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miR-181a is downregulated in leukemia and affects its progres-
sion, drug resistance, and prognosis. However, the exact mech-
anism of its targets in leukemia, particularly in chronic myelog-
enous leukemia (CML), has not previously been established.
Here, we use a multi-omics approach to demonstrate that pro-
tein tyrosine phosphatase, receptor type, f polypeptide, leuko-
cyte common antigen (LAR) interacting protein (liprin), alpha
1 (PPFIA1) is a direct target for miR-181a in CML. Phospho-
array assay shows that multiple phosphorylated proteins,
particularly KIT signaling molecules, were downregulated in
PPFIA1 inhibition. Additionally, PPFIA1 bound PARP1, a
common molecule downstream of both PPFIA1 and BCR/
ABL, to upregulate KIT protein through activation of nuclear
factor kappa B (NF-kB)-P65 expression. Targeted inhibition
of PPFIA1 and PARP1 downregulated c-KIT level, inhibited
CML cell growth, and prolonged mouse survival. Overall, we
report a critical regulatory miR-181a/PPFIA1/PARP1/NF-
kB-P65/KIT axis in CML, and our preclinical study supports
that targeted PPFIA1 and PARP1 may serve as a potential
CML therapy.
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INTRODUCTION
Chronic myelogenous leukemia (CML) is a clonal myeloproliferative
disorder with approximately 1–2 people per 100,000 population, and
accounts for 15% of all leukemia in adults.1 The Philadelphia chromo-
some (Ph) is a specific genetic abnormality with a t(9,22) reciprocal
chromosomal translocation in leukemia cells (particularly CML cells).
This translocation leads to expression of the BCR/ABL fusion
protein, which is a constitutively active tyrosine kinase.2 The tyrosine
kinase inhibitor, imatinib (IM; Gleevec; Novartis Pharma, Basel,
Switzerland), potently inhibits the tyrosine kinase activities of BCR/
ABL, as well as the stem cell factor receptor, KIT. IM shows remark-
able therapeutic effect as a component of frontline treatment regi-
mens for CML.3 The capacity of IM to inhibit non-BCR/ABL1 targets
has expanded its use to treatment of malignancies driven by KIT
mutations, which has been implicated in CML pathogenesis. Dual
inhibition of BCR/ABL and KIT is required for suppression of mature
CML progenitors, and the stem cell factor (SCF)/KIT pathway must
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be inhibited to enable apoptosis induced by BCR/ABL inhibitors in
CML cells.4,5

MicroRNAs (miRNAs) have recently been implicated in the regula-
tion of a number of biological processes.6,7 The miR-181 family of
miRNA precursors includes four members (miR-181a, miR-181b,
miR-181c, and miR-181d) and is dysregulated in hematopoiesis
and hematological malignancies. miR-181 is conserved in vertebrates,
and its ectopic expression in hematopoietic and progenitor cells
promotes blood cell development and differentiation.8 Lin et al.9 per-
formed ameta-analysis to determine the prognostic role of miR-181a/
b in human cancers. Analysis of 11 studies, including 1,252 patients,
demonstrated that high miR-181a/b expression can prolong overall
survival (OS) in patients with hematological malignancies, compared
with low expression (hazard ratio [HR] = 0.717, p = 0.0001). miR-181
is differentially expressed in a variety of types of leukemia. The
downregulation of miR-181a as a tumor suppressor has been reported
in aggressive chronic lymphocytic leukemia (CLL), CML, and
acute myeloid leukemia (AML).10–12 However, the exact mechanism
of miR-181a targets in leukemia, particularly CML, is poorly
understood.

An important step toward determining the gene-regulatory activity of
miRNAs is accurate prediction of their targets and monitoring of
their expression levels. Several computational target prediction
tools have been developed, including TargetScan, miRFocus, and
miRvestigator;13 however, these in silico target prediction tools suffer
from high false-positive rates, because they use only sequence
complementarity and assume structural stability (following putative
assembly) to predict specific targets of miRNA.14 To identify the
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targets of miR-181a, and thereby determine the mechanisms of tumor
suppression and downstream molecules by miR-181a, we carried out
stable isotrope labeling by/with amino acids in cell culture (SILAC)-
based proteomic profiling, along with miRNA prediction and Gene-
Chip analysis, through overexpression of miR-181a mimic in K562
cells. This multi-omics approach provided new insights and could
be used as a general strategy to study the targets of individual miR-
NAs. Further investigation of a subset of downregulated candidate
targets confirmed them as novel direct targets of miR-181a. Among
the candidate targets, protein tyrosine phosphatase, receptor type, f
polypeptide (PTPRF), leukocyte common antigen (LAR) interacting
protein (liprin), alpha 1 (PPFIA1) may be an important oncogene
in CML.

PPFIA1 is a member of the liprin family, and its encoding gene maps
to the 11q13 amplification region,15 which is one of themost common
amplicons in multiple epithelial cancers, including breast cancers,16

head and neck squamous cell carcinomas (HNSCCs),17 and oral squa-
mous cell carcinomas (OSCC).18 Depletion of PPFIA1 results in
increased invasion of HNSCC cells.17 PPFIA1 is frequently co-ampli-
fied along with cyclin D1 in oral carcinomas and could be a useful
biomarker, as well as a novel target for specific gene therapy.18

PPFIA1 is required for the functions of ING4 to suppress cell
spreading and cell migration in colon carcinoma cell.19 However,
its role and molecular basis for PPFIA1 in CML has not previously
been established.

The overarching goal of the present study was to uncover the
anti-CML role of miR-181a and illustrate the effects of miR-181a’s
candidate target. PPFIA1, a direct target of miR-181a identified
by multi-omics, has played a central position within a possible regu-
lation miR-181a/PPFIA1/PARP1/nuclear factor kappa B (NF-kB)-
P65/KIT axis controlling the expression of KIT. Interestingly, many
of the pharmacologic agents that were used to target KIT expression
are already applied in the clinic. Our investigation has revealed that
targeting PPFIA1 and PARP1 in the miR-181a/PPFIA1/PARP1/
NF-kB-P65/KIT axis could attain significant and durable anti-
leukemic activity in CML.

RESULTS
PPFIA1, a Direct Target Gene of miR-181a in CML

To determine miR-181a expression levels in healthy blood cells,
human CML samples, and CML cell lines, we extracted total RNA
and then performed qPCR assays. As shown in Figure 1A, miR-
181a expression was downregulated in human CML samples and
Figure 1. PPFIA1, a Direct Target Gene of miR-181a in CML

(A) miR-181a was downregulated in CML cells. The qPCR analysis of miR-181a in norm

upregulated in CML cells. The qPCR analysis of PPFIA1 mRNA in normal human PBM

analysis or SILAC-LC-MS/MS analysis. (D) 15 candidate target genes of miR-181a were

SILAC-LC-MS/MS analysis. (E) Heatmap showed the different expression of 15 candid

181a mimics (100 nM) inhibited the mRNA and protein expression levels of PPFIA1.

software. miR-181a-directed repression of Renilla luciferase reporter genes containing P

at least three independent experiments. Significance was determined by Student’s t test

seed region.
CML cell lines, compared with its expression in healthy human pe-
ripheral blood mononuclear cells (PBMCs), indicating that downre-
gulation of miR-181a may have an important role in leukemogenesis.
To identify miR-181a targets that related to its effects of anti-CML, we
combine SILAC-liquid chromatography-tandem mass spectrometry
(LC-MS/MS) and GeneChip analysis to systematically investigate
the impact of overexpression miR-181a in CML cell line K562 (Fig-
ure 1C). Using SILAC-LC-MS/MS analysis, we identified that over
6,000 proteins were downregulated after reintroduction of miR-
181a in K562. Next, GeneChip analysis was performed after transfec-
tion with 100 nM miR-181a mimic or negative control (NC) for 48 h
in K562 cells, and we identified more than 1,500 genes’ downregula-
tion in the miR-181a mimic transfection group. To further screen the
potential targets of miR-181a in K562 cells, we identified 15 candidate
miR-181a target genes by combining miRNA prediction, SILAC-LC-
MS/MS, and GeneChip methods (Data S1, S2, and S3). PPFIA1, 1 of
15 candidates, was selected for further analysis (Figures 1D and 1E).
Next, we tested whether miR-181a can downregulate PPFIA1mRNA
in K562 cells. Real-time RT-PCR demonstrated that PPFIA1 mRNA
levels in K562 cells transfected with either miR-181a mimic or
PPFIA1 small interfering RNA (siRNA) decreased substantially,
compared with the negative control group. Subsequently, we evalu-
ated the effect of miR-181a on the expression of PPFIA1 protein by
western blotting. Overexpression of miR-181a and PPFIA1-siRNA
resulted in reduced PPFIA1 protein levels (Figure 1F). To determine
whether the 30 UTR of PPFIA1 contained functional miR-181a target
sequence(s), and whether direct interaction occurred between these
and miR-181a, we constructed a pair of dual-luciferase reporter
plasmids containing two tandem putative miR-181a recognition
sequences from the 30 UTR of the PPFIA1 mRNA and the mutated
versions of these sequences immediately downstream of the luciferase
gene (psi-CHECK-PPFIA1-30 UTR and psi-CHECK-PPFIA1-mut-30

UTR, respectively). Using these plasmids, we performed dual-lucif-
erase reporter assays. As shown in Figure 1G, transfection with
miR-181a mimic significantly decreased the luciferase activity
from psi-CHECK-PPFIA1-30 UTR, but not that from psi-CHECK-
PPFIA1-mut-30 UTR, in 293T cells. Together, these data suggest
that PPFIA1 may be a direct target of miR-181a in K562 cells.

The Effects of PPFIA1 ormiR-181a on theMalignant Progression

of CML

Next, we compared PPFIA1 mRNA level in CML cells with PBMCs.
As shown in Figure 1B, PPFIA1 level was higher in the tested CML
cells and human CML samples. We also determined whether
reducing PPFIA1 mRNA levels by treatment with either PPFIA1
al human PBMCs, human CML samples, and CML cell lines. (B) PPFIA1 mRNA was

Cs, human CML samples, and CML cells. (C) Experimental design for microarray

identified by combining miRNA predictions, miR-181a transfection microarray, and

ate target genes in miR-181a transfection microarray. (F) PPFIA1-siRNA and miR-

(G) Human PPFIA1-30 UTR and its miR-181a target site predicted by TargetScan

PFIA1-30 UTR segments. The data were presented as the mean ± SD obtained from

, *p < 0.05 versus NC control. Mut, contains 7-base mutation at the miR-181a target
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Figure 2. The Effects of PPFIA1 or miR-181a on the Malignant Progression of CML

(A) Downregulation of PPFIA1 by transfecting with PPFIA1-siRNA and miR-181a mimics increased the sensitivities of STI571 in K562 cells. (B) Downregulation of PPFIA1

inhibited the invasion ability in K562 cells. (C) Downregulation of PPFIA1 by targeting PPFIA1-siRNA or miR-181a mimics inhibited the colony-formation ability in K562 cells.

(D) Overexpression of PPFIA1 decreased the sensitivities of STI571 in K562 cells. (E) Overexpression of PPFIA1 promotes the invasion ability in K562 cells. (F) Overexpression

of PPFIA1 promotes the colony-formation ability in K562 cells. The data were presented as themean ±SD obtained from at least three independent experiments. Significance

was determined by Student’s t test, *p < 0.05 versus NC control or empty vector.
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siRNA or miR-181a mimic could attenuate the CML malignant
behavior. Both miR-181a mimic and PPFIA1 siRNA transfection
groups effectively increased K562 cell sensitivity to IM treatment in
a concentration-dependent manner (Figure 2A). Transwell assays
also showed that the invasion ability of CML cells was significantly
reduced by treatment with either miR-181a mimic or PPFIA1 siRNA
(Figure 2B). Finally, the colony-forming ability of K562 cells trans-
fected with miR-181a mimic or PPFIA1 siRNA was significantly
reduced compared with cells transfected with the NC group (p <
0.05) (Figure 2C).

To test whether the high expression of PPFIA1 in CML is associated
with therapeutic response, we analyzed by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay the IM sensitivity
of K562 cells overexpressing PPFIA1 after treatment of cells with IM
for 48 h. The results showed that overexpression of PPFIA1 signifi-
cantly inhibited the cell-killing effect of IM on K562 cells, as indicated
by increased cell viability (Figure 2D). Cell invasion is a keymalignant
behavior associated with tumorigenesis and cancer metastasis. To
4 Molecular Therapy: Nucleic Acids Vol. 16 June 2019
detect whether increased PPFIA1 levels could contribute to the malig-
nant phenotypes of K562 cells, we conducted Transwell cell invasion
assays using BioCoat Matrigel. Overexpression of PPFIA1 signifi-
cantly enhanced cell invasion (p < 0.05) (Figure 2E). Next, we inves-
tigated the effect of PPFIA1 on K562 cell clonogenicity using colony-
forming assays to determine the neoplastic capacity of cells. As shown
in Figure 2F, overexpression of PPFIA1 significantly increased the
number of K562 cell colonies, compared with controls (p < 0.05).
Together, these results indicate that PPFIA1 and miR-181a expres-
sion levels are correlated with malignant phenotypes in K562 cells.

The Inhibitory Effects of PPFIA1 siRNAonCMLXenograftMurine

Model

To investigate the therapeutic potential of targeting PPFIA1 with
PPFIA1-siRNA, we intravenously injected NOD-PrkdcscidIL2rgtm1/
Bcgen (NSG) mice with 106 luciferase-labeled K562 cells, and the ef-
fects of siRNA treatment were monitored by bio-imaging. Five days
after injection with K562-luciferase cells, NSG mice were treated
with 10 nmol PPFIA1-siRNA or NC siRNA control for seven times



Figure 3. The Inhibitory Effects of PPFIA1 siRNA on CML Xenograft Murine Model

(A) NSG nude mice were transplanted with K562-luciferase cells and after 5 days treated with saline control, 10 nmol NC-siRNA, or 10 nmol PPFIA1-siRNA. Images showing

the tumor burden of K562-luciferase cells in NSG mice after treatment (n = 5/group). (B) Luciferase changes of NSG mice treated with saline control, NC-siRNA, or PPFIA1-

siRNA. Significance was determined by Student’s t test: PPFIA1-siRNA to saline control (p = 0.046), PPFIA1-siRNA to NC-siRNA (p = 0.049). (C) Body weight changes of

NSG mice treated with saline control, NC-siRNA, or PPFIA1-siRNA. Significance was determined by Student’s test: PPFIA1-siRNA to saline control (p = 0.001), PPFIA1-

siRNA to NC-siRNA (p = 0.02). (D) Survival analysis of NSG mice with CML treated with saline control, NC-siRNA, or PPFIA1-siRNA. Significance was determined by

Student’s t test, *p < 0.05 versus NC control. Survival curves were compared by log rank test (p = 0.0383).

www.moleculartherapy.org
every other day. PPFIA1 siRNA significantly inhibited the growth of
K562-luciferase cells in mice compared with those treated with NC-
siRNA and vehicle controls on day 21 (Figure 3A); the relative lucif-
erase levels are presented in Figure 3B. The relative luciferase level in
mice receiving NC-siRNA treatment at the time of tumor inoculation
was 1.58e+6; this then increased to 8.01e+8 on day 21, whereas it
increased from 1.56e+6 to 1.35e+8 in the mice receiving PPFIA1-
siRNA treatment (p = 0.049). These results indicate that targeting
PPFIA1 using PPFIA1-siRNA can inhibit the growth of K562-lucif-
erase cells in vivo. Body weight is considered to be an indicator of
cancer cachexia in animal models. The average body weight of mice
receiving NC-siRNA treatment at the time of tumor inoculation
was 27.9 g, and this reduced to 26.4 g on day 21, whereas it increased
from 27.9 to 28.4 g in mice receiving PPFIA1-siRNA treatment (Fig-
ure 3C) (p = 0.02). Cytospins of histopathology of spleen and liver
sections from mice receiving K562-luciferase cells exhibited lower
PPFIA1 and PARP1 protein expression than vehicle control engrafted
mice (Figures S1 and S2). NSG mice treated with PPFIA1 siRNA sur-
vived for longer periods than those administered with NC-siRNA and
blank control groups (Figure 3D) (p = 0.0383). These results indicate
Molecular Therapy: Nucleic Acids Vol. 16 June 2019 5
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that PPFIA1 siRNA may be a promising drug for the treatment of
CML.

PPFIA1-siRNA Reduces KIT Phosphorylation Level as Detected

by Phospho-Array Assay

To understand the mechanisms underlying the role of PPFIA1 in
enhancing invasion, and clonogenicity of CML cells, we performed
phospho-array assays. K562 cells transfected with 100 nM NC,
miR-181a mimic, and PPFIA1 siRNA for 72 h were subjected to anal-
ysis of their protein phosphorylation profiles. Phosphorylation ratios
were calculated to determine the differences between two samples
(PPFIA1-siRNA/NC and miR-181a mimic/NC) at 248 site-specific
phosphorylation sites implicated in cancer signaling (Figure 4A;
Data S4). In the miR-181a mimic transfection group, phosphoryla-
tion levels were reduced at 23 protein sites, and 7 of them were
reduced by R30% normalized to the NC transfection group (Fig-
ure 4B). PPFIA1 siRNA transfection reduced the phosphorylation
of 60 protein sites, and 8 of themwere decreased by >50% (Figure 4C).
Notably, a comparison of the phosphorylation-reduced ratio allowed
us to discern three phosphorylation targets whose phosphorylation
was reduced commonly by miR-181a mimic and PPFIA1-siRNA
treatments, including KIT Tyr721, P38 mitogen-activated protein
kinase (MAPK) Tyr182, and vascular endothelial growth factor
receptor 2 (VEGFR2) Tyr951 sites (Figure 4D).

Notably, KIT has been implicated in CML pathogenesis, and KIT-ex-
pressing BCR-ABL-transduced murine myeloid cells are less sensitive
to tyrosine kinase inhibitors.4,5 Therefore, we postulated that PPFIA1,
the target of miR-181a, may promote malignant phenotypes through
activating the KIT signaling pathway in K562 cells. Phosphorylated
KIT Tyr721 expression was markedly increased in K562 cell lines sta-
bly overexpressing PPFIA1 (Figure 4E), whereas using PPFIA1-siRNA
to knock down its expression resulted in the opposite effect (Figure 4F).
The same results can also be observed in Kcl-22 cells (Figure S3).
Recent studies have shown that KIT can promote the proliferation
and invasion of cancer cells through activating Akt and extracellular
regulated protein kinase 1 (ERK1)/2 pathways. As expected, similar re-
sults were attained for the expression of phosphorylated ERK1/2 and
Akt. Collectively, these data suggest that PPFIA1 may have an onco-
genic role through activation of the KIT pathway in CML.

PARP1, an Important Downstream Molecule of PPFIA1

and BCR/ABL

To explore the relationship between PPFIA1 and KIT, we ectopically
overexpressed FLAG-PPFIA1 in K562 cells and performed BCR/
Figure 4. PPFIA1-siRNA Reduces KIT Phosphorylation Level as Detected by P

(A) Experimental design to detect the phosphorylative signal proteins in K562 cells tran

proteins in K562 cells transfected with PPFIA1-siRNA (B) and miR-181a mimic (C) were

control. The phosphorylation ratio (Phos Ratio) was used as the modulation differenc

phosphorylation ratio = phospho value/non-phosphorylated value. (D) The phosphor-flu

VEGFR2 Tyr951 sites. (E) Overexpression of PPFIA1 increased the expression of phosp

siRNA for 48 h attenuated the expression of phosphorylated KIT, Akt, and ERK1/2 prote

three independent experiments.
FLAG immunoprecipitation (IP) assays. The IP products of BCR
and FLAG affinity purification were separated by SDS-PAGE and
analyzed by mass spectrometry (Data S5 and S6). PARP1 was associ-
ated with both exogenous PPFIA1 and endogenous BCR in K562 cells
(Figure 5A). To test for direct binding of PPFIA1-PARP1 and ABL-
PARP1, we performed computer-based molecular docking and
surface plasmon resonance imaging (SPRi). The molecular docking
analyses indicated that the PARP1 catalytic domain can bind to
PPFIA1 (PDB: 3TAC) and ABL1 (PDB: 5HU9) (Figures 5B and
5C). The domain structures of ABL1 were obtained from PDB
(F-actin PDB: 1zzp; SH2 PDB: 4J9I), and the results of molecular
docking analysis showed the F-actin domain of ABL1 can dock
with the PARP1 catalytic domain (Figure 5D), whereas the SH2
domain cannot (Figure S4). Because the BCR/ABL fusion protein
was unattainable, we purified each domain of ABL and performed
an SPRi assay to determine the relationship between PARP1 and
BCR/ABL. The results of SPRi confirmed that the F-actin domain
of ABL1 can bind to PARP1, with a Kd (M) of 1.36e�8, which is
consistent with the results of molecular docking analysis (Figure 5E).

Interestingly, in addition to the molecular docking analysis demon-
strating that PARP1 can interact with PPFIA1, IP experiments were
also able to identify this interaction. As shown in Figures 5F–5I,
PARP1 interacted with PPFIA1 and ABL1, and may serve as an
important downstream molecule of PPFIA1 or BCR/ABL. Based on
these results, we hypothesized that PARP1 mediates the relationship
between PPFIA1 and KIT overexpression.
PARP1 Promotes KIT Expression by Activating NF-kB-P65

Transcription

PARP1 forms branched poly(ADP) ribose (PAR) polymers on several
proteins involved in DNA repair and transcription, including PARP1
as a key component of the NF-kB transcription regulatory complex.20

Therefore, we hypothesized that PPFIA1 contributes to leukemia
growth through an axis involving PARP1, P65, and KIT. Consistent
with our hypothesis, forced PARP1 expression in K562 cells led to up-
regulation of P65 expression levels, whereas decrease of PARP1
expression using olaparib (a PARP1 inhibitor [PARPi]) led to down-
regulation of P65 (Figures 6A–6C). Furthermore, forced P65 expres-
sion in K562 cells led to KIT mRNA and protein upregulation,
whereas decreased P65 expression using P65-siRNA led to downregu-
lation of KIT levels (Figures 6D–6F). Together, these data suggest
that PPFIA1 participates in modulation of KIT levels by interacting
with PARP1, and PARP1 regulates the transcriptional activity of
hospho-Array Assay

sfected with PPFIA1-siRNA or miR-181a mimics. (B and C) Phosphorylative signal

comprehensively investigated using an antibody microarray system compared with

e of phosphorylation sites between two samples and was computed as follows:

orescent and unphospho-fluorescent images of KIT Tyr721, P38 MAPK Tyr182, and

horylated KIT, Akt, and ERK1/2 proteins in K562 cells. (F) Transfection of PPFIA1-

ins in K562 cells. The data were presented as the mean ± SD obtained from at least
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Figure 5. PARP1, an Important Downstream Molecule of PPFIA1 and BCR/ABL

(A) K562 or K562-Flag PPFIA1 cells were used to perform BCR/FLAG IP assays. The IP products from BCR and FLAG affinity purification were separated by SDS-PAGE and

analyzed by mass spectrometry. The PARP1 was both related to exogenous PPFIA1 and endogenous BCR in K562 cells. (B) The molecular docking of PPFIA1 with PARP1

by using Discovery Studio 4.5. Themolecular docking of ABL1-PARP1 (C) or F-actin-PARP1 (D) by using Discovery Studio 4.5. (E) The binding analysis of F-actin-PARP1was

performed in surface plasmon resonance imaging (SPRi) binding assay. (F) FLAG-immunoprecipitates were immunoblotted with anti-Flag and anti-PARP1. PARP1 was

immunoprecipitated with FLAG affinity purification. (G) PARP1-immunoprecipitates were immunoblotted with anti-PPFIA1 and anti-PARP1. PPFIA1 was immunoprecipitated

with anti-PARP1. (H) ABL1-immunoprecipitates were immunoblotted with anti-ABL1 and anti-PARP1. PARP1 was immunoprecipitated with anti-ABL1. (I) PARP1-immu-

noprecipitates were immunoblotted with anti-ABL1 and anti-PARP1. ABL1 was immunoprecipitated with anti-PARP1.

Molecular Therapy: Nucleic Acids
NF-kB-P65. PPFIA1/PARP1/NF-kB-P65/KIT appears to constitute a
regulatory axis in CML.

Next, to explore the therapeutic potential of targeting PARP1 in CML,
we investigated the effect of olaparib on K562 cells stably expressing
PPFIA1. Olaparib notably suppressed the colony-forming ability of
cells transformed with PPFIA1-expressing lentivirus (Figure 6G).
Having demonstrated the biological relevance of the PPFIA1/
8 Molecular Therapy: Nucleic Acids Vol. 16 June 2019
PARP/P65/KIT axis in vitro, we next tested whether PPFIA1 has an
oncogenic effect on Baf3-P210-driven leukemogenesis in vivo. We
generated a Baf3-P210 construct, which stably expresses PPFIA1
and allows cell selection with puromycin. Given that PARPis can
slow AML cell growth and affect the differentiation of AML1-ETO-
and PML-RARA-transformed mouse cells, we postulated that ola-
parib may repress CML progression in vivo. To test this hypothesis,
Baf3-P210 cells (5 � 106/mouse) were engrafted into BALB/c mice



(legend on next page)
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irradiated with 3 Gy X-ray. Engrafted mice were treated with olaparib
or stroke-physiological saline solution alone (vehicle control) daily
for 7 days. Animals treated with olaparib survived for longer periods
than those receiving vehicle control (Figure 6H) (p = 0.0445). A sum-
mary diagram outlining the regulatory network discussed above is
presented in Figure 6I. These results indicate that PARPis represent
a promising therapeutic approach to overcome CML.

DISCUSSION
Emerging evidence demonstrates that altered miRNA expression,
including that of miR-181, is involved in drug resistance in CML pa-
tients.21 Meta-analyses have indicated that low miR-181a expression
is significantly associated with poor survival outcomes in hematolog-
ical malignancies,9 and our results indicate that mir-181a expression
is much lower in CML cell lines than normal controls. A key mecha-
nism for miRNA-mediated regulation of targets is repression of pro-
tein synthesis, which can occur with or without alteration of mRNA
transcript abundance. To supplement bioinformatics and GeneChip
analyses, in this study we performed SILAC-based quantitative prote-
omics. The use of this multi-omics approach to narrow the potential
target genes indicated that PPFIA1may be a direct target of miR-181a
in K562 cells. This type of multi-omics approach has the potential to
advance biological research in other contexts.

The overexpression of PPFIA1 in different tumor types is generally
associated with a prognosis of more aggressive cancer develop-
ment.22–24 Further research is required to determine the roles of poly-
peptide-interacting protein (PTP)-interacting proteins, particularly
PPFIA1, in CML. Here we found that PPFIA1 plays an important
role in CML tumorigenesis and hypothesize that targeting PPFIA1
expression may show anti-CML activity and confer a therapeutic
benefit in CML patients. We tested this hypothesis by synthesizing
a PPFIA1-siRNA formulated in 50-cholesterol. The mechanism
of improved distribution and cellular uptake of siRNA through
cholesterol conjugation was demonstrated in a recent study;25 choles-
terol-siRNA conjugates appear to be incorporated into circulating
lipoprotein particles and are efficiently internalized by hepatocytes
via a receptor-mediated processes.26,27 Treatment with PPFIA1-
siRNA significantly decreased the luciferase signal in NSG mice
xenografted with K562-luciferase cells and exhibited strong antileu-
kemic activity, leading to improved survival. RNAi is an emerging
therapeutic strategy that has been widely investigated. Despite a few
promising clinical trials, effective delivery of siRNA in vivo remains
Figure 6. PARP1 Promotes KIT Expression by Activating NF-kB-P65 Transcrip

Forced expression of PARP1 enhanced P65 protein expression level (A) and downregu

cells (B). (C) Forced expression of PARP1 enhanced P65mRNA expression level and do

K562 cells. Forced expression of P65 enhanced KIT protein expression level (D), and

expression level in K562 cells (E). (F) Forced expression of P65 enhanced KIT mRNA e

hibited KIT mRNA expression level in K562 cells. (G) Olaparib inhibited the colony-fo

administered at the dose of 50 mg/kg daily increased survival duration in mice engrafted

(n = 7/group). Curves were compared by log rank test (p = 0.0445). (I) Summary diagram

The data were presented as the mean ± SD obtained from at least three independent e

versus NC control.
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a pivotal challenge in translating RNAi into the clinic as a conven-
tional treatment option. The approach used in this study both enabled
us to gain biological insight into the role of PPFIA1 in CML and laid
the foundation for a future siRNA-based therapeutic approach target-
ing PPFIA1 in a subpopulation of leukemia cells. Our study reveals
that PPFIA1 could be involved in the pathogenesis of CML and
may be a potential target for the treatment of this malignancy.

It is established that BCR/ABL can activate multiple pathways
involved in the regulation of cell proliferation and apoptosis, including
phosphatidylinositol 3-kinase (PI3K)/Akt,28 Ras,29,30 STAT5,31 and
Raf/MEK/ERK.32 PPFIA1 may activate several signaling pathways to
support its oncogenic role, similar to BCR/ABL. We used a phos-
pho-antibody microarray-based proteomics approach and identified
multiple pro-metastatic proteins (including KIT Tyr721). Binding of
SCF to KIT activates multiple signal transduction pathways, including
PI3K/Akt, p44/42 MAPK, and STAT.33 Akira Yasuda et al.34

elucidated the role of PI3K/Akt and p44/42 MAPK in SCF-enhanced
proliferation and invasion of colorectal cancer cells. Certain human
cancers, including CML, are characterized by aberrant KIT tyrosine
kinase activity, and KIT is implicated in CML pathogenesis. KIT
signaling can substitute for BCR/ABL tyrosine kinase activity to acti-
vate survival signals, and governs the differential sensitivity of mature
or primitive CML progenitors to tyrosine kinase inhibitors.4,5 In this
study, we showed that the PPFIA1 protein can activate several
signaling pathways, including those involving KIT, Akt, and ERK1/2
in CML cells. Because KIT expression must be inhibited to enable
apoptosis induced by BCR/ABL inhibitors in CML cells, our findings
provide a rationale for therapeutic targeting of PPFIA1 levels to over-
come aberrant phospho-KIT activity and induce significant anti-CML
effects.

The current study was designed to discover mechanisms that regulate
KIT expression, so that treatment strategies can be developed to
circumvent the drawbacks of therapy with tyrosine kinase inhibitors
(TKIs). Our investigation indeed led to the identification of a regula-
tion axis that deregulates KIT expression, impacts leukemogenesis,
and is pharmacologically targetable. We suggest that PARP1 may
be an important molecule downstream of BCR/ABL and PPFIA1.
PARP1 plays an important role in modulating the cellular responses
to DNA damage and transcription.35 The expression of PARP1 is up-
regulated in BCR/ABL+ cells as part of a non-homologous end joining
DNA repair pathway (ALT NHEJ) and can serve as biomarker to
tion

lated PARP1 expression by olaparib-inhibited P65 protein expression level in K562

wnregulated PARP1 expression by olaparib-inhibited P65mRNA expression level in

downregulated P65 expression by P65-siRNA transfection inhibited KIT protein

xpression level, and downregulated P65 expression by P65-siRNA transfection in-

rmation abilities of K562 cells with stable overexpression of PPFIA1. (H) Olaparib

with Baf3-P210 cells compared with untreated Baf3-P210 cells engrafted controls

describes the function of PPFIA1/PARP1/KIT/NF-kB-P65 network in CML cell lines.

xperiments. Significance was determined by Student’s t test, **p < 0.01, *p < 0.05



www.moleculartherapy.org
identify a subgroup of CML patients who may be candidates for
therapies that target the ALT NHEJ pathway when treatment with
TKIs has failed.36 Recent evidence also supports a role for PARP1
as a transcriptional co-regulator, with the enzyme implicated in the
control of NF-kB expression.37 We found that PPFIA1 directly inter-
acted with PARP1, suggesting that PARP1 has an important regula-
tory role in PPFIA1-related oncogenic and signaling pathway func-
tions. We showed that gain-of-function PARP1 expression in K562
led to constitutive P65 upregulation, which is likely to be an initial
step in increased KIT expression. Activated PARP1 is required to
trigger I-kappa kinase (IKK)g SUMOylation, which in turn permits
IKK and NF-kB activation, as well as NF-kB-regulated resistance to
apoptosis.38 Others have demonstrated that upregulation of NF-kB
can enhance target transactivation, such as KIT expression.39 Espo-
sito et al.20 described the potential utility of PARPi-induced synthetic
lethality for leukemia treatment and revealed a novel molecular
mechanism governing PARPi sensitivity in AML. We investigated
the effect of olaparib, a PARPi, in BALB/c mice xenografted with
Baf3-P210 cells. Olaparib showed strong anti-leukemia activity and
led to improved survival of mice. Therefore, we hypothesize that
PPFIA1 or PARP1 might be central within a regulatory axis control-
ling KIT expression.

In conclusion, our investigation has identified a targetable miR-181a/
PPFIA1/PARP1/NF-kB-P65/KIT regulatory axis that modulates KIT
expression in CML. A multi-omics approach showed that miR-181a
downregulation results in aberrant activation of PPFIA1, which inter-
acts with PARP1, an important downstream molecule of PPFIA1 and
BCR/ABL, to further trans-activate KIT expression through activa-
tion of NF-kB-P65. Therapeutic targeting of PPFIA1 and PARP1 in
the miR-181a/PPFIA1/PARP1/NF-kB-P65/KIT axis can control the
expression of KIT in CML. An attractive aspect of our study is the
potential for the translation of our findings into clinical trials by tar-
geting multiple molecular in the regulatory axis, and PPFIA1/PARP1
appears to have an oncogenic role after downregulation of miR-181a
in CML.

MATERIALS AND METHODS
Materials

Antibodies; cell lines; mouse models; chemicals, recombinant pro-
teins, and plasmids; and oligonucleotides used in this study are listed
in Tables S1–S5, respectively.

Primary Cells

Healthy peripheral blood or CML BM samples were obtained from
healthy adult donors in Guangdong Provincial Emergency Hospi-
tal/the Guangdong Second Provincial General Hospital after written
informed consent according to institutional guidelines and Declara-
tion of Helsinki principles.

Cells Culture and Transfection

Cells were grown in suspension in RPMI 1640medium supplemented
with 10% fetal bovine serum (FBS). All culture media were supple-
mented with 100 U/mL penicillin and 100 mg/mL streptomycin.
Lentiviral infection to establish K562 cell lines stably expressing
PPFIA1, 3-FLAG-PPFIA1, P65, and PARP1was performed according
to the manufacturer’s instructions (FulenGen, Guangzhou, China).
Normal peripheral blood samples were obtained from three healthy
donors. Prior informed consent was obtained from the donors with
the approval of the institutional review board. All RNA mimic and
siRNA (50, 75, 100, or 125 nM) were transfected into CML cells using
Lipofectamine 2000, according to the manufacturer’s instructions.

Real-Time PCR Assay

Total RNA from CML cells lines and primary samples was extracted
using TRIzol (Invitrogen). After reverse transcription, the mRNAs
were detected using SYBR-Green real-time PCR assays. mRNA
expression levels were normalized to those of GAPDH, and the
fold-change ofmRNA levels was calculated using the 2�DDCTmethod.

PPFIA1 30 UTR Plasmids and Reporter Assays

Two oligonucleotides, each containing a PPFIA1miR-181a target site,
were synthesized as 50-CCG ctcgag AGTCTCCT GTTGTTTACC
CACAC-30 (sense strand) and 50-ATAAGAAT gcggccgc TCATCT
CCTGGCTGC TTTATTC-30 (antisense strand), and amplified by
PCR. The resulting PCR product was cloned into the psiCHECK-2
vector (Promega, Madison, WI, USA) using XhoI and NotI
sites (lowercase letters) immediately downstream of the Renilla
luciferase reporter gene to generate psi-CHECK-PPFIA1-30 UTR.
To clone psi-CHECK-PPFIA1-mut-30 UTR containingmutant recog-
nition sequences, two oligonucleotides, 50-CCTAATTTTAGTCTT
TCAAAACTGACATCTGTAATGCTTGTATGTATAA-30 and 50-
TTATACATACAAGCATTACAGATGTCAGTTTTGAAAGACT
AAA ATTAGG-30, were used. The oligonucleotides were annealed
and amplified by PCR. The resulting PCR product contained the
two putative miR-181a binding sites, but with the seed sequences
(50-TGAATGT-30) of miR-181a complementary sites, substituted
with 50-ACTGACA-30. Cells were co-transfected with miR-181a
together with psi-CHECK-PPFIA1-30 UTR or psi-CHECK-PPFIA1-
mut-30 UTR and assayed for luciferase activity 24 h post-transfection
using the Dual-Luciferase Reporter Assay System (E1910) (Promega).
Firefly luciferase activity was normalized to that of Renilla luciferase
for each sample.

MTT and Colony-Forming Assays

Cell viability was determined by MTT assays, as described previ-
ously.12 The capacity for cell colony formation was determined by
mixing cells with RPMI 1640 medium containing 0.9% methylcellu-
lose solution, 20% FBS, 2 mM L-glutamine, and 5 mM 2-mercaptoe-
thanol and seeding them in 24-well plates. Single cells were randomly
and evenly distributed throughout the wells. Colonies were formed
and counted 1 week later using an inverted microscope (Olympus,
Japan). Colonies containing more than 50 cells were counted using
the microscope. All analyses were performed in triplicate.

Cell Invasion Assays

The invasiveness of K562 cells was analyzed using invasion chambers
(24 wells) coated with BD Matrigel matrix (8-mm pore size; BD
Molecular Therapy: Nucleic Acids Vol. 16 June 2019 11
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BioCoat, USA). A quantity of 600 mL of RPMI 1640 with 20% FBS,
which served as chemoattractant, was added to the lower compart-
ment of the invasion chamber. Cells (3 � 105) suspended in 100 mL
of serum-free RPMI 1640 were seeded in the upper compartment
of the invasion chambers and incubated for 8 h. After 8 h, cells at
the top of the BD Matrigel matrix insert (apical side) were removed
by gently rubbing the area with a cotton swab moistened with
medium. Invaded cells on the lower side of the membrane were fixed
withmethanol for 30min and stained with hematoxylin for 5–10min.
Photomicrographs of five random fields were taken (magnification
�100), and cells were counted to obtain the average number of cells
that had invaded.

Stable Isotope Labeling and LC-MS/MS

RPMI 1640 medium was supplemented with 10% dialyzed fetal calf
serum and all essential amino acids (Pierce) except L-lysine. The me-
dium was then divided and supplemented with either 12C6 L-lysine-
2HCl or 13C6 L-lysine-2HCl (Pierce) to produce light and heavy SILAC
medium (provided by Guangzhou Fitgene Biotechnology), respec-
tively. K562 cells were grown in parallel in both types of media and
routinely passaged every 2–3 days (as appropriate) at 80%–90% conflu-
ence. After at least five cell doublings, the cells had achieved almost
complete incorporation of heavy L-lysine. LC-MS/MS analysis was
performed by Guangzhou Fitgene Biotechnology. The gel was cut
into 48 slices from which proteins were digested and resulting peptides
extracted and lyophilized before further analysis. Peptide powders
were resuspended in solvent A (2% acetonitrile, 0.1% formic acid in
water) and loaded onto a C18 reverse phase column (100 mm in diam-
eter, 15 cm long, 3 mm resin fromMichromBioresources, Auburn, CA,
USA). Each peptide mixture was separated with a linear gradient of
solvent B (5%–15%) for 15 min, followed by a gradient from
15%–35% for 85 min, and finally sustained at 90% for 20 min. Eluted
peptides were injected directly on a linear trap quadrupole (LTQ)-
Orbitrap XL (Thermo Fisher Scientific) through a nanoelectrospray
ion source (Proxeon Biosystems) with a voltage of 1.85 kV and a trans-
fer capillary temperature of 200�C. Data were acquired using Xcalibur
software (Thermo Electron) in data-dependent mode. An accumula-
tion of 106 ions was required to trigger a fullMS scan, with amaximum
accumulation time of 500 ms and a resolution of 60,000 (m/z 400),
ranging from 400 to 2,000 Da. The six most intensive ions per MS
scan were selected and fragmented by collision-induced dissociation
(CID) in LTQ to perform the MS/MS scan with an accumulation of
at least 5,000 ions and a maximum accumulation time of 100 ms.
The normalized collision energy was 35%, activation Q was 0.25,
and activation time was 30 ms; dynamic exclusion was enabled with
a maximum retention period of 90 s and a relative mass window of
10 ppm. A lock mass (PCM, MW445.12) was introduced to improve
the mass accuracy of survey scans.

IP, Co-immunoprecipitation, and Western Blotting

Different cell lines were lysed on ice in cell lysis buffer containing
phenylmethylsulfonyl fluoride (PMSF) (Beyotime Biotechnology,
Shanghai, China) for 30 min and then centrifuged at 12,000 � g
for 30 min at 4�C. After centrifugation, clarified cell lysates were incu-
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bated with 15 mL of protein G plus/protein A-agarose and 1 mg of
antibodies overnight at 4�C. Cell lysates, immunoprecipitates, and
co-immunoprecipitates were resolved by SDS-PAGE and transferred
to polyvinylidene fluoride (PVDF) membranes (Merck Millipore,
Darmstadt, Germany). After washing, blots were incubated with pri-
mary antibody (see below), followed by horseradish peroxidase
(HRP)-conjugated secondary antibody. Signals were visualized using
enhanced chemiluminescence (ECL) (Merck Millipore, Darmstadt,
Germany) and analyzed using a UVITEC Alliance 4.7 gel imaging
system (Cambridge, UK).

Phospho-Specific Protein Microarray Analysis

Phospho-array detection was performed in collaboration withWayen
Biotechnology (Shanghai, China). After transfection with PPFIA1
siRNA or miR-181a mimic (72 h), treated K562 cells were collected
for protein extraction. Protein samples (50 mg each) were labeled
with biotin and hybridized to the Phosphorylation ProArray (Full
Moon BioSystems, USA) using an Antibody Array Kit (Full Moon
BioSystems, CA, USA) for the detection of 248 site-specific cancer
signaling phospho-antibody profiles. Finally, fluorescence intensity
was scanned with a GenePix 4000B (Axon Instruments, Houston,
TX, USA) using GenePix Pro 6.0. Raw data were manipulated using
Grubbs’method. The reduction phosphorylation ratio was calculated
as follows: reduction phosphorylation ratio = phospho value/non-
phosphorylated value.

Molecular Docking

The molecular structures of PPFIA1, PARP1, and ABL1 were obtained
from PDB. Molecular docking was performed using Discovery Studio
4.5, following standard procedures as described in the softwaremanual.

Protein Expression and Purification

Plasmids encoding hexa-histidine-tagged recombinant human ABL1
domain (isoform 2) were transformed into Escherichia coli [BL21
(DE3)]. After bacterial growth to an absorbance of 0.4–0.6 at
600 nm in Terrific Broth containing 30 mg/L kanamycin at 37�C, in-
duction was carried out at 18�C using 0.5 mM isopropyl-b-D-thioga-
lactoside (IPTG), and growth continued at 18�C overnight. Bacteria
were collected by centrifugation, and the obtained pellets were used
immediately for the subsequent steps. Pellets were resuspended in
lysis buffer (20 mM phosphate buffer [PB], 150 mM NaCl [pH
7.4]) containing protease inhibitor cocktail. Cell lysis was performed
in an ultrasonic ice bath to generate crude protein samples. Cleaved
protein samples were then diluted 5-fold with balance buffer
(500 mMNaCl, 20 mM Tris [pH 8.0]) and incubated with Ni-agarose
beads (CWBIO) to remove uncleaved protein and protease. Proteins
were eluted from the beads with different concentrations of imidazole
(20, 50, 200, and 500 mM) and the absorption peak detected. Subse-
quent samples were eluted using the imidazole concentration indi-
cated by the absorption peak.

SPRi

SPRi assays were performed at 25�C in 1� PBS (pH 7.4) on a
PlexArray HT (V3). The 3D UVC Chips were prepared to fix
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berberine following standard Plexera protocol. For sequential binding
assays, chips were pre-treated with berberine or mock-treated
(rapamycin was used as a positive binding control) with a single
injection (5 mL/min for 1 min) and then exposed to proteins. The re-
tained resonance units (RUs) were recorded and triplicate values
averaged.

Xenografted Mouse Model of BaF3-P210 and K562-Luciferase

Cells and Immunohistochemistry

BALB/c nude and NSG mice (4–6 weeks old) were used for
leukemogenesis experiments and maintained in a temperature-
and humidity-controlled environment. A total of 1 � 106 BaF3-
P210 cells were injected into sub-lethally irradiated (3 Gy) BALB/c
mice, whereas K562-luciferase cells (Beijing Biocytogen) were in-
jected into sub-lethally irradiated NSG mice intravenously via a
tail vein. After injection of BaF3-P210 cells, BALB/c nude mice
were intraperitoneally treated with 50 mg/kg olaparib in 0.2 mL of
saline solution for 2 days. After injection of K562-luciferase cells,
NSG mice were intravenously treated with 10 nmol PPFIA1-siRNA
or NC-siRNA in 0.2 mL of saline solution for 2 days. Longitudinal
follow-up was conducted to assess survival. Immunohistochemical
analysis was performed on formalin-fixed, paraffin-embedded
sections, as specified by Leica Biosystems. Anti-PPFIA1 and anti-
PARP1 antibodies were used at a dilution of 1:50. Sections were
processed and developed using a Leica Bond RX (Leica Biosystems).
Images were obtained using a Panoramic 250 Flash Whole Slide
Digital Scanner (Perkin Elmer). All animal experiments were con-
ducted in accordance with a protocol approved by the Animal
Care and Use Committee at Jinan University.

Statistical Analysis

The data are expressed as means ± SD of a minimum of three biolog-
ical replicates. Statistical analysis was carried out by using Microsoft
Excel and GraphPad Prism Software Version 6.01 (Systat Software,
San Jose, CA, USA). Student’s two-tailed unpaired t test was used
to determine the significance, and p values <0.05 were considered sta-
tistically significant. The log rank test was used to determine the sig-
nificant differences of the survival data, and p values <0.05 were
considered statistically significant.
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