next, RPMI-1640 me-
dium supplemented with 20% fetal bovine serum (FBS) was added
to each well of cells. On culture completion, 20 nL. CCK-8 reagent
was added to each well, followed by a 1 h incubation, to determine
cell viability. Absorbance was measured at 450 nm, using a multi-
functional microplate reader.

Soft agar colony formation assay

After counting, the cells were diluted with serum-free and antibiotic-
free RPMI-1640 medium and inoculated into 96-well plates at 5,000
cells in 50 pL per well. Lipofectamine 2000, diluted in reduced-serum
medium Opti-MEM, was mixed with small nucleic acids (also pre-
diluted in Opti-MEM) at a ratio of 1:1 (v/v), followed by a 5-min in-

cubation at room temperature. Lipofectamine 2000/nucleic acid
mixture was then slowly added to cell suspension, followed by a
20-min incubation at room temperature. The transfection was
completed after 6 h at 37°C, 5% CO,, Next, 1.2% warm soft agarose
solution and warm 20% FBS 1640 medium were mixed. 1 mL of
the mixture (containing 0.6% soft agarose gel solution and 10% FBS
1640 medium) was then added to each well of a 6-well plate and
cooled to solidify the lower gel. Cell suspensions were collected 6 h
after small nucleic acid transfection. The cells in each well were mixed
with 1 mL of the agarose gel mixture (containing 0.4% soft agarose gel
solution and 10% FBS 1640 medium). After cooling and solidification,
the 6-well plate contained cells suspended in a gel matrix. The 6-well
plate was placed in the incubator for cell culture. When clone forma-
tion was observed, the glue plane was cleaned three times with phos-
phate-buffered saline (PBS). The cells were fixed for 30 min with the
addition of 500 pL 4% paraformaldehyde solution to each well, and
the glue plane was washed with PBS three times. Clones were stained
with the addition of 1 mL 0.005% crystal violet dye to each well. The
dye was washed away with PBS, and the number of clones in each
experimental group was assessed.

RNA immunoprecipitation assay

miR-181a and NC miRNA were transfected individually into K562-
IMR cells. After transfection, the cells were collected and washed
with PBS. Cells were lysed in RIPA lysis buffer and quantified. An
anti-Ago2 antibody was added to the miR-181a mimic and NC-trans-
fected cells (at a lysate to antibody ratio of 1:100) and incubated on a
rotator at 4°C overnight. The same volume of protein A/G beads was
then added to each of the test groups and incubated on a rotator at
4°Cfor 4 h. The protein A/G beads were then collected and incubated
with PBS (containing protease K) at 55°C for 30 min. RNA was ex-
tracted from the two groups, and PPFIAlI mRNA was detected
by qPCR.

Real-time quantitative PCR

Total RNA was extracted from cells with TRIzol reagent and trans-
formed into cDNA after reverse transcription. The cDNA template
was then combined with primers, the SYBR Green Mix, and RNase-
free water. After about 40 cycles of the real-time qPCR reaction, cycle
threshold (Ct) values were recorded on the Bio-Rad CFX96 real-time
PCR detection system. The RNA expression levels were normalized to
those of the internal reference, and the fold-changes in RNA expres-
sion levels were calculated using the 2~**“" method.

Figure 5. saRNA increased miR-181a expression to overcome the imatinib resistance of chronic myeloid leukemia cells in vitro and in vivo

(A) The inhibitory effect of saRNA-3 on cell proliferation was also validated in K662-IMR, using the CCK-8 assay. 72 h after transfection, 200 nM saRNA-3 repressed the
proliferation of K&662-IMR cells more strongly than the miR-181a mimic. (B) Quantitative real-time PCR was used to show that the expression of miR-181a was increased in
K562-IMR and KCL22-IMR cells 72 h after transfection with 200 nM saRNA-3, compared with the NC. (C) After 72 h of saRNA-3 transfection, a decrease in the expression
level of PPFIA1 (compared with the NC), a target of miR-181a, was detected by western blotting in K562-IMR and KCL22-IMR cells. (D) saRNA-3 inhibited the colony
formation capacity of K662-IMR and KCL22-IMR cells, compared with the NC; there was no significant difference between the colony formation results of the BK and NC
groups. (E) B-NDG mice received K562-IMR/Iuciferase cells via infection of the tail vein. These mice were then treated with equal volumes of 10 nmol NC or 10 nmol saRNA-3
every other day for 10 days. The diffusion of K562-IMR/Iuciferase cells in the B-NDG mice after treatment was then observed in each group (n = 3 per group). (F) saRNA-3
prolonged the survival time of B-NDG mice, compared with the NC. The data are presented as the mean + SD, obtained from at least three independent experiments.
Significance was determined by Student’s t test, *p < 0.05, **p < 0.01, **p < 0.01 versus the NC group.
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Figure 6. A schematic diagram outlining the role of saRNA in BCR-ABL1-
independent imatinib-resistant chronic myeloid leukemia

Targeting PPFIAT expression with PPFIAT-siRNA or miR-181a can overcome BCR-
ABL1-independent imatinib resistance by inhibiting leukemic stem cell proliferation
and promoting their apoptosis. saRNA-3 overcomes imatinib resistance in chronic
myeloid leukemia by activating the production of endogenous miR-181a.

Western blotting

Firstly, total protein was extracted from each group of cells with RIPA
lysis buffer and quantified using a BCA kit. Protein samples were mixed
with 5x protein loading buffer and denatured to 100°C for 10 min.
Equal amounts of protein were separated on a 10% SDS-PAGE
resolving gel (with a 5% stacking gel) by electrophoresis at 120 V
(80 V for the staking gel). A polyvinylidene fluoride (PVDF) membrane
was prepared by soaking in methanol and then blotting in blotting
buffer. The proteins were transferred from the gel to the PVDF mem-
brane. The PVDF membrane was blocked with 5% skim milk for 1-
2 h at room temperature on a decolorizing shaker. After a washing
step, the PVDF membrane was treated with a primary antibody against
the target protein and an isotype control and incubated overnight at 4°C
on a shaker. The PVDF membrane was then washed and treated and
incubated with secondary antibodies at room temperature for 1-2 h
on a decolorizing shaker. The Immobilon Western HRP luminescent
solution was prepared and added to the PVDF membrane. Finally,
the PVDF membrane was imaged on a gel imaging system.

Phosphate-specific protein microarray

After transfection of PPFIAI-siRNA, the cells were collected and
washed with PBS and pelleted by centrifugation. Total protein was
then extracted from the cell pellets. Proteins of the same quality
were labeled with biotin and then hybridized with the pre-phosphor-
ylation array using an antibody array kit (Full Moon BioSystems,
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USA). This is used to detect the phosphorylated antibody spectrum
of site-specific cancer signals. The fluorescence intensity of the pro-
teins was then measured. The ratio of phosphorylated to unphos-
phorylated (Phos ratio) was calculated as follows: amount of phos-
phorylated protein/amount of unphosphorylated protein.

Comparison of CD34*/c-kit* ratios by flow cytometry

Equal numbers of cells were placed in flow cytometry tubes and washed
with PBS by centrifugation at 800 rpm for 3 min. Flow cytometry anti-
bodies (anti-human CD34-APC and anti-human c-kit-FITC [both
from Biolegend]) were then added to each cell pellet (at an antibody
to staining buffer ratio of 1:100), and the cells were incubated for 30—
45 min on ice in the dark. Next, the cells were washed twice with 1mL
PBS by centrifugation at 800 rpm for 3 min. The cells were resuspended
in 200 puL PBS, and we transferred the cell suspension to a 96-well plate
for acquisition on a BD FACSVerse flow cytometer (BD Biosciences).

Human K562-IMR/luciferase transplanted animal model

4-week-old B-NDG (NOD.CB17-Prkdescid IL2rgtm1/Bcgen) mice
were acquired from the Beijing Biocytogen Company and raised by
The Animal Experiment Management Center of Jinan University.
All animal experiments were approved by and conformed to the rele-
vant regulatory standards of the Institutional Animal Care and Use
Committee at the Institute of Laboratory Animal Science, Jinan Uni-
versity (Guangzhou, China). 2 weeks after isolation, 1 x 10° K562-
IMR/luciferase cells were injected into the tail vein of each B-NDG
mouse. On day 0, in vivo imaging was performed on each B-NDG
mouse. On day 10, B-NDG mice in each group were treated after
onset. 40 mice were randomly divided into two large groups (K562
group and K562-IMR group). A large group was divided into four
groups of three. The B-NDG mice were treated with imatinib and
then injected with 10 nmol NC solution, 10 nmol PPFIA1-siRNA so-
lution, or 10 nmol miR-181a mimic solution. The other large group of
mice was divided into two groups of three; one group was injected
with 10 nmol NC solution, and the other group was injected with
10 nmol saRNA-3 solution. The B-NDG mice were given imatinib
every other day after developing CML. At the end of the treatment
period, proliferation and metastasis of K562-IMR/luciferase cells in
mice were evaluated by in vivo imaging. The survival times and
body weights of the B-NDG mice were recorded, and survival curves
were generated for mice in different experimental groups.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 8.0.1
software. The results were expressed as the mean =+ standard deviation
(SD). Significant differences between groups were determined using
one-way analysis of variance with the post-hoc Bonferroni test. Paired
analyses were performed using the Student’s t test. p values <0.05 were
considered as a measure of statistical significance.
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