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Abstract
Chronic myeloid leukemia (CML) originates from normal hematopoietic stem cells acquiring BCR-ABL fusion gene, specific
BCR-ABL inhibitors (e.g., imatinib mesylate, IM) have greatly improved patient management. However, some patients are
still suffering from relapse and drug resistance, which urges better understanding of the growth/survival mechanisms of
CML stem/progenitor cells. In the present study, the role and its underlying mechanism of heterogeneous nuclear
ribonucleoprotein D-like (HNRPDL) in CML cells were investigated. Firstly, overexpression of HNRPDL promoted the
growth of murine BaF3 cells in vitro and induced leukemia in vivo, which was enhanced by co-expression of BCR-ABL.
Conversely, HNRPDL silencing inhibited colony-forming cell (CFC) production of CML CD34+ cells and attenuated BCR-
ABL induced leukemia. In addition, HNRPDL modulated imatinib response of K562 cells and HNRPDL silencing
sensitized CML CD34+ cells to imatinib treatment. Mechanistically, we found the stability of pre-B-cell leukemia homeobox
1 (PBX1) mRNA was sustained by HNRPDL through its binding to a specific motif (ACUAGC) in 3′-untranslated region
(3′-UTR) of PBX1. The expression of PBX1 was significantly higher in CML CD34+ cells than that in control cells and PBX
silencing inhibited the growth of CML cells and sensitized them to imatinib treatment. In contrast, overexpression of PBX1
elevated the CFC production of normal hematopoietic CD34+ cells and “rescued” HNRPDL silencing induced growth
inhibition and imatinib sensitization. Taken together, our data have demonstrated that HNRPDL transforms hematopoietic
cells and a novel HNRPDL/PBX1 axis plays an important role in human CML CD34+ cells.

Introduction

Heterogeneous nuclear ribonucleoproteins (hnRNPs)
represent a large RNA-binding protein family regulating
many aspects of mRNA metabolism, including translational
control, stability/decay of mRNA and alternative splicing
[1–3]. Heterogeneous nuclear ribonucleoprotein D-like
(HNRPDL) is a poorly studied member in this family.
The cDNA of HNRPDL was isolated by two independent
groups in 1998 [4, 5]. HNRPDL was present in both
nucleus and cytoplasm and the C-terminus was responsible
for its shuttling between nucleus and cytoplasm [6, 7].
HNRPDL bound to poly(A)+ RNAs rather than poly(A)−

RNAs through a specific motif (ACUAGC) [8], and it
bound to a single-stranded C-rich telomeric motif with
limited specificity as well [9]. HNRPDL increased the
internal translation initiation and maintained the stability of
NF-κB-repressing factor (NRF) mRNA through its binding
to 5′- and 3′-untranslated terminal region (UTR) of NRF
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[10, 11]. In addition, HNRPDL played a role in transcrip-
tion regulation through its interaction with enhancers or
other transcriptional factors [5, 12].

Heterozygous mutations of HNRPDL were identified in
patients with limb girdle muscular dystrophy type 1G, and
hnrpdl silencing in zebrafish caused the impairment of
muscle development [13]. 4q21 microdeletion syndrome
emerged as a newly identified disease with marked growth
restriction, mental retardation, speech absence or delay; one
of the affected genes was HNRPDL [14, 15]. The aberrant
expression of HNRPDL was reported in various cancers as
well, including hepatocellular carcinoma, prostate cancer,
colorectal cancer, chronic myeloid leukemia (CML), and
melanoma [16–21]. Overexpression of HNRPDL resulted in
androgen independent growth of LNCaP cells (prostate
cancer) and malignant transformation of NIH-3T3 cells
[17, 19]; while silence of HNRPDL led to growth inhibition
of SW620 cells (colorectal cancer) and K562 cells (CML)
[19, 20]. HNRPDL was possibly involved in drug response
of cancer cells as well [22–24]. For instance, quercetin
inhibited the growth of Caco-2 cells (colon cancer) asso-
ciated with the reduced HNRPDL expression [22].

CML is a hematological malignancy originated from
normal hematopoietic stem cell acquiring BCR-ABL fusion
gene. Despite the great improvement of patient management
with tyrosine kinase inhibitors (e.g., IM), some patients are
still suffering from drug resistance and relapse [25, 26]. The
fact that the survival of CML stem/progenitor cells are not
totally dependent on BCR-ABL signaling urges better
understanding of the growth/survival mechanisms of these
cells [27, 28]. Although we have reported the aberrant
expression of HNRPDL in CML CD34+ cells [20], the role
of HNRPDL in CML cells and its underlying mechanism
remain unclear.

In the present study, we investigated whether HNRPDL
was able to transform hematopoietic cells and how
HNRPDL regulated the growth and IM response of human
CML cells. The results have demonstrated that HNRPDL is
an oncoprotein in hematological malignancies and identified
a novel HNRPDL/pre-B-cell leukemia homeobox 1 (PBX1)
axis playing an important role in modulation of the growth
and IM response of CML cells.

Results

HNRPDL transforms murine BaF3 cells in vivo

To study the effect of HNRPDL overexpression on hema-
topoietic cells, the full-length HNRPDL was cloned into a
retroviral vector [19]. The overexpression of HNRPDL in
BaF3 cells was validated with western blot at first (Fig. 1a).
In BaF3 cell, the shorter isoform of HNRPDL has much

stronger expression than the larger one, while previous
study showed that these two isoforms were similarly
expressed in K562 cells [20]. The overexpression of
HNRPDL enhanced the growth of these cells significantly
in vitro (Fig. 1a). Similar results were obtained with K562
cells as well (Fig. S1). HNRPDL overexpressed BaF3 cells
were more sensitive to mIL-3 treatment than control cells
(Fig. 1b). In addition, these cells induced lethal leukemia in
mice but not the control cells (Fig. 1c). The leukemic mice
had significantly enlarged spleen and liver (Fig. S2b), and
apparent impairment of spleen tissues was observed with
hematoxylin-eosin (H&E) staining (Fig. S2c). In addition,
FACS analysis showed that leukemic cells were present in
bone marrow, spleen, and liver (Fig. S2d).

Next, we asked whether HNRPDL and BCR-ABL col-
laboratively promoted the in vitro growth and malignant
transformation in vivo. HNRPDL and BCR-ABL co-
expressed BaF3 cells grew significantly faster than those
expressed a single transgene (Fig. 1d), accordingly co-
expressed cells generated more colony-forming cells
(CFCs) than those expressed either HNRPDL or BCR-ABL
alone (Fig. 1e). Lastly, BaF3/BCR-ABL cells and BaF3/
BCR-ABL+HNRPDL cells were injected into mice, and
the co-expressed cells induced a more aggressive disease
than those expressing BCR-ABL alone (Figs. 1f and S3).
These data suggested that the aberrant expression of
HNRPDL in chronic phase (CP) might facilitate the
malignant transformation of BCR-ABL. In addition,
HNRPDL possibly played a role in the disease progression.
Thus, the gene expression of HNRPDL was analyzed in
CD34+ cells from 15 patients in CP and 10 patients in blast
crisis (BC), and the data showed that HNRPDL expression
was significantly higher in BC than that in CP (Fig. S4),
which was also agreeable with previous in silico analysis of
microarray data in Radich’s study [20, 29].

HNRPDL silencing inhibits in vitro and in vivo
growth of CML cells

Transcript and protein analyses showed clearly that
HNRPDL had higher expression in K562 cells than normal
bone marrow (NBM) cells (Fig. S5), and then two inde-
pendent shRNA sequences (shRNA#1 and shRNA#2) were
validated to suppress HNRPDL expression in K562 cells
(Fig. S6). The silence of HNRPDL inhibited the growth and
CFC production of K562 cells significantly (Fig. 2a, b). A
“rescue” experiment was also conducted to show that
HNRPDL overexpression was able to reverse HNRPDL
silencing induced growth inhibition (Fig. S7). Importantly,
HNRPDL silencing inhibited CFC production of CD34+

cells from CML patients significantly (n= 4, Fig. 2c). In
addition, HNRPDL silencing promoted erythroid differ-
entiation of K562 cells; upon the treatment of hemin, more
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differentiated cells were observed in HNRPDL silenced
group compared to control group (Fig. S8).

Using BaF3/BCR-ABL cells as model, the inhibitory
effect of HNRPDL silencing in vitro was confirmed with
two independent shRNA sequences (shRNA#1 and
shRNA#3) at first (Fig. S9). It was of note that shRNA#1
was suitable for HNRPDL silencing in both human and
murine cells. HNRPDL silencing significantly delayed
BCR-ABL induced leukemia (Fig. 2d). The coefficient of
spleen in HNRPDL silenced group was significantly less
than that in BCR-ABL group (Fig. 2e), the coefficient of
liver was also decreased though not reaching statistical
significance (Fig. S10). In addition, there were significantly
less leukemic cells (GFP+YFP+) from both bone marrow
and spleen in HNRPDL silenced group than those in BCR-
ABL group (Fig. 2f). The representative FACS profiles and
western blot analysis of leukemic cells from HNRPDL
silenced and control groups were shown (Fig. S10). There
was one survivor in HNRPDL silenced group without evi-
dent symptoms till 60 days post injection, which was killed

then. FACS analysis showed that there were no detectable
leukemic cells in bone marrow, spleen, and liver (Fig. S11).

HNRPDL modulates imatinib response of CML cells

The responses of control (Scramble) and HNRPDL silenced
K562 cells upon imatinib treatment were studied. The data
showed that HNRPDL silencing significantly increased
imatinib sensitivity. In addition, more apoptotic cells were
induced upon imatinib treatment in HNRPDL silencing
group than those in control group (Fig. 3a), the repre-
sentative FACS profiles to analyze apoptosis were shown
(Fig. S12). In contrast, HNRPDL overexpression conferred
imatinib resistance to K562 cells; at the same time, less
apoptotic cells were induced upon imatinib treatment in
HNRPDL overexpression group than those in control group
(Figs. 3b and S13).

Next, the effect of HNRPDL silencing on the imatinib
response of CD34+ cells from patients was studied. The
HNRPDL silencing and control CD34+ cells from three

Fig. 1 HNRPDL enables malignant transformation of BaF3 cells. a
The growth of control and BaF3/HNRPDL cells was measured (n=
3), and the western blot to analyze these cells was shown. b Colony-
forming cell (CFC) production of control and BaF3/HNRPDL cells
were assessed in the presence of various concentrations of m-IL3 (n=
3). c Control and BaF3/HNRPDL cells were injected into lethally
irradiated mice through tail vein (1.5 × 106 cells/mouse), each group
had eight mice. The survival of these mice was analyzed with

Kaplan–Meier method. d, e The growth and CFC production of con-
trol, BaF3/HNRPDL, BaF3/BCR-ABL, and BaF3/BCR-ABL+
HNRPDL cells were measured in the presence of mIL-3 (n= 3). f
BaF3/BCR-ABL and BaF3/BCR-ABL+HNRPDL cells were injected
into lethally irradiated mice through tail vein (3.0 × 104 cells/mouse),
there were eight mice in each group. Kaplan–Meier method was used
to analyze the survival of these mice. *P < 0.05, **P < 0.01, and ***P
< 0.001
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CML patients were subjected to CFC assay with or without
imatinib. The data showed that the CFC production was
decreased about 30% with imatinib treatment (5 μM) alone,
suggesting these cells were imatinib insensitive according to
Jiang’s study [30]. Imatinib treatment plus HNRPDL
silencing produced significantly less CFC than imatinib
treatment or HNRPDL silencing alone (Fig. 3c), indicating
HNRPDL silencing enhanced chemo-response of imatinib
insensitive CD34+ cells in vitro.

HNRPDL regulates the expression of PBX1

To obtain molecular insights of how HNRPDL modulates
the growth and imatinib response of human CML cells, we
generated microarray data comparing HNRPDL silenced
K562 cells with control (Scramble) cells (GSE132975).
Totally, 335 differentially expressed transcripts were yiel-
ded (Table S1) and they were displayed in a heatmap as
well (Fig. 4a). Several known oncogenes were among the
downregulated transcripts, including Myeloid ecotropic
viral integration 2, PBX1 and Muscle RAS oncogene
homolog, whose involvements of leukemic cell growth have
been reported [31–35]. Using Q-RT-PCR, we were able to

validate that the expression of these transcripts was sig-
nificantly lower in HNRPDL silenced K562 cells than that
in control cells (n= 4, Fig. 4b, left panel). The expression
of PBX1 was also significantly decreased in HNRPDL
silenced CML CD34+ cells than that in control cells (n= 5,
Fig. 4b, right panel). Western blot showed that the protein
expression of PBX1 was decreased upon HNRPDL silen-
cing in K562 cells as well (Fig. 4c). Importantly, the
expression of PBX1 in CML CD34+ cells (n= 8) was
significantly higher (threefold) than that in NBM CD34+

cells (n= 7), suggesting a possible role of PBX1 in CML
cells (Fig. 4d).

PBX1 is a novel regulator of CML cells

Two independent shRNA sequences were delivered with
lentiviral vectors into K562 cells. Both of them suppressed
PBX1 transcript expression significantly and PBX1 protein
expression was inhibited as well (Fig. 5a). PBX1 silencing
inhibited the growth and the CFC production of K562 cells
significantly (Fig. 5b, c). In addition, the silence of
PBX1 sensitized K562 cells to imatinib treatment (Fig. 5d).
Importantly, the CFC production of CML CD34+ cells were

Fig. 2 HNRPDL silencing inhibits the growth of BCR-ABL+ CML
cells. a, b Two independent shRNA sequences were delivered into
K562 cells, and then the growth and colony-forming cell (CFC)
capacities of HNRPDL silenced and control cells were compared (n=
4). c One shRNA sequence (shRNA#2) was also delivered into CD34+

cells from CML patients (n= 4), and then the CFC productions of
HNRPDL silenced and control cells were compared. d The control and
HNRPDL silenced (shRNA#1) BaF3/BCR-ABL cells (1 × 105/mouse)

were injected into lethally irradiated mice, each group had eight mice.
Then the survival of these mice was analyzed with Kaplan–Meier
method. e The coefficient of spleen of control and HNRPDL silenced
group was compared (n= 4). f FACS analysis was perform to detect
the leukemic cells (YFP+GFP+) in bone marrow and spleen of the
diseased mice from each group and then compared (n= 4). shRNA#1
was suitable for HNRPDL silencing in both K562 and BaF3/BCR-
ABL cells. *P < 0.05, **P < 0.01, and ***P < 0.001
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inhibited by PBX1 silencing significantly as well (Fig. 5e).
Conversely, PBX1 overexpression significantly promoted
CFC production of normal hematopoietic CD34+ cells than
control, and the significant promotion was also observed in
secondary plating (Fig. 5f).

PBX1 is a functional target of HNRPDL

As HNRPDL regulates gene expression in both transcrip-
tional and posttranscriptional fashions [5, 10–12], the
expression of pre-mRNA of PBX1 was measured. The data
showed that pre-mRNA of PBX1 did not change upon
HNRPDL silencing (Fig. 6a). Next, HNRPDL silenced and
control K562 cells were treated with actinomycin D (Act
D), the relative expression of PBX1 compared with
untreated cells was measured, which indicated that
HNRPDL silencing increased the degradation rate of PBX1
mRNA (Fig. 6b).

A consensus RNA-binding motif (ACUAGC) recognized
by HNRPDL was found in the 3′-UTR of PBX1. A piece of
DNA sequence containing this motif and its mutant were
subcloned into a luciferase reporter vector (Fig. 6c, upper
panel). Firstly, the reporter assay showed that the wide-type
motif conferred greater reporter activity (fourfold) com-
pared with the empty vector, however this enhanced activity
was almost totally abrogated when the mutant motif was
introduced into the reporter vector. Next, the activity of the

wide-type motif was significantly decreased upon HNRPDL
silencing (Fig. 6c, middle panel). Lastly, RNA immuno-
precipitation (RIP) experiment was performed with K562
cells, which showed that antibody against HNRPDL was
able to enrich PBX1 mRNA compared with the isotype
control antibody (Fig. 6c, lower panel).

Functionally, the overexpression of PBX1 was able to
“rescue” HNRPDL silencing introduced growth inhibition
and CFC reduction (Figs. 6d, e and S14). In addition, the
sensitized imatinib response caused by HNRPDL silencing
was restored by PBX1 overexpression as well (Fig. 6f).

Discussion

The aberrant expression of multiple RNA-binding proteins,
including several hnRNP family members in CML cells
have been reported [36–39]. Thus, it is reasonable to
speculate whether HNRPDL has redundant function with
some of them. In the present study, gene silencing experi-
ments with various cellular models both in vitro and in vivo
clearly show that HNRPDL plays a unique role in CML
cells. Indeed the sequence similarity analysis by Akinda-
hunsi et al. has shown that HNRPDL is a remote member
isolated from hnRNP A1, K, E2, and Musashi 2 [40],
supporting the experimental data in this study. Despite
numerous reports pertaining hnRNP members in various

Fig. 3 HNRPDL modulates imatinib mesylate response of CML cells.
a Scramble and HNRPDL silenced K562 cells were plated for colony-
forming cell (CFC) assay in the presence of imatinib mesylate (IM) (n
= 3, left panel), and the apoptosis of these cells induced by IM
treatment were analyzed with Annexin V/7-AAD method (n= 3, right
panel). b Control and HNRPDL overexpressed K562 cells were

analyzed with CFC assay in the presence of IM (n= 3, left panel), and
apoptosis of these cells induced by IM treatment were shown (n= 4,
right panel). c CD34+ cells from three CML patients were used for
CFC analysis upon the treatment of IM or HNRPDL silencing alone or
in combination. *P < 0.05 and **P < 0.01
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cancer cells, few of them have clearly demonstrated that
hnRNP member is able to transform normal cells [19, 41].
In the present study, we have provided the first piece of
evidence that HNRPDL confers cytokine hypersensitivity of
BaF3 cells in vitro and induces leukemia in vivo. In addi-
tion, HNRPDL and BCR-ABL cooperatively promote cell
growth and induce leukemia. As the expression of
HNRPDL is elevated in CD34+ cells from patients in BC
than that in CP, our data suggest a possible role of
HNRPDL in disease progression. Interestingly, Deneault
et al. have reported that HNRPDL elevates the reconstitu-
tion of primitive hematopoietic cells, supporting the notion
that HNRPDL promotes the growth of hematopoietic cells
[42].

The fusion protein of E2A-PBX1 plays a pivotal role in a
subset of human B-cell acute lymphoblastic leukemia
patients [43–45]. However, the expression and function of
PBX1 in myeloid leukemia cells has not been investigated

directly [33, 34]. Our study has shown that PBX1
expression in CML CD34+ cells is significantly higher than
that in NBM CD34+ cells, and PBX1 is required for the
in vitro growth of CML cells. In addition, PBX1 over-
expression promotes the CFC production of normal CD34+

cells (Fig. 5). These data are in line with the fact that Pbx1
deficiency impairs mice hematopoiesis including myelo-
poiesis in vivo and in vitro [46]. Thus our data have
revealed a previously neglected role of PBX1 in myeloid
leukemia cells.

HNRPDL is also known as an AU-rich element (ARE)-
binding protein. Through the binding with ARE, HNRPDL
has been reported to regulate the stability of NRF [10, 11].
At the same time, a motif (ACUAGC) recognized by
HNRPDL has been identified through in vitro screening [8];
however, whether this motif has in vivo function has not
been elucidated yet. In this study, we found that HNRPDL
silencing inhibited PBX1 expression and Act D treatment

Fig. 4 Microarray data reveal that HNRPDL regulates the expression
of PBX1. a three independent HNRPDL silenced (shRNA#2) and
control (Scramble) K562 cells were yielded for RNA preparation and
microarray analysis. Totally, 335 differentially expressed transcripts
were obtained, and they were displayed in a heatmap. b The expres-
sion levels of Myeloid ecotropic viral integration 2 (MEIS2), Pre-B-
cell leukemia homeobox 1 (PBX1) and Muscle RAS oncogene homolog
(MRAS) were measured in both HNRPDL silenced and control K562

cells (n= 4, left panel), and the expression of PBX1 was also measured
with HNRPDL silenced and control CML CD34+ cells (n= 5, right
panel). c The protein expression of PBX1 in HNRPDL silenced
(shRNA#2) and control (Scramble) K562 cells was analyzed. d The
PBX1 transcript was assessed with purified CD34+ cells from healthy
donors (n= 7) and CML patients (n= 8) as well. *P < 0.05 and **P <
0.01
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caused a more rapid decay of PBX1 mRNA in HNRPDL
silenced cells than control cells, suggesting HNRPDL
possibly modulated the stability of PBX1. Sequence ana-
lysis showed there was no typical ARE in the 3′-UTR of
PBX1 mRNA, while a consensus motif of “ACUAGC” was
present. Thus luciferase assay and RIP experiment were
performed, which showed that HNRPDL controlled the
mRNA lifespan through the binding with “ACUAGC”
motifs for the first time. Furthermore, HNRPDL silencing
induced growth inhibition and IM hypersensitivity was
“rescued” by PBX1 overexpression, suggesting a pivotal
role of HNRPDL/PBX1 axis in human CML cells. Never-
theless, it is worth to note that “ACUAGC” motif is not
present in murine Pbx1, thus how HNRPDL regulates
murine hematopoietic cells needs further investigation.

Overall, the present study will stimulate more investi-
gations on this newly defined oncoprotein. For instance,
both ARE and “ACUAGC” motifs are recognized by
HNRPDL, thus a globe sequencing of RIP enriched RNA is
likely to provide more clues to delineate the function of

HNRPDL. Previous studies have shown that HNRPDL may
regulate gene expression through its interaction with other
transcriptional factors or enhancers [5, 12]; thus it is inter-
esting to study whether and how HNRPDL regulate gene
expression at transcription level using the microarray data
generated in current study.

Taken together, we have demonstrated that HNRPDL
promotes the growth of CML cells and modulates their drug
response partially through its regulation of PBX1 mRNA
stability. The present study sheds new light on the mole-
cular pathogenesis of CML and possibly provides new clues
to improve disease management.

Materials and methods

Patients and cells

K562 and 293T cells were purchased from the Cell Bank of
Shanghai Institutes for Biological Sciences of the Chinese

Fig. 5 PBX1 plays an important role in the growth and imatinib
response of CML cells. a Two independent shRNA sequences against
PBX1 were delivered into K562 cells. The transcript of PBX1 were
quantified (n= 4), and the protein expression was analyzed with
western blot. b, c The growth and colony-forming cell (CFC) capa-
cities of PBX1 silenced and control (Scramble) cells were compared
(n= 4). d The percentages of survival CFC of PBX1 silenced and
control K562 cells upon imatinib mesylate (IM) treatment were
compared (n= 3). e One shRNA sequence (shPBX1#1) was also

delivered into CD34+ cells from CML patients (n= 7), and then the
CFC productions of PBX1 silenced and control cells were compared. f
Lentiviral vector was used to deliver PBX1 into normal hematopoietic
CD34+ cells. Then CFC assay was performed (first CFC), after
counting the progeny cells were collected and plated for secondary
CFC assay (second CFC). The total CFC yields normalized to 1000
initial input cells were calculated and compared (n= 3). *P < 0.05 and
**P < 0.01
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Academy of Sciences (Shanghai, China). Murine BaF3 cell
line was a gift from Dr Connie J. Eaves (Terry Fox
Laboratory, British Columbia Cancer Research Center). An
authentication test confirmed the identity of K562 cells and
all these cell lines were free of mycoplasma contamination.
The bone marrow cells from CML patients and healthy
donors were collected, after the informed consent forms
approved by the Ethics Committee of Soochow University
(ECSU-201800062, Suzhou, China) were obtained. The
clinical characteristics of CML patients were summarized
(Table S2). Following gradient centrifuge with
Lympholyte-H cell separation media (Cedarlane Labora-
tories, Burlington, NC, USA), the nucleated cells were
yielded and then purified with the CD34 EasySep kit (Stem
Cell Technologies, Vancouver, Canada) following the
manufacturer’s instruction.

RNA extraction and Q-RT-PCR

RNA was obtained with the RNAprep Pure Micro kit
(Tiangen, Beijing, China) and reversely transcribed with
SuperScriptIII (Thermo Fisher Scientific, Waltham, MA,
USA). Gene expression was assessed with SYBR Green
PCR MasterMix with 7500 real time PCR system (Applied
Biosystems, Foster City, CA, USA). The sequences of
gene-specific primers were summarized (Table S3). In all
Q-RT-PCR analyses, the gene expression was normalized
against β-ACTIN.

Western blot

Protein samples were prepared with lysis buffer (Beyotime,
Shanghai, China) supplemented with PMSF, and then

Fig. 6 HNRPDL/PBX1 axis plays a crucial role in the growth and
imatinib response of human CML cells. a The expression of pre-
mRNA of PBX1 in HNRPDL silenced and control K562 cells was
assessed (n= 5). b The expression of mRNA of PBX1 in HNRPDL
silenced and control K562 cells upon actinomycin D (Act D) treatment
was measured (n= 5). c The schematic structure of 3′-untranslated
region (3′-UTR) of PBX1 was plotted. Only one HNRPDL binding
motif (ACUAGC) was identified, and a piece of DNA containing this
motif and its mutant was subcloned and subjected to luciferase activity
measurement. A pair of primers was designed to detect 3′-UTR of
PBX1 in RNA immunoprecipitation (RIP) assay (upper panel). A

control reporter vector (Ctrl), a reporter vector containing HNRPDL
consensus binding motif (wide-type) and another reporter vector
bearing mutated motif (mutant) were delivered into HNRPDL silenced
(shRNA#2) and control (Scramble) K562 cells, and the reporter
activities were quantified (n= 4, middle panel). The RIP assay was
performed with K562 cells and a piece of PBX1 3′-UTR was detected
with conventional RT-PCR (lower panel). d–f The growth (n= 3),
CFC capacities (n= 6) and IM sensitivity (n= 4) of various trans-
duced K562 cells were measured and compared. n.s. not significant;
*P < 0.05 and **P < 0.01
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transferred to the ImmobilonTM PVDF membrane (Milli-
poreSigma, Burlington, MA, USA) after SDS-PAGE
separation (Bio-Rad, Hercules, CA, USA). The blots were
performed with various antibodies, including anti-HNRPDL
(ab83215, Abcam, Cambridge, MA, USA), anti-PBX1
(ab104247, Abcam) and anti-Tubulin (ab009-100, Multi
Science, Hongzhou, China). The blot was developed using
an enhanced chemiluminescence kit (GE Healthcare Life
Sciences, Piscataway, NJ, USA) automatically.

Retroviral and lentiviral vectors, viral production,
and infection

A retroviral vector (pMSCV-IRES-YFP, pMIY) was a gift
from Dr Keith Humphries (Terry Fox Laboratory, British
Columbia Cancer Research Center) and the packaging
plasmid to produce retrovirus was from Dr Hudan Liu
(Wuhan University, Wuhan, China). HNRPDL cDNA (full-
length, NM_031372.3) was purchased (Origene, Rockville,
MD, USA), and then subcloned into pMIY. The lentiviral
vector to overexpress BCR-ABL was a gift from Dr Connie
J. Eaves (Terry Fox Laboratory). PBX1 cDNA was a gift
from Dr Xinliang Mao (Soochow University, Suzhou,
China), and which was subcloned into a lentiviral vector
containing yellow fluorescent protein (YFP). Lentiviral
vectors to silence HNRPDL or PBX1 and the scramble
control were from GenePharma Co, Ltd (Shanghai, China),
the sequences were summarized (Table S4). The retroviral
and lentiviral productions were performed as previously
described [19, 20].

Colony-forming cell assay

The FACS purified primary cells were plated into methyl-
cellulose media (MethoCult H4230, Stem Cell Technolo-
gies) supplemented with a cocktail of cytokines (SCF
(50 ng/ml), IL3 (20 ng/ml), IL-6 (20 ng/ml), GM-CSF
(20 ng/ml), G-CSF (20 ng/ml), and EPO (3 IU/ml)), and
the colonies were numerated 14–16 days later.

Animals

Six- to eight-week-old female BalB/C mice were main-
tained in specific pathogen free animal facility of Soochow
University. They were randomly allocated to each experi-
mental group. The test and control cells were mixed with
7.5 × 105 mice bone marrow cells, and then injected intra-
venously into mice a few hours after lethal irradiation. Mice
were monitored closely for signs of weight loss or lethargy.
The diseased mice were dissected and the weights of
spleens and livers were measured. The spleens were also
analyzed with H&E staining. The cells from spleen, liver,
and bone marrow were analyzed with flow cytometry. There

was no exclusion of experimental mouse. All animal studies
were blinded and conducted following an experimental
protocol approved by the Ethics Committee of Soochow
University (ECSU-201800061, Suzhou, China).

Apoptosis assay

Cell apoptosis was assessed with a kit (Cat#559763, BD
Biosciences, Franklin Lakes, NJ, USA) following the man-
ufacturer’s instruction. Briefly, aliquots of 1 × 105 cells were
washed twice with PBS, and then resuspended with 100 μl
1 × binding buffer. Cells were incubated with Annexin V-PE
(5 μl) and 7-AAD (5 μl) at room temperature in the dark.
After 15 min, 400 μl 1 × binding buffer were added and then
the cells were analyzed with flow cytometry.

RNA immunoprecipitation

The RIP experiment was performed with the EZ-mgana RIP
kit (MilliporeSigma). In brief, 2 × 107 K562 cells were
resuspended with 100 μl complete RIP lysis buffer. Anti-
HNRPDL antibody and the IgG control antibody were
mixed with magnetic beads, respectively. Later the RIP
lysate and the antibody coated magnetic beads were incu-
bated with RIP immunoprecipitation buffer at 4 °C over-
night. RNA was purified with protease K treatment and
phenol/chloroform extraction. The purified RNA samples
were analyzed with conventional reverse transcription-
polymerase chain reaction (RT-PCR) using specific pri-
mers to detect 3′-UTR of PBX1. The sequences of these
primers were summarized (Table S3).

Luciferase assay

A piece of 3′-UTR of PBX1 containing “ACUAGC” motif
was subcloned into psiCHECK-2 (Promega, Madison, WI,
USA). A mutant of this piece of 3′-UTR was generated with
point mutation technique. Similar to previous description
[47], the control, wide-type 3′-UTR and its mutant were
transferred into control and HNRPDL silenced K562 cells
with Nucleofector device (Lonza, Basel, Switzerland). After
48 h, cells were collected and the reporter activities were
assessed using Dual-Luciferase Reporter Assay System
(Promega) with Luminoskan Ascent reader (Thermo Sci-
entific, Waltham, MA, USA). After normalizing the activity
of Renilla luciferase reporter to that of Firefly luciferase
reporter, the relative activities of 3′-UTR and its mutant
were calculated and compared.

Microarray analysis

Three biological replicates of control and HNRPDL
silenced K562 cells were harvested for microarray analysis
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using Agilent whole human genome oligo-chips (4 × 180K)
in Shanghai Biotechnology Corporation. The gene expres-
sion data have been assigned an accession ID as
GSE132975. The differentially expressed transcripts were
determined based on Student’s t-test (P < 0.05) and fold
change (>2). All differentially expressed transcripts were
clustered by Hierarchical Clustering method.

Statistical analysis

All values were represented as the mean ± SD from more
than three biological independent experiments, and the
statistical analysis was performed with Student’s t-test, in
which a P value < 0.05 was considered significantly dif-
ferent. Kaplan–Meier curves were plotted to study survival
tendency, and the P value was estimated using the log-rank
test. The statistical tests in this study are justified as
appropriate and the data meet the assumptions of the tests.
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