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Abstract

Nucleophosmin (NPM]) — a gene that encodes for a nuclear protein with multiple functions.
Mutations in NPM1 are seen in approximately one-third of acute myeloid leukemia (AML) and are
generally associated with good response to induction chemotherapy. However, the mechanisms
underlying this chemosensitivity are still unknown. Recent studies have established that nuclear
factor-kB (NF-kB) activation is a key response of leukemia cell to chemotherapy. In this study, we
transfected human monocytic leukemia THP-1 cells with the vector expressing NPMI mutation
variant (NPM1mA), and confirmed overexpression of NPMImA at mRNA and protein levels by
reverse transcription PCR (RT-PCR) and immunohistochemistry, respectively. The effects of
NPMI mutations on chemotherapeutical agents induced apoptosis, NF-KB activity and gene
expression were examined using flow cytometry, luciferase reporter assays, quantitative real time
PCR (qRT-PCR) and Western blot. We found that overexpression of NPMImA in THP-1 cells
sensitized these cells to apoptosis induced by chemotherapeutical agents such as daunorubicin
(DNR) and cytarabine (Ara-C). Moreover, we demonstrated that expression of NPMI1 mA
reduced the NF-kB transcription activity of THP-1 cells upon drug treatment. In addition,
restoration of NF-KB activity via TNF-a stimulation could attenuate the effect of NPMImA
overexpression on DNR-and Ara-C-induced apoptosis. Interestingly, expression of NPMImA
could upregulate Bax and downregulate Bcl-2 at mRNA and protein levels in THP-1 cells when
treated with DNR or Ara-C. We also demonstrated that restoration of NF-kB activity via TNF-a
pre-treatment reversed the effect of NPMImA on the Bax/Bcl-2 expression. Furthermore,
evaluation of gene expression data from The Cancer Genome Atlas (TCGA) dataset revealed that
NPMI-mutated patients showed a higher expression of Bax and a lower expression of Bcl-2. These
results suggest that the NPMI gene mutations could confer increased sensitivity to
chemotherapeutic agents, at least in part, by suppressing NF-KkB activity and regulating Bax/Bcl-2
expression.
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Introduction

Nucleophosmin (NPM1), also named B23, is a
multifunctional nucleolar protein that mainly
localized in nucleoli but able to shuttle between
nucleus and cytoplasm [1]. NPM1 plays crucial roles

in ribosome maturation and export, centrosome
duplication, cell cycle progression, histone assembly
and response to a variety of stress stimuli [2-3]. NPM1
gene heterozygous mutations are present in roughly a
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third of patients with acute myeloid leukemia (AML),
making it one of the most frequent genomic
alterations in these patients [4] Mutated NPM1
protein disrupts the C-terminal nucleolar localization
signal of nucleophosmin and generates a new nuclear
export signal, which alters the normal balance in
nuclear-cytoplasmic NPM1 shuttling and causes the
characteristic cytoplasmic localization [5, 6]. In 2005,
Falini B et al. [7] first observed cytoplasmic
nucleophosmin (NPMc+) in AML and reported that
the type A NPM1 mutation (NPM1 mA, 4 base TCTG
insertion) was the most frequent in adults (75-80% of
cases). NPMc+ AML present with specific clinical,
phenotypical, and genetic features [8, 9]. Strikingly,
several clinical studies indicated a higher rate of
complete remission after chemotherapy in patients
carrying the NPM1 mutations when compared to wild
type [10-13]. However, the molecular basis of this
observation remains at present unclear.

Nuclear factor-«B (NF-«B) is a member of the Rel
family proteins, which regulates protein expression
mediating cell cycle/proliferation, anti-apoptosis, and
cytokine secretion [14]. NF-«xB transcription factors
are involved in disparate processes such as
inflammation, growth and development, and drug
resistance [15, 16]. NF-kB has been demonstrated to be
abnormally activated in blast cells from a significant
number of AML patients [17]. Indeed, it has been
demonstrated that many types of AMLs produce
tumor necrosis factor (ITNF)-a, and this TNF-a
activates NF-xB  transcription factors  [18].
Additionally, recent studies have established that
NF-xB activation is a key response of leukemia cells to
chemotherapy [19, 20]. It is well known that inhibition
of NF-xB increases sensitivity to  many
chemotherapeutical agents [21-23]. Activated NF-xB
seems to trigger a series of molecular reactions [24,
25]. For instance, NF-xB can inhibit pro-apoptotic
protein Bax and induce the expression of
anti-apoptotic protein Bcl-2, which involved in
chemotherapy induced apoptosis [26, 27].

In this study, we found that enforced expression
of NPM1 mA increased THP-1 leukemia cells
sensitivity to chemotherapeutic agents and reduced
the NF-xB transcription activity of THP-1 cells upon
drug treatment. In addition, expression of NPM1mA
upregulated Bax expression and downregulated Bcl-2
levels. Notably, the potentiating effect of NPM1 mA
on chemosensitivity was rescued by pre-treatment
with TNF-a. Furthermore, NPM1-mutated patients
showed a higher expression of Bax and a lower
expression of Bcl-2. The results presented here
demonstrate that the NPM1 gene mutations may
confer increased sensitivity to chemotherapeutic
agents, at least in part, by regulating NF-xB activity
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and the apoptosis related proteins expression.
Materials and methods
Cell line and reagents

Human monocytic leukemia THP-1 cells

(purchased from Shanghai Institutes for Biological
Sciences) were maintained in RPMI-1640 medium
(Gibco, MD, USA), which was supplemented with
10% fetal bovine serum (FBS, Gibco, MD, USA) and
100 U of penicillin and streptomycin (Sangon
Biotech,Shanghai, China) in a 5% CO;-humidified
incubator at 37°C. Daunorubicin (DNR) and
cytarabine (Ara-C) were purchased from Sigma.
TNEF-a was purchased from Beyotime.

Plasmids and cell infection

The pEGFPC1-NPMImA and empty pEGFPC1
vectors were kindly provided by Dr. B Falini (Institute
of Hematology, University of Perugia, Perugia, Italy).
THP-1 cells were transfected with either
pEGFPC1-NPM1 mA or empty pEGFPCI vector
using xfect™ reagent (Clontech, BD, USA), they were
named as the “NPMImA” or “pEGFPC1” group
respectively. The “Blank” group represented THP-1
cells without transfection. Stable cell lines were
selected and maintained in G418 (Invitrogen, MD,
USA). Numerous independent single colonies were
subcloned and analyzed for mRNA expression with

RT-PCR and for protein expression with
immunocytochemistry staining.
Reverse transcription PCR (RT-PCR) and
quantitative real time PCR (qRT-PCR)

Reverse transcription PCR (RT-PCR) was

operated as follows: the total RNA of cells was
extracted with TRIzol reagent (TaKaRa, Tokyo,
Japan). Then, 2 micrograms of total RNA that was
treated with DNA-free DNase were
reverse-transcribed for cDNA synthesis. The
amplification conditions were: 5 min at 94 °C (one
cycle) and 30 sec at 94 °C; 30 sec at the annealing
temperature of 55 °C; and 50 sec at 70 °C (35 cycles)
and 72 °C for 10 min (one cycle). The amplification
productions for NPMImA and p-actin were
confirmed by 1.5% agarose gel electrophoresis.
Quantitative real-Time PCR (qRT-PCR) analysis was
performed on a MJ Mini™ Gradient Thermal Cycler
Real-Time PCR machine (Bio-Rad, California, USA)
with the SYBR Green reaction (TaKaRa, Tokyo, Japan)
kit in triplicate. PCR amplification mixtures (25 pl)
contained 12.5 pl of SYBR Green reaction, 2 pl of a
mixture of 2.5 mM reverse and forward primers, 8.5 pl
of nuclease free water and 2 pl of cDNA template. The
Bax and Bcl-2 gene expression levels were analyzed

http://lwww.jcancer.org



Journal of Cancer 2016, Vol. 7

2272

relative to the [P-actin gene transcript levels. The
primer sequences are listed in Table 1.

Immunocytochemistry staining

Immunostaining was performed according to
the alkaline phosphatase monoclonal anti-alkaline
phosphatase (APAAP) technique. Approximately
1x10° cells were cytocentrifuged onto a clean glass
slide, then fixed with 4% paraformaldehyde for 30
min, permeabilized with 0.25% cold triton for 15 min
and incubated with 1% bovine serum albumin (Sigma,
MO, USA) in PBS for 1 h at room temperature for
blocking. After washing with 0.01 M PBS three times,
anti-NPM1 monoclonal antibody (Inc. Santa Cruz,
CA, USA) was added at a concentration of 1:100. The
slides were incubated overnight at 4°C. The detection
steps were performed according to the manufacturer’s
(Zhong Shan Golden bridge Biotechnology, China)
instructions. The presence of the NPM1 mutant
protein was assessed by examining the cytoplasmic
distribution of red precipitate particles.

Flow cytometry

Apoptosis was evaluated by flow cytometry for
the detection of annexin V-positive cells. Cells were
incubated separately with 0.25 pM DNR or 8.5 pM
Ara-C for 24 h, respectivly. At the indicated time
points, apoptosis induction was measured by
double-staining the cells with Annexin-PE/7-AAD
(Keygen, Nanjing, China) using a FACS Calibur flow
cytometer (BD). Briefly, cells were washed once in
phosphate buffered saline and once in 1x-binding
buffer, then 5 pl of annexin V-FITC was added to the
cells. Cells were incubated at room temperature for 15
min, after which 300ml 1x-binding buffer was added
and cells were analyzed by flow cytometry. Apoptotic
cells were defined as annexin V positive and
propidium iodide negative. Each experiment was
performed in triplicate and the final numerical value
is expressed as mean adsorbance value + SD.

Luciferase reporter assays

Nuclear factor-kB basal activity was determined
by the ELISA method. A total of 10¢ cells in each
group were cultrued in a 6-well plate and transfected

Table 1. The sequence of PCR primers for each gene.

with a firefly luciferase-reporter  construct
(pPNF-kB-TA-luc, Beyotime, Shanghai, China) plus the
control vector containing Renilla luciferase, pRL-TK
Promega, Madison, WI) in a ratio 10:1. After 24 h, cells
were incubated with 0.25 pM of daunorubicin and 8.5
M Ara-C. Firefly and renilla luciferase activities were
measured 24 h after treatment with the reagents using
the Dual-Luciferase Reporter Assay System (Promega,
Madison, WI) and the the ratio was set as the relative
activities of NF-xB. All the experiments were
performed in triplicate and the final numerical value
is expressed as mean adsorbance value + s.d.

Western blot

The cultured cells were washed and lysed in cell
extraction buffer; a total of 50 pg of proteins was
loaded into a sodium dodecyl sulfate polyacrylamide
gel for electrophoresis and transferred onto PVDF
membranes. PVDF membranes were blocked with 5%
non-fat dry milk for 2 h at room temperature and then
incubated with primary antibody overnight at 4°C.
Membranes were washed with TBST (20 mM
Tris-HCl, pH 7.6, 137 mM NacCl, 0.1% Tween 20) three
times for 10 min each and then incubated with
alkaline horseradish peroxidase (HRP)-conjugated
anti-rabbit or anti-mouse secondary antibody (Zhong
Shan Golden bridge Biotechnology, China) for 1 h at
room temperature. Protein bands were visualized by
incubating the membranes in chemiluminescence
HRP substrate (Millipore, USA). Bax and Bcl-2
monoclonal antibodies (Santa Cruz Biotechnology,
CA, USA) were used at 1:500 dilutions. p-actin
monoclonal antibody (Zhong Shan Golden bridge
Biotechnology, China) was added at a concentration
of 1:1,000.

Analysis of gene expression data for AML
patients in TCGA dataset

Gene expression data for AML patients from The
Cancer Genome Atlas (TCGA) were downloaded
from the TCGA website
(https:/ /tcga-data.nci.nih.gov/tcga/). A total of 165
AML cases stratified by leukemia French American
British (FAB) morphology classification were
included and 48 AMLs with NPM1 mutation were

obtained from TCGA 2013 human AML
dataset. RNA sequencing (RNA-Seq) and
clinical data for AML samples were analyzed

Genes Forward primer Reverse primer

using the cBioPortal for Cancer Genomics

NPM1mA TGGAGGTGGTAGCAAGGTTC CTTCCTCCACTGCCAGACAGA 446

Eggment [28, 29]. For statistical analysis, Bax/Bcl-2
size(bp) ~ mRNA expression was compared between

the AMLs with NPM1 mutation and those

Bcl-2 TTCTTTGAGTTCGGTGGGGTC TGCATATTTGTTTGGGGCAGG 300

Bax GGATGCGTCCACCAAGAA  GCACTCCCGCCACAAAGA
P-actin GCTGTCCCTGTATGCCTCT  GATGTCACGCACGATTTCC

386 with no NPM1 mutation.
220
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Statistical analysis

SPSS17.0 software was used for statistical
analysis. Results represent the mean * SD of three
independent experiments. A Student’s t-test was
performed to assess to compare averaged values.
Wilcoxon rank sum test analysis was used to compare
clinical data. *P<0.05 were considered statistically
significant.

Results

Establishing THP-1 cells stably expressing
NPMI mA

The eukaryotic expression vector pEGFPC1 and
pEGFPC1-NPM1 mA were transfected into THP-1
cells. The expression of NPM1 mA mRNA was
assayed by RT-PCR amplification. The results showed
that the cells in NPM1 mA group could express NPM1
mA mRNA (Figure 1A), while the cells belonging to
the two control groups could not. The cytoplasmic
localization of the NPM1 mutant protein was
observed by immunostaining. As shown in Figure 1B,
the NPM1 mutant protein remained restricted to the
cytoplasm in the NPM1 mA group, as evidenced by
the presence of red precipitate particles.

Effect of NPM1 mA on the chemosensitivity of
THP-1 cells

To observe the role of NPM1 mutations in
inducing selective drug sensitivity, THP-1 cells
expressing NPM1mA were incubated with DNR (0.25
PM) or Ara-C (8.5 pM) for 24h. Flow cytometric was
performed to detect cell apoptosis (Figure 2A and 2B).
As shown in Figure 2C, after DNR treatment, the
percentage of apoptotic cells was significantly higher
in NPMImA group as compared to Blank and

pEGFPC1 group (P<0.05). The mean value of annexin
V-positive cells was 21.35+2.44% in Blank group and
20.96+1.64% in pEGFPC1 group after DNR
incubation. While in NPM1mA cells, the mean value
increased to 36.53+1.95% after DNR incubation. No
notable difference was observed between the two
control groups. Similarly, Ara-C induced a
significantly higher rate of apoptosis in NPM1 mA
group (22.53+2%) as compared to Blank and
pEGFPC1 group (9+1.44% and 12+1.32%, respectively)
(P<0.05) (Figure 2D). These results indicated that
expressing NPM1 mA increased THP-1 leukemia cells
sensitivity to chemotherapeutic agents.

Effect of NPM1 mA on the NF-KB activity of T
HP-1 cells

Recent studies have established that NF-xB
activation is a key response of leukemia cell to
chemotherapy [19, 20]. To define whether NF-xB
activity is related to the chemosensitivity mediated by
NPM1 mA, we used luciferase reporter assays to
detect the NF-xB transcription activity of THP-1 cells
in the presence and absence of chemotherapeutical
agents. As shown in Figure 3A, NF-xB activity was
significantly lower in NPM1mA group cells compared
to the two control groups when treated with DNR
(P<0.05). The mean basal level of NF-«B activity was
4.64+0.26% in NPM1mA group cells in the presence of
DNR for 24 h. By contrast, in Blank and pEGFPC1
group, the mean basal level was 11.14+0.22%,
10.21+0.26 %, respectively.

Similarly results were also observed in cells
treatment with Ara-C (Figure 3B). NF-xB activity was
significantly lower in NPMImA group cells
(4.56+0.37%) compared to the two control groups
(11.45%0.26 %, 10.78+0.47 %, respectively) (P<0.05).

NPM1mA

pEGFPC1

Figure 1.The expression of NPMImA mRNA and protein in transfected THP-1cells. (A)The expression of NPMI mA mRNA was examined by RT-PCR.
There was NPM1 mA mRNA expression in the NPM1 mA group, but not in the two control groups. (B) NPMI protein detected by immunocytochemistry (APAAP,
%200). The cytoplasmic localization of NPMI protein was observed in NPM1 mA group. An example of this localization is shown.
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Figure 2. Sensitization of THP-1 cells to DRN or Ara-C induced apoptosis through expression of NPMImA. (A, C) THP-1 cells expressing NPM1mA
or pEGFPCI were treated with DNR (0.25 uM, 24h). (B, D) THP-1 cells expressing NPMImA or pEGFPC1 were treated with Ara-C (8.5 uM, 24h). After the
incubation of DNR or Ara-C, the cells were washed and the apoptosis rate was assessed by flow cytometry using Annexin V- FITC. The results in (A, B) are a
representative experiment. The results in (C, D) represent the mean * SD. of the percentage of Annexin V-positive cells from three determinations. Asterisks (*)

indicate significant differences in relation to Blank or pEGFPCI group cells.
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Figure 3. Effect of NPM1 mA on the NF-kB activity in THP-1 cells after drug treatment. (A) THP-1 cells expressing NPMImA or pEGFPCI were
treated with DNR (0.25 pM, 24h). (B) THP-1 cells expressing NPMImA or pEGFPC1 were treated with Ara-C (8.5 uM, 24h). NF-kB transcription activity was
detected by luciferase reporter assays in the presence and absence of drug. Asterisks (¥) indicate significant differences in relation to Blank or pEGFPCI group.

Restoration of NF-kB activity attenuated the
effect of NPMImA on chemosensitivity

TNF-a is known to stimulate the activity of
NEF-xB [30]. As shown in Figure 4A, we observed that
NF-xB transcription activity was significantly
increased in NPM1mA group cells treated with
TNEF-a, as compared to cells treated with DMSO. To
further confirm that NPMImA expression mediates
sensitization of AML cells to apoptosis through an
NF-xB dependent mechanism, NPM1mA group cells
were pre-treatment with TNF-a. As shown in Figure
4B, pre-treatment with TNF-a attenuated DNR or
Ara-C induced apoptosis. Taken together, these data
indicated that NF-xB involved in the chemosensitivity
mediated by NPM1 mA.

Effect of NPM1 mA on the expression of Bax
and Bcl-2

To further clarify the molecular mechanism of
NPM1 mA contributing to chemosensitivity in
leukemia cells. Number of Bcl-2 family proteins had
been implicated in the regulation drug resistance of
AML cell [31, 32]. And NF-«kB has been demonstrated
to regulate multiple Bcl-2 family members expression.
Therefore, we examined the expression of
pro-apoptotic proteins Bax as well as anti-apoptotic
proteins Bcl-2 in THP-1 cells expressing NPM1 mA
treated with DNR or Ara-C. As shown in Figure 5A
and 5B, the mRNA and protein levels of Bax were
significantly increased in NPM1 mA group cells after
treatment with DNR compared with Blank group and
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pEGFPC1 group. Similarly results were also observed
in cells treatment with Ara-C (Figure 5C and 5D).

In addition, we asked whether anti-apoptotic
Bcl-2 expression changed in THP-1cells expressing
NPM1 mA. As shown in Figure 6, after treatment with
DNR or Ara-C, the mRNA and protein levels of Bcl-2
were significantly decreased in NPM1 mA group
compared with Blank group and pEGFPC1 group.
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Restoration of NF-kB activity attenuated the
effect of NPMImA on Bax/Bcl-2 expression

To furthermore confirm NF-kB activity involved
in Bcl-2 family proteins expression mediated by
NPM1 mA, the NF-xB activator, TNF-a, was used to
pre-treat THP-1 cells expressing NPM1 mA when
cells incubated with DNR or Ara-C. We detected the
levels of Bax and Bcl-2 expression in THP-1 cells with

NPM1 mA. As shown in Figure 7, TNF-a
pre-treatment  resulted in a  significantly
downregulated in Bax expression, while an

upregulated in Bcl-2 expression (Figure 7).
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Figure 4. TNF-a stimulation attenuated the effect of NPMImA on THP-1 cells sensitive to drug. (A) THP-1 cells expressing NPM1 mA cells were
treated with TNF-a (100 pM, 12h) and NF-KB transcription activity was detected by luciferase reporter assays. (B) THP-1 cells expressing NPMI mA cells were
treated with or without TNF-a (100 uM, 12h) following DNR (0.25 uM, 24h) incubation. (C) THP-1 cells expressing NPM1 mA cells were treated with or without
TNF-a (100 puM, 12h) following Ara-C (8.5 UM, 24h) incubation. The apoptosis rate was assessed by flow cytometry using Annexin V-FITC. Asterisks (*) indicate

significant differences in relation to control untreated cells.
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Figure 5. Effect of NPMImA on the expression of Bax in THP-1 cells after drug treatment. (A, B) THP-1 cells expressing NPMImA or pEGFPC1 were
treated with DNR (0.25 pM, 24h). (C, D) THP-1 cells expressing NPMImA or pEGFPC1 were treated with Ara-C (8.5 uM, 24h). Quantitative RT-PCR and Western
blot were used to assay the expression of Bax. Asterisks (*) indicate significant differences in relation to Blank or pEGFPCI group cells.
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Figure 6. Effect of NPMImA on the expression of Bcl-2 in THP-1 cells after drug treatment. (A, B) THP-1 cells expressing NPM1mA or pEGFPCI1 were
treated with DNR (0.25 pM, 24h). (C, D) THP-1 cells expressing NPMImA or pEGFPC1 were treated with Ara-C (8.5 yM, 24h). Quantitative RT-PCR and Western
blot were used to assay the expression of Bcl-2. Asterisks (*) indicate significant differences in relation to Blank or pEGFPCI group cells.
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Figure 7. TNF-a stimulation attenuated the effect of NPMImA on Bax/Bcl-2 expression. (A) THP-1 cells expressing NPM1 mA cells were treated with
or without TNF-a (100 uM, 12h) following DNR (0.25 uM, 24h) incubation. (B) THP-1 cells expressing NPM1 mA cells were treated with or without TNF-a (100 uM,
12h) following Ara-C (8.5 uM, 24h) incubation. Western blot was used to assay the expression of Bax and Bcl-2. All the proteins were quantified using image software
and normalized against B-actin. Asterisks (¥) indicate significant differences in relation to control untreated cells.
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High Bax and low Bcl-2 mRNA expression in
primary human AMLs with NPM1 mutation

Next we investigated the Bax and Bcl-2 mRNA
expression in primary human AMLs with NPM1
mutation. The 165 fully annotated human AML
samples from TCGA were queried for NPM1 and
NPM1 mutation was seen in M0, M1, M2, M4 and M5
FAB categories excluded M3, M6 and M7 (Figure 8A).
Then we accessed the RNA-Seq data for 48 TCGA
AMLs with NPM1 mutation through cBioPortal. The
Bax mRNA expression levels were significantly
elevated in the AMLs with NPM1 mutation compared
with those with no NPM1 mutation (P <0.0001, Figure
8B), while Bcl-2 expression levels were significantly
reduced in the AMLs with NPM1 mutation compared
with those with no NPM1 mutation (P= 0.0024, Figure
8C).

Discussions

AML has a poor prognosis in older patients, and
intensive induction carries significant mortality [33].
Mounting evidence indicates that the difference
between success and failure of treatment of AML is
largely determined by genotypic leukemia-specific
differences among patients [34]. AML patients
harboring NPM1 mutations without an FLT3-ITD

mutation showed improved survival when treated
with intensive chemotherapy and better prognosis
[10-13], but the mechanisms still have to be
elucidated. Study the molecular basis of this
observation will help us better treat chemoresistance
AML. Here, our data show that NPM1 gene mutations
may confer increased sensitivity to chemotherapeutic
agents via regulating NF-xB activity and Bcl-2 family
proteins expression.

Leukemic cells bearing NPM1 mutations
frequently show myelomonocytic or monocytic
features with dysplasia of two or more cell lineages
[35]. In this study, THP-1 cells derived from human
monocytic leukemia without NPM1 mutation and
FLT3-ITD were selected as a cellular model, and the
cell lines stably expressing NPM1 mutant A variant
(NPM1 mA) were established. We observed that
enhanced expression of NPM1 mA increased drug
sensitivity of THP-1 cells. Mitchell BS et al. [36] found
that introduction NPM1 mA into K562 cells sensitized
these cells to apoptosis induced by drugs such as
bortezomib and arsenic trioxide (ATO). Importantly,
These results are consistent with previous clinical trial
studies that AML patients harboring NPM1 mutations
are associated with responsiveness to chemotherapy
and better prognosis [10-13].
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Figure 8. High Bax and low Bcl-2 mRNA expression in primary human AMLs with NPM1 mutation. (A) NPMI mutation was analyzed using cBioPortal
on 165 fully annotated patients from the 2013 TCGA human AML dataset. The percentage of total mutated cases in the dataset was listed, and cases without
NPMI1mutation were not fully shown. Cases were sorted by the French American British (FAB) classification. (B) Bax mRNA expression data for AML cases from
TCGA were assessed. Brackets indicate the 95% confidence intervals, and black lines indicate the median value of Bax mRNA expression. The Bax mRNA expression
levels were significantly elevated in the AMLs with NPM1 mutation compared with those with no NPM1 mutation (P<0.0001). (C) Bcl-2 expression levels were
significantly reduced in the AMLs with NPMI mutation compared with those with no NPMI mutation (P= 0.0024).
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Recent studies have established that NF-xB
activation is a key response of leukemia cell to
chemotherapy [19]. There was report that many types
of AMLs produce TNF-a, and this TNF-a acts in an
autocrine fashion to promote AML cells survival and
self-renewal through activation of NF-xB [18]. In
addition, inhibition of NF-«B increased sensitivity of
AML to many chemotherapeutical agents [22]. In our
experiments, we found that expression of NPM1 mA
reduced the NF-xB transcription activity of THP-1
cells upon drug treatment. Furthermore, restoration
of NF-xB by TNF-a pre-treatment eliminated the
effect of NPM1 mA on apoptosis induced by DNR or
Ara-C. Sanjit K. Dhar et al. [37] demonstrated that
wild type NPM protein could interact with NF-xB
proteins, and influence NF-kB transcription activity.
NPM1 mutation protein was demonstrated to retain
functional interactions with both their nuclear
partners and wild-type NPM [38]. Thus, NPM1
mutation protein may interact with NF-xB proteins
and influence NF-xB-induced gene expression. These
results indicated that NF-«B activity was involved in
NPMImA regulated chemosensitivity of leukemia
cells.

The accumulating evidence indicates that Bcl-2
family proteins are important in AML survival and
resistance to chemotherapy [31, 32]. The balance of
pro- and anti-apoptotic proteins is an important
determinant of cell sensitivity to apoptosis [39]. The
expression of these pro- and anti-apoptotic proteins is
in turn regulated by NF-xB [40]. Therefore, we
extended our investigation to study possible
modifications of NF-xB downstream molecules,
specifically the Bcl-2 family of apoptosis regulatory
proteins. We found that expression of NPM1 mA
upregulated Bax and downregulated Bcl-2 at both
mRNA and protein levels in cells treated with DNR or
Ara-C. In addition, restoration of NF-xB attenuated
the effect of NPMImA on Bax/Bcl-2 expression.
Previous studies demonstrated that overexpression of
Bcl-2 was associated with drug resistance in
hematologic malignancies [41], whereas a high Bax
level was found to be a good prognostic indicator in
AML [42]. Based on Bax and Bcl-2 were involved in
the effect of NPMImA on chemosensitivity. We
further confirmed the Bax and Bcl-2 mRNA
expression in primary human AMLs with NPM1
mutation. Evaluation of mRNA expression data from
TCGA dataset indicated that the AMLs with NPM1
mutation had significantly higher Bax mRNA
expression levels and lower Bcl-2 mRNA expression
levels. The results were consistent with a former study
that AML patients carrying the NPMI1 mutations
showed a high Bax/Bcl-2 ratio [43]. This finding
suggests that NPM1 mutation protein may regulate

Bax/Bcl-2 expression and increase chemosensitivity
of leukemia cells. In a recent study, Jochen Greiner et
al. [44] reported that NPM1 mutant-triggered CD8+
and CD4+ T-cell immune response may result in a
T-cell orchestration that could be responsible for the
favorable prognosis of AML patients with NPM1
mutations. Thus, in addition to NF-xB pathway,
further mechanistic studies are still needed to
determine in NPMI1 mutation-induced leukemia
chemosensitization.

In conclusion, our studies demonstrated that
NPM1 gene mutations may confer increased
sensitivity to chemotherapeutic agents by inhibiting
NF-xB activity and regulating Bax/Bcl-2 expression in
vitro. This new information casts a light on the
favorable prognosis of patients carrying the NPM1
mutation, and further studies should explore the role
of NPM1 mutants in leukemia chemosensitization in a
proper animal model and clinical study.
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