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BACKGROUND: Internal tandem duplication of FMS-like tyrosine kinase (FLT3-ITD) is well known to be involved in acute myeloid leu-

kemia (AML) progression, but FLT3-ITD–negative AML cases account for 70% to 80% of AML, and the mechanisms underlying their

pathology remain unclear. This study identifies protein tyrosine phophatase PRL-3 as a key mediator of FLT3-ITD–negative AML.

METHODS: A total of 112 FLT3-ITD–negative AML patients were sampled between 2010 and 2013, and the occurrence of PRL-3 hyper-

expression in FLT3-ITD–negative AML was evaluated by multivariate probit regression analysis. Overexpression or depletion of endog-

enous PRL-3 expression with the specific small interfering RNAs was performed to investigate the role of PRL-3 in AML progression.

Xenograft models were also used to confirm the oncogenic role of PRL-3. RESULTS: Compared to healthy donors, PRL-3 is upregu-

lated more than 3-fold in 40.2% of FLT3-ITD–negative AML patients. PRL-3 expression level is adversely correlated to the overall sur-

vival of the AML patients, and the AML relapses accompany with re-upregulation of PRL-3. Mechanistically, aberrant PRL-3

expression promoted cell cycle progression and enhanced the antiapoptotic machinery of AML cells to drug cytotoxicity through

downregulation of p21 and upregulation of Cyclin D1 and CDK2 and activation of STAT5 and AKT. Depletion of endogenous PRL-3

sensitizes AML cells to therapeutic drugs, concomitant with apoptosis by upregulation of cleaved PARP (poly ADP ribose polymer-

ase) and apoptosis-related caspases. Xenograft assays further confirmed PRL-3’s oncogenic role in leukemogenesis. CONCLUSIONS:

Our results demonstrated that PRL-3 is a novel independent crucial player in both FLT3-ITD–positive and FLT3-ITD–negative AML

and could be a potential therapeutic target. Cancer 2014;120:2130–41. VC 2014 The Authors. Cancer published by Wiley Periodicals,

Inc. on behalf of American Cancer Society. This is an open access article under the terms of the Creative Commons Attribution-Non-

Commercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited

and is not used for commercial purposes.
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INTRODUCTION
Acute myeloid leukemia (AML) is characterized by a differentiation block and the accumulation of immature cells, result-
ing in the failure of normal hematopoiesis1 with series of somatic genetic alterations leading to a complicated and hetero-
geneous disease.2,3 It is believed that the pathogenesis of AML typically requires at least 2 genetic lesions: one which
impairs differentiation, such as the AML1-ETO mutation; and the other which promotes proliferation, for instance such
as that afforded by the activated KIT or FMS-like tyrosine kinase (FLT3) mutation which is detected in approximately
20% of AML.3 Although insights into the genetic alterations could lead to the improved diagnosis and therapy for AML
patients with poor prognosis, the therapeutic outcomes in AML still remain unsatisfactory. Most patients ultimately
relapse and long-term survival is seen in approximately 30% to 40% of younger AML patients aged less than 60 years, but
only 5% to 10% in the elderly patients aged 60 years and older.4-6 The conventional cytarabine-based therapy in conjunc-
tion with stem cell transplantation is not suitable to all patients, due to the unselective damage to normal tissue cells and
the immunological rejection problems, respectively.7 To improve the therapeutic efficiency to AML patients, it is neces-
sary to thoroughly understand the underlying mechanism and to identify more genes as potential biomarkers and targets
for the individualized AML diagnosis and treatment.
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Protein tyrosine phosphatase of regenerating liver 3
(PRL-3, PTP4A3) is one of the members of the cysteine-
based protein tyrosine phosphatases,8 and is highly
expressed in various solid tumors as a biomarker, includ-
ing colon, breast, ovary, liver, stomach tumors.9-14 More-
over, PRL-3 has been demonstrated to play important
roles in cancer cell proliferation, motility, metastasis, inva-
siveness, and tumor angiogenesis.15-18 Growing evidence
has indicated that high PRL-3 expression is an adverse
prognostic factor for recurrence, overall survival, and
disease-free survival.19-21 Our previous study suggested
that PRL-3 as a metastasis-associated phosphatase, is
involved in reinforcing PI3K/Akt activation, consequently
promoting epithelial-mesenchymal transition.22 PRL-3 is
also reported as a regulator of H3K9 methylation by affect-
ing the activities of JMJD1B and JMJD2B in colorectal tu-
morigenesis.23 PRL-3 overexpression is also seen in
hematopoietic malignancies, including acute lymphoblas-
tic leukemia and multiple myeloma.24,25 In addition, PRL-
3 is involved in leukemogenesis of chronic myeloid leuke-
mia as a downstream target of BCR-ABL signaling path-
way.26 Besides, PRL-3 protein is upregulated in 47% of
AML cases with internal tandem duplication of FLT3
(FLT3-ITD), as a downstream effector of FLT3-ITD to
confer therapeutic resistance through upregulation of
STAT and antiapoptotic Mcl-1 protein,27 or by FLT3-
ITD-STAT5 signaling pathways.28 However, whether
PRL-3 independently participates in FLT3-ITD–negative
AML progression is not known. FLT3-ITD–negative leu-
kemia is the major subgroup of AML and accounts for up
to 70% to 80% of all cases,29 the effective treatment to this
subgroup will definitely improve the overall AML therapy
efficiency.

In this study, we screened PRL-3 expression in clini-
cal FLT3-ITD–negative AML samples and analyzed the
relationship of PRL-3 expression in clinical variables and
evaluated the prognostic value of PRL-3 in FLT3-ITD–
negative AML. Meanwhile, the effects of PRL-3 in cell
proliferation, cell cycle, cellular apoptosis, drug resistance,
and leukemogenesis were thoroughly investigated.

MATERIALS AND METHODS

Patients

AML patients treated at the First Affiliated Hospital of
Sun Yat-sen University from February 2010 to June 2013
were sampled and followed up. A total of 112 FLT3-
ITD–negative AML diagnoses were conducted on the ba-
sis of WHO Guideline and confirmed to be FLT3-ITD–
negative by multiplex RT-PCR at the Tissue Typing Cen-

ter of the hospital. All patients were categorized into 2
groups, including the de novo group of 86 cases and the
relapsed/refractory group of 26 cases. The main clinical
features of the patients are listed in Table 1. Meanwhile,
16 healthy donors were recruited, which was approved by
the medical ethical committee of the University. Com-
plete remission is defined as� 5% leukemic blast cells in
the bone marrow. Relapse is defined as the recurrence
of� 5% blasts in the bone marrow. Disease-free survival
(DFS) was considered from the diagnosis to the relapse or
death for any cause, with observation censored for patients
last known to be alive without report of relapse.

Cell Proliferation, Cytotoxicity, Colony
Formation, Cell Cycle and Apoptosis Assays

The protocols of all above assays are fully described in the
Supporting Materials and Methods (see online supporting
information). All experiments were carried out in tripli-
cate each time, and 3 independent experiments were
performed.

Western Blots

PRL-3 monoclonal antibodies (clones 318) were used as
described.30 Beta-actin antibodies was obtained from CW
Biotech (China), the other indicated antibodies used were
purchased from Cell Signaling Technology (Beverly,
Mass). The detailed protocol of western blotting is
described in the Supporting Experimental Procedures.

Tumor Models in Immunodeficient Mice

All experiments using nude mice were strictly performed
in accordance to the guidelines of the Institutional Animal
Care and Use Committee (IACUC) at Sun Yat-sen

TABLE 1. Characteristics of Patients Enrolled in the
Study

Characteristics No. of Patients (%)

Median age, y (range) 35 (15-74)

Sex ration, male/female 63/49

Blast cell in bone marrow, % (range) 58 (25-91)

FAB category

M0 9 (8.04%)

M1 10 (8.93%)

M2 18 (16.07%)

M3 19 (16.96%)

M4-M5 50 (44.64%)

M6-M7 6 (5.36%)

Median white blood cell, 3109/L (range) 23 (1.5-312)

Cytogenetics

Favorable risk 24 (21.4%)

Intermediate risk 55 (49.1%)

Poor risk 33 (29.5%)
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University, Guangzhou, China. The detailed protocol is
described in the Supporting Experimental Procedures.

Statistical Analysis of Clinical Samples

The SPSS 16.0 software (SPSS, Chicago, Ill) were
adopted to perform the statistical analysis. Disease-free
survival (DFS) curves were plotted by the Kaplan-Meier
method. Univariate and multivariate analyses comprising
common prognostic factors for DFS were performed
using the Cox regression analysis. Differences were con-
sidered to be statistically significant at P< .05.

RESULTS

PRL-3 Is Upregulated in FLT3-ITD–Negative
AML Patients and Cells

PRL-3 was shown to be upregulated in FLT3-ITD posi-
tive AML as its downstream effector.27 In order to explore
whether PRL-3 aberrantly expresses in the FLT3-ITD–
negative AML, we evaluated PRL-3 mRNA expression in
112 FLT3-ITD–negative AML patients by quantitative
RT-PCR. Compared to the 16 normal healthy donors,
the PRL-3 mRNA expression was overall increased in the
bone marrow blast cells of AML patients (median 13.464

Figure 1. PRL-3 highly expresses in FLT3-ITD–negative AML patients and cells. (A-C) Comparison of PRL-3 mRNA expression in
bone marrow of the 112 FLT3-ITD–negative AML patients to that of the 16 normal healthy donors (A), or the relapsed/refractory
AML patients to the initially diagnosed patients (B), or the patients with complete remission to that of the initially diagnosed
patients (C) by quantitative RT-PCR analysis. Statistical analysis of PRL-3 mRNA expression level was performed with SPSS, ver-
sion 16.0, software. The data are indicated as mean 6 standard error of the mean. (D) Detection of PRL-3 protein expression in
bone marrow of the indicated FLT3-ITD–negative AML patients and healthy donors by western blotting. The standardized relative
PRL-3 expression to beta-actin (ST) is indicated below each lane. (E) PRL-3 expression in the indicated human AML cell lines by
western blotting. (F) PRL-3 protein expression in ML-1 cells viewed by confocal microscope (magnification, 403 times 103).
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versus 5.542, P 5 .002, Fig. 1A), and the averaged value
of PRL-3 expression of 16 healthy donors was 6.223,
compared to the averaged value of 18.670 seen in the 112
patients. We defined the average expression level (18.670)
of AML cases as a cutoff threshold to classify the patients
into 2 groups, designated as low and high PRL-3 expres-
sion. Of them, 45 individual cases (40.2%) showed high
PRL-3 expression. Additional analysis indicated that the
26 relapsed/refractory AML patients expressed higher
PRL-3 than did the 86 newly diagnosed patients (median
of 21.110 versus 11.076, P< .001, Fig. 1B). Further-
more, in 30 AML patients, the PRL-3 expression level at
their first complete remission was significantly lower than
that observed when they were initially diagnosed (median,
12.115 versus 20.717, paired t test, P< .001, Fig. 1C).
Accordingly, PRL-3 protein expression level is obviously
higher in a majority of AML patients than that observed
in healthy donors (Fig. 1D), confirming the results of
PRL-3 mRNA expression. Meanwhile, we observed that
PRL-3 protein was not only detected in FLT3-ITD–
positive cell lines MOLM-13 and MV4-11, but also in
FLT3-ITD–negative cell lines, especially in ML-1 (Fig.
1E). PRL-3 protein in ML-1 cells was further stained by
immunofluorescence (Fig. 1F). Thereafter, endogenous
PRL-3 in ML-1 was silenced to characterize its function
in this study. All above results demonstrated that PRL-3 is
generally upregulated in FLT3-ITD–negative AML.

PRL-3 Promotes FLT3-ITD–Negative Cell
Proliferation

To examine the possible roles of PRL-3 in AML occurrence,
especially in the AML cell proliferation, we ectopically
expressed PRL-3 and its phosphatase-dead mutant (C104S)
in FLT3-ITD–negative cell lines U937 and ML-1. Mean-
while, the endogenous PRL-3 was silenced in ML-1 cells.
Immunoblotting results confirmed the ectopic expression of
PRL-3 in these 2 stable cell lines (Fig. 2A,B); furthermore,
depletion of endogenous PRL-3 was also successful (Fig.
2C). Cell proliferation assays showed that PRL-3 rather
than its phosphatase-dead mutant PRL-3 (C104S) pro-
moted the proliferation of U937 and ML-1 cells, compared
with the control cells (Vector) (P< .05; Fig. 2D,E). Con-
versely, depletion of endogenous PRL-3 significantly sup-
pressed ML-1 cell proliferation (P< .05; Fig. 2F),
indicating that PRL-3 can enhance AML cell proliferation.

Overexpressing PRL-3 led to clearly more colonies,
compared to cells expressing either PRL-3(C104S) or the
empty vector (Vector) in both U937 and ML-1 cells (Fig.
2G,H), whereas PRL-3 depletion in ML-1 cells signifi-
cantly blocked colony formation (P< .01, Fig. 2I), dem-

onstrating that PRL-3 can promote cell proliferation and
tumorigenesis.

PRL-3 Enhances FLT3-ITD–Negative AML Cell
Cycle

To evaluate the effect of PRL-3 on the FLT3-ITD–
negative cell cycle progression, flow cytometry analysis
was performed. PRL-3 overexpression clearly enhanced
cell cycle progression by lowering the cell population in
G0/G1 phase and increasing that in S phase in U937 and
ML-1 cells (Fig. 3A,B). By contrast, knockdown of PRL-
3 arrested cell progression in G0/G1 phase and decreased
cell population in the S phase (P< .05, Fig. 3C). These
results indicate that silencing PRL-3 in the AML cells
could inhibit cell growth. To explore the underlying
mechanism of PRL-3 in AML cell proliferation, we
checked the expression of the cell cycle regulatory mole-
cules. The results showed that overexpression of PRL-3
upregulated CDK2 and Cyclin D1 expression, and
decreased p21 expression (Fig. 3D), indicating that PRL-
3 may be an important player in cell cycle regulation.

PRL-3 Exerts Antiapoptosis and Drug
Resistance

To further investigate the effect of PRL-3 in drug therapy
of the AML, PRL-3 overexpressing U937 and ML-1 cells
were treated with Ara-C for 72 hours. PRL-3 overexpres-
sion counteracted the drug sensitivity of AML cells to Ara-
C, but the PRL-3 mutant (C104S) did not (Fig. 4A,B). In
addition, knockdown of the endogenous PRL-3 obviously
sensitized cells to the cytotoxicity of the drug (Fig. 4C).
PRL-3 effects on drug resistance and cell apoptosis was fur-
ther explored. Aberrant upregulation of wild-type PRL3
but not its mutant form sufficiently neutralized Ara-C and
daunorubicin (DNR)-induced apoptosis (P< .05, Fig.
4D,E). As expected, PRL-3 depletion significantly sensi-
tized cells to death by this drug (P< .05, Fig. 4F). Given
that PRL-3 is implicated in antiapoptosis,31 the expression
of apoptosis-related proteins were checked. Upon Ara-C
treatment, the apoptotic proteins PARP, caspase-9, and
caspase-3 were clearly activated in ML-1 cells where the
expression of endogenous PRL-3 was silenced by siRNA
(Fig. 4G). Because PRL-3 can activate STAT5 to confer
antiapoptosis effect in FLT3-ITD positive AML cell,27 we
asked if PRL-3 functions in FLT3-ITD–negative cells in a
similar manner. Our immunoblotting results showed that
PRL-3 can effectively enhance STAT5 phosphorylation
(Fig. 4H). Moreover, activation of PI3K/AKT pathway is
well known to be involved in survival, the phosphorylation
status of AKT and its downstream effectors were checked
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in these FLT3-ITD–negative AML cells. In line with our
observation in other solid tumor cells,22 PRL-3 overexpres-
sion could activate AKT to some extent, rather than the
further downstream effectors, including 4E-BP1 and
p70S6K in both ML-1 and U937 cells (Fig. 4H). Taken
together, all above results demonstrate that PRL-3 exerts
its antiapoptotic effects on drug resistance in FLT3-ITD–

negative AML via regulating phosphorylation of STAT5
and AKT.

PRL-3 Enhances FLT3-ITD–Negative Tumor
Formation and Metastasis

To directly examine the in vivo function of PRL-3 in tu-
morigenesis and invasiveness/metastasis, we conducted

Figure 2. The effect of PRL-3 on FLT3-ITD–negative AML cell proliferation. (A,B) Detection of the ectopic GFP-PRL-3 expression
in U937 cells (A) and ML-1 cells (B) stably transduced with either pLVX-puro-EGFP-PRL-3 wt or EGFP-PRL-3 (C104S) expression
constructs by western blotting. (C) Depletion of endogenous PRL-3 expression in ML-1 cells transfected by either 2 PRL-3–
specific shRNAs (shPRL-3-1 and shPRL-3-2), respectively, or by control (Ctrl) shRNA by western blotting. (D,E) The effects of
PRL-3 overexpression on the proliferation of U937 (D) and ML-1 cells (E) assayed by CCK8 cell proliferation methods. (F) The
effects of endogenous PRL-3 depletion on ML-1 cell proliferation by CCK8 cell proliferation methods. (G-I) Colony formation of
ML-1 (G) and U937 (H) cells transfected with either PRL-3 or its mutant, or ML-1 cells (I) with endogenous PRL-3 silencing by spe-
cific shRNA1 and shRNA2. Data were shown as mean 6 standrad deviation of triplicate experiments. *P< .05; **P<.01.
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xenograft experiments in immunodeficient mice. Knock-
down of endogenous PRL-3 significantly inhibited tumor
formation by ML-1 cells when assayed at the 20th day af-
ter subcutaneous inoculation (Fig. 5A and Supporting
Fig. S1A). To further characterize the molecular events in
these cancer cells, wild-type and PRL-3–silenced ML-1
cells were evaluated by immunoblotting with other
markers and the results showed that endogenous PRL-3
depletion can efficiently decrease Ki67 expression (Sup-
porting Fig. S2) whereas increases Bax expression (Sup-

porting Fig. S3), indicating that the delayed tumor
formation may be due to the blocked cell proliferation in
vivo. By contrast, overexpressing PRL-3 markedly
enhanced tumorigenesis in the nude mice only on the
14th day after injection of ML-1 cells, as expected (Fig.
5B and Supporting Fig. S1B). Similar results were also
obtained in U937 cells (Fig. 5C and Supporting Fig.
S1C). To investigate the role of PRL-3 in invasiveness/
metastasis, the assayed mice were injected with the stably
transfected cells through the tail vein. PRL-3

Figure 3. The effect of PRL-3 on cell cycle and apoptosis. (A,B) The effect of PRL-3 overexpression on cell cycle progression of
U937 (A) and ML-1 (B) cells with the typical histograms. The indicated cells were fixed and analyzed by flow cytometry after pro-
pidium iodide staining. The statistical analyses are indicated at the right. Data were shown as mean 6 SD of triplicate experi-
ments. *P<.05, n53. (C) The effect of endogenous PRL-3 silenced by either 2 PRL-3–specific shRNA-1,-2, or by control shRNA on
ML-1 cell cycle progression. The analysis is similar to that in (A) and (B). (D) The effect of PRL-3 overexpression on the expression
of cell cycle–related CDK2, CyclinD1 and p21 by western blotting in ML-1 and U937 whole-cell lysates.
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Figure 4. The effect of PRL-3 on drug sensitivity and drug-induced apoptosis. (A-C) Cytotoxicity analysis of U937 (A) and ML-1
(B) cells with ectopic expression of PRL-3 or its mutant, or with silenced endogenous PRL-3 by the specific shRNAs as shown
(C). The cells were treated with Ara-C or doxorubicin (DNR) in the indicated concentrations for 72 hours, and assayed by CCK8
methods. (D-F) Annexin V/7-AAD staining and flow cytometry analysis of U937 (D) and ML-1 (E,F) in the indicated conditions.
Cells were treated with 0.4 lM Ara-C or 0.04 lM DNR for 24 hours and analyzed with flow cytomery. The representive histograms
and statistical analysis are indicated. Data were shown as mean 6 SD of triplicate experiments. *P< .05; **P<.01, n53. (G) Western
blots of the apoptosis-related proteins as indicated in ML-1 whole-cell lysates. The indicated cells were treated with 0.4 lM Ara-C
for 24 hours and lyzed for immunoblotting. (H) Western blots of the survival-related proteins as indicated in ML-1 and U937
whole-cell lysates.



overexpression in ML-1 cells enhanced their invasive abil-
ity to other mouse tissues and this lead to typically
enlarged spleens and livers (Fig. 5D,E). In contrast,
knockdown of endogenous PRL-3 significantly abrogated
the tissue invasion ability of ML-1 cells (Fig. 5D,E).
Immunohistofluorescence staining further confirmed the
presence of infiltrated xenografted ML-1 cells with GFP

label in the spleens of sacrificed mice (Fig. 5F), indicat-
ing that the enlargement of the spleens may have
been caused by the invasion and the proliferation of
the injected cells. In addition, PRL-3 overexpression
in U937 cells also induced the intumescentia of liv-
ers and spleens in the nude mice (Fig. 5G,H). These
results together showed that PRL-3 can efficiently

Figure 5. The function of PRL-3 in tumorigenesis and leukemogenesis. (A,B) Tumor formation induced by ML-1 cells stably trans-
fected with scrambled ShRNAs (Ctrl shRNA) or with PRL-3–specific RNAs (ShPRL-3) on the 20th day post-subcutaneous injec-
tion (psi) (A), or with empty vector (Vector) or PRL-3 (PRL-3) on the 14th day psi (B) in nude mice. Upper panel shows the
dissected paired tumors from each mouse; Lower panel shows the weight (g) of the indicated tumors. *P< .05; **P< .01; n 5 5
(paired Student t test). (C) Tumor formation induced by U937 cells transfected [as in (B)] in nude mice on 14th day psi. **P<.01,
n 5 5 (paired Student t test). (D,E) Livers (D) and spleens (E) weight (g) of the nude mice injected with the indicated ML-1 cells
through tail-vein transplantation. Mice were sacrificed on the 15th day post inoculation, and the organs were dissected and meas-
ured. *P< .05; **P<.01, n 5 5 (unpaired Student t test). (F) IF staining of GFP on the frozen sections of the spleens as shown in
(E) to discriminate the injected GFP-labeled AML cells from mice cells. Nuclei were stained with DAPI. Bar represents 25 lm.
(G,H) Livers (G) and Spleens (H) weight (g) of the nude mice injected with U937 cells stably transfected with the indicated con-
structs as in (D) through (E). Mice were sacrificed and dissected on the 15th day post-inoculation as in (D) through (E).
*P< .05;**P<.01, n 5 4-5 (unpaired Student t test).
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promote AML progression in FLT3-ITD–negative
cells by enhancing cell proliferation and antiapoptosis
in vivo.

PRL-3 Is an Independent Factor for
FLT3-ITD–Negative AML Progression

To confirm our results regarding the clinical relevance of
PRL-3 in AML pathogenesis, the relationships of PRL-3
expression to various clinical features indicated and sum-
marized in Table 1, in which patients with poor risk was
29.5% of the total enrolled cases. Further association anal-
ysis of PRL-3 to other clinical features was assessed indi-
vidually. PRL-3 expression is significantly correlated with
FAB category (P 5 .002), CD7 expression (P 5 .017)
(Table 2). PRL-3 was more highly expressed in M4/M5
FAB category than in non-M4/M5. PRL-3 mRNA
expression in patients with CD7 positivity was higher
than in CD7 negativity. There was no statistically signifi-
cant difference in PRL-3 expression by WBC count, cyto-
genetic risk or CD56 expression. Taken together, our
results show that PRL-3 could be considered as an inde-
pendent factor for the diagnosis and prognosis, regardless
of other features, including the status of FLT3-ITD.

PRL-3 Expression Level Is Inversely Correlated
to Patient Survival

To examine the prognostic significance of PRL-3 expres-
sion, we performed a follow-up study on 80 patients with
de novo AML, with 3-fold of the averaged PRL-3 expres-
sion level (18.670) in healthy donors as a cutoff value. Of
these 80, 27 patients were classified into the PRL-3 high-
expression group (PRL-3 expression� 18.670) and 53
patients in the low-expression group (PRL-3
expression< 18.670). Disease-free survival (DFS) was then
performed with the Kaplan-Meier method. The DFS rate

of the patients in the PRL-3 high-expression group was
only 16.3%, whereas the survival rate in the PRL-3 low-
expression group is up to 53.5% in the 40-month period
from the first remission (Fig. 6), demonstrating that PRL-3
is inversely well-correlated to the overall survival of FLT3-
ITD–negative AML patients (P 5 .001, n580).

We also investigated the association between the
clinical features and DFS, and performed univariate and
multivariate Cox regression analysis. The DFS was statis-
tically significantly correlated with PRL-3 expression, age,
CD34 expression, CD7 expression, and cytogenetic risk
(Table 3). Multivariate analysis showed that PRL-3
expression (hazard ratio [HR] 5 1.609; P 5 .035), cyto-
genetic risk (HR 5 2.143; P 5 .014), and CD34 expres-
sion (HR 5 2.089; P 5 .000) were also independent

TABLE 2. Association of PRL-3 Expression to Clinical Features

Variables Group No.

PRL-3 Expression

PLow High

White blood cell count <50 3 109/L 79 49 30 .462

�50 3 109/L 33 18 15

FAB category M4/M5 50 22 28 .002 a

Non-M4/M5 62 45 17

Cytogenetics risk Favorable 24 16 8 .277

Intermediate 55 35 20

Poor 33 16 17

Expression of CD7 Positive 40 18 22 .017a

Negative 72 49 23

Expression of CD56 Positive 18 8 10 .146

Negative 94 59 35

a P<.05.

Figure 6. The Kaplan-Meier survival analysis of de novo AML
patients with high PRL-3 expression and low PRL-3 expres-
sion. P 5.001, n 5 80.
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predictors for DFS, respectively, but no CD7 expression.
Therefore, PRL-3 could be a novel independent prognos-
tic factor.

DISCUSSION
FLT3-ITD–negative AML accounts for 70% to 80% of
all AML cases,29 but the mechanism of its occurrence and
progression still remain elusive. In this study, we provided
several lines of evidence demonstrating that like FLT3-
ITD, phosphatase PRL-3 alone can also enhance the
AML progression by promoting leukemia cell prolifera-
tion and antiapoptosis ability even under cytotoxic drug
stress. In vivo xenograft results of PRL-3 in AML pathoge-
nesis also confirmed this conclusion, because PRL-3
depletion significantly blocked the invasiveness of the
assayed AML cells (Fig. 5D,E), indicating that PRL-3
plays an important role in AML progression. In line with
this, the relevance analysis of the clinical AML cases
revealed that PRL-3 expression level is adversely correlated
to patients’ overall survival, emphasizing its independent
role in AML progression.

Accumulated evidence indicates that FLT3-ITD
functions in approximately 20% of AML as driver muta-
tions, and screening FLT3-ITD could benefit to select the
more accurate prognostic criteria and therapeutic strat-
egies.32,33 PRL-3 as a downstream effector of FLT3-ITD
and STAT5 is upregulated in approximately 47% of this
positive AML subgroup, rather than the FLT3-ITD–
negative group,27,28 indicating that PRL-3 just functions
in a supplementary or accessory alliance with FLT3-ITD
to drive AML pathogenesis. By contrast, in our study, we
found that PRL-3 mRNA and protein expression are up-
regulated more than 3-fold in 40.2% of the FLT3-ITD–
negative AML compared to that of the healthy donors,
and PRL-3 attenuation obviously delayed the AML pro-
gression in nude mice, indicating that PRL-3 could be

another novel promoter of AML pathology, independent
of FLT3-ITD status. The observation of higher PRL-3
expression in refractory/relapsed AML reinforced this
notion (Fig. 1B). Moreover, PRL-3 mRNA expression is
associated with a poor prognosis in both univariate and
multivariate analysis for DFS, because the survival rate in
PRL-3 high group is much less than that in the low group,
which are consistent with the function of PRL-3 in FLT3-
ITD–positive cases.28 Therefore, the notion that PRL-3
expression was unchanged in FLT3-ITD–negative AML
cases28 seems invalid, due to the distinct analysis. Ignoring
the key function of PRL-3 would not benefit FLT3-ITD–
negative AML prognosis and therapy.

Mechanistically, PRL-3 promotes cell proliferation
and migration by downregulating Csk, leading to Src acti-
vation.34 We have also demonstrated that PRL-3 initiates
tumor angiogenesis by recruiting vascular endothelial cells
instead of its mutant.15 In this study, we reproducibly
showed that elevated PRL-3 expression promotes FLT3-
ITD negative AML cell proliferation, rather than the cata-
lytically inactive PRL-3 (C104S) mutant, uncovering
PRL-3’s phosphatase-dependent function in AML pro-
gression. PRL-3 depletion induces G1 arrest and sensitizes
the AML cells to anticancer drugs. By contrast, PRL-3 up-
regulation decreased the sensitivity to cytotoxic agents
and shielded the cell apoptosis even under direct cytotoxic
stress. Therefore, our results further suggest that PRL-3
per se can be another novel causal factor for AML progres-
sion, as PRL-3 silencing can succeed against the AML
pathogenesis in vivo, which is consistent with the clinical
relevance of PRL-3 to AML prognosis (Fig. 6 and Table
3). Collectively, our findings indicate that PRL-3 may
play critical roles in cell proliferation and drug resistance
by antiapoptosis and enhancement of cell proliferation in
FLT3-ITD–negative AML progression, thus PRL-3
should be also considered as a therapeutic target.

TABLE 3. Univariate and Multivariate Analysis of Disease-Free Survival in FLT3-ITD–Negative Acute Myeloid
Leukemia

Risk Parameter

Univariate Analysis Multivariate Analysis

HR 95% CI P HR 95% CI P

PRL-31 2.538 1.403-4.592 .002a 1.609 0.932-3.668 .035a

Age �50 y 2.233 1.257-3.582 .003a 2.142 0.643-6.058 .169

WBC �50 3 109/L 1.63 0.873-3.044 .125

Unfavorable cytogenetic risk 2.489 1.590-3.895 .000a 2.143 0.778-3.985 .014a

CD71 1.48 0.784-2.794 .047a

CD341 3.102 1.691-5.691 .000a 2.089 0.731-3.970 .000a

CD561 0.903 0.434-1.880 .785

a P<.05.

Abbreviations: CI, confidence interval; HR, hazard ratio; WBC, white blood cell.
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Regarding the promotion of cell proliferation and
the apoptosis evasion by PRL-3, the involved detailed
questions that how PRL-3, as a non–transcription factor,
upregulates the expression of cell cycle–related cyclin D1,
CDK and suppresses P21 to enhance AML cell cycle
needs to be further investigated. Similarly, the association
analysis of PRL-3 mRNA expression to the clinical feature
showed that PRL-3 expression is correlated to CD7
expression in FLT3-ITD–negative AML (Table 2), indi-
cating that PRL-3 could synergize with CD7 to promote
AML progression. However, the multivariant analysis of
disease-free survival of FLT3-ITD negative AML showed
that PRL-3 expression is significantly correlated to the
disease-free survival, but not CD7 expression (Table 3),
hinting that PRL-3 plays dominant role in the AML pro-
gression than CD7 does. Therefore, the CD7 expression
could be somehow regulated by PRL-3 in FLT3-ITD–
negative AML to certain extend, as PRL-3 is involved in
NF-jB activation35 and other pathways,17 or in proteo-
some degradation36 or epigenetic chromatin modifica-
tion23 to regulate a particular gene expression. Whether
PRL-3 is interplaying with CD7 together or functioning
independently is worth investigating clearly.

Given that PRL-3 is also upregulated in FLT3-
ITD–negative AML, it seems that PRL-3 could be upreg-
ulated by several other factors apart from FLT3-ITD in
AML. Results presented in this study show that PRL-3
overexpression can activate STAT5 (Fig. 4H) in FLT3-
ITD–negative AML cells, which may in turn upregulate
PRL-3 expression, as reported.28 Moreover, the well-
known tumor suppressor p53, which is frequently
mutated in various solid tumors37 and AML,2 has been
shown to directly regulate PRL-3 at the transcriptional
level.38 PRL-3 is a downstream effector of BCR-ABL sig-
naling pathway in chronic myeloid leukemia,26 and
PCBP1 also regulates PRL-3 at the translational level,39

all which could also be involved in PRL-3 upregulation in
FLT3-ITD–negative AML. The exact underlying mecha-
nism will be subsequently characterized in future studies.
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