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[17_TD$DIFF]Abstract

Acute lymphoblastic leukemia (ALL) is a hematological malignancy characterized

by abnormal proliferation and accumulation of lymphoblasts in the hematopoietic

system. Stathmin 1 is a proliferation marker for normal lymphocytes, which has

been described as highly expressed in ALL patients and functionally important for

leukemia phenotype. In the present study, we expand our previous observations

and aim to investigate Stathmin 1 expression and its impact on laboratory features

and clinical outcomes in an independent cohort of ALL patients, and to verify the

effects of paclitaxel treatment on Stathmin 1 phosphorylation and cell viability in

ALL cell lines. In ALL patients, Stathmin 1 expression was significantly increased,

associated with lower age onset and positively correlated with white blood cell

counts, but did not impact on clinical outcomes. Functional assays revealed that

paclitaxel induces Stathmin 1 phosphorylation at serine 16 (an inhibitory site),

microtubule stability and apoptosis in Jurkat and Namalwa cell lines. Paclitaxel

treatment did not modulate cell viability of normal peripheral blood leukocytes. In

conclusion, our data confirm increased levels of Stathmin 1 in ALL patients and
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that therapeutic doses of paclitaxel inhibits Stathmin 1 function and promote

microtubule stability and apoptosis in ALL cells.

Keywords: Medicine, Oncology, Cancer research, Pharmaceutical science, Cell

biology

1. Introduction

Acute lymphoblastic leukemia (ALL) is a heterogeneous group of hematological

malignancies characterized by abnormal proliferation and accumulation of

lymphoblasts in the bone marrow, which impairs normal hematopoiesis [1].

Stathmin 1 is a phosphoprotein that participates in microtubule dynamics, cell

cycle progression, proliferation and survival [2, 3]. Previously, our research group

reported that Stathmin 1 is a proliferation marker for normal lymphocytes and that

Stathmin 1 was overexpressed in a small cohort of ALL patients [4]. Similar

findings were reported in lymphoma cell lines compared with non-transformed

lymphoblastoid cells [5] and primary cells from high grade lymphoma and acute

leukemia [6, 7]. Of note, Stathmin 1 silencing reduced cell proliferation and

clonogenicity in an ALL cell line, supporting a functional role for Stathmin 1 in

leukemia phenotype [4]. Stathmin 1 phosphorylation at serine 16 site reduces the

affinity between Stathmin 1 and alpha/beta-tubulin heterodimers, inhibiting its

microtubule destabilizing activity [2]. Recent studies have suggested that

paclitaxel, a microtubule stabilizer drug, leads to Stathmin 1 inhibition by

induction of serine 16 phosphorylation [8, 9].

We, herein, expand our previous observations and aim to investigate Stathmin 1

expression and its impact on clinical outcomes in an independent cohort of ALL

patients, and to verify the effects of paclitaxel treatment on Stathmin 1

phosphorylation and cell viability in ALL cell lines.

2. Materials and methods

2.1. Primary samples

Bone marrow samples were collected from 22 healthy donors (median age 28 years

[range 11–68]). Bone marrow or peripheral blood samples were collected from 45

ALL patients (median age 35 years [range 18–79]) at the time of diagnosis or

relapse, followed up in the Clinic Hospital of our Institution (Table 1). Peripheral

blood samples were collected from 4 healthy donors (median age 27 years

[26–30]). The Ethics Committee of the Clinic Hospital of University of São Paulo

at Ribeirão Preto Medical School approved this study and written informed consent

was obtained from all subjects who participated in this study.
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2.2. Quantitative PCR

Total RNA was obtained using the TRIzol reagent (Thermo Fisher Scientific,

Fairlawn, NJ, USA). The cDNA was obtained from 1 μg of RNA using the High-

Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). An aliquot

of 120 ng of cDNA was used for gene expression analysis by quantitative

polymerase chain reaction (qPCR) in the ABI 7500 Sequence Detection System

(Thermo Fisher Scientific) using specific primers for Stathmin 1 (FW:

AGCCCTCGGTCAAAAGAATC; RV: TTCAAGACCTCAGCTTCATGGG),

HPRT1 (hypoxan th ine phosphor ibosy l t rans f e ra se 1 ; f o rwa rd :

GAACGTCTTGCTCGAGATGTGA; reverse: TCCAGCAGGTCAGCAAA-

GAAT), ACTB (actin beta; forward: AGGCCAACCGCAAGAAG; reverse:

ACAGCCTGGATAGCAACGTACA) and the SYBRTM Green Master Mix

(Thermo Fisher Scientific). HPRT1 and ACTB were used as the reference gene.

A negative ‘no template control’ was included for each primer pair. The

dissociation protocol was performed at the end of each run to check for nonspecific

Table 1. Patient's characteristcs.

Parameters Number

ALL patients 45

at diagnosis 40

at relapse 5

Sample

Bone marrow (n), % blasts [median (range)] 37 [86% (26–100)]

Peripheral blood (n), % blasts [median (range)] 8 [68% (50–88%)]

Gender

Male 30

Female 15

Age (years), median (range) 35 (18–79)

Immunophenotyping

T-ALL 10

B-ALL 34

Not available 1

BCR-ABL1

Positive 10

Negative 35

Abbreviations: ALL, acute lymphoblastic leukemia; T-ALL, precursor T-acute lymphoblastic leukemia;

B-ALL, precursor B-acute lymphoblastic leukemia; BCR-ABL1, breakpoint cluster region-abelson 1.
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amplification. Two replicas were run on the same plate for each sample. The

relative gene expression was calculated using the equation 2 [11_TD$DIFF]−ΔΔCT [10].

2.3. Cell lines and functional assays

For functional assays, Jurkat (T-ALL) and Namalwa (B-ALL) cells were used

(ATCC, Philadelphia, PA, USA). Cell lines were tested and authenticated by Short

Tandem Repeat (STR) matching analysis and were mycoplasma-free. The IC50 was

determined by methylthiazoletetrazolium (MTT) assay using cells treated with

graded concentrations of paclitaxel (0, 0.625, 1.25, 2.5, 5, 10 and 20 nM; Sigma-

Aldrich, St. Louis, MO, USA) for 72 h and estimated by nonlinear regression

analysis. Apoptosis was determined by annexin V/PI staining according to

manufacturer's instructions (BD Bioscience, San Jose, CA, USA).

2.4. Normal peripheral blood leukocyte culture

Normal peripheral blood leukocytes were obtained from healthy donors (n = 4) by

Ficoll-Hypaque gradient separation (GE Healthcare, Roosendal, Netherlands),

according to the manufacturer's instructions. Peripheral blood mononuclear cells

were cultured on RPMI, supplemented with 30% fetal bovine serum, penicillin

(100 U/mL), streptomycin (100 [12_TD$DIFF]μg/mL), and IL3 (30 ng/mL), IL7 (100 ng/mL),

FLT3 ligand (100 ng/mL), SCF (30 ng/mL), and at a confluence of 2 × 106 cells/

mL. All human recombinant cytokines were from PeproTech (Rocky Hill, NJ,

USA). Normal peripheral leukocytes were exposed to vehicle (DMSO), and

paclitaxel at 5, 10 and 50 nM, and submitted to MTT assay and annexin V/PI

staining.

2.5. Western blot

Western blot analyses were performed as previously described [4], using the

SuperSignalTM West Dura Extended Duration Substrate System (Thermo Fisher

Scientific) and Gel Doc XR+ system (Bio-Rad, Hercules, CA, USA). Antibodies

against phospho(p)-Stathmin 1S16 (p-OP18S16; sc-12948-R), Stathmin 1 (OP-18,

sc-55531), α-tubulin (sc-5286), and actin (sc-1616) were purchased from Santa

Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against acetyl-

α-tubulinK40 (#5335S) and caspase 3 (#9665S) were purchased from Cell

Signaling Technology (Danvers, MA, USA). Cropped gels retained important

bands of one experiment, but whole gel images are available in Supplementary

Fig. 1. Band intensities were determined using UN-SCAN-IT gel 6.1 software (Silk

Scientific; Orem, UT, USA).
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2.6. Statistical analysis

Statistical analyses were performed using GraphPad Instat 5 (GraphPad Software

Inc., San Diego, CA, USA) or SAS Version 9.2 (SAS Inc, Cary, NC, USA).

Mann–Whitney test or Student t test were used for measured factors. Fisher's exact

test was used for categorical factors. Spearman test was used for ranking

correlation tests. [13_TD$DIFF]Kaplan-Meier method was used to estimate survival curves,

which were compared by log-rank test. Cox regression analysis was used to

estimate overall survival (OS), which was defined from time of sampling to date of

death or last seen. A p value < 0.05 was considered as statistically significant.

3. Results and discussion

Stathmin 1 transcripts were significantly higher in primary cells from ALL patients

compared with healthy donors (median = 3.50 [minimum = 0.11–maximum =

21.29] versus 1.01 [0.01–2.62], p < 0.0001; Fig. 1 [14_TD$DIFF]A). High Stathmin 1 expression

was associated with lower age onset for ALL (Table 2) and Stathmin 1 levels

positively correlated with white blood cell (WBC) count (r = 0.48; p = 0.001,

Spearman test; Fig. 1B). However, Stathmin 1 expression did not impact on

clinical outcomes of ALL patients (Fig. 1C and Table 3). Age significantly

affected overall survival of our cohort. (Table 3). These findings validate our

previous results on Stathmin 1 expression [4] in an independent cohort of ALL

[(Fig._1)TD$FIG]

Fig. 1. Stathmin 1 is highly expressed in primary acute lymphoblastic

leukemia (ALL) samples. (A) qPCR analysis of Stathmin 1 mRNA

levels in samples from ALL patients and healthy donors. The HPRT1

and ACTB genes were used as the reference gene and a healthy donor

was used as a calibrator sample. Horizontal lines indicate medians. The

numbers of subjects studied are indicated in the graph. The p-values are

indicated; Mann-Whitney test. (C) Correlation analysis of Stathmin 1

expression and white blood cell count in ALL patients. The r and p-

values are indicated; Spearman correlation test. (B) Overall survival of

ALL patients categorized by the median of Stathmin 1 expression.

Patients with ALL whose samples were collected at diagnosis (n = 40)

were included in survival analysis. The p-values are indicated; Long-

rank test.
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patients. Our data that Stathmin 1 expression does not impact on clinical outcomes

needs to be confirmed in larger cohorts. Another research group showed that

Stathmin 1 expression was correlated with WBC count and high percentages of

cells in the S phase in a childhood ALL cohort [11]. In contrast, Stathmin 1 was

found to be highly expressed in lymphoma and acute leukemia samples, but

Table 2. Association between ALL patients’ clinical and laboratorial characteristics and Stathmin 1

expression [4_TD$DIFF]a.

Parameters All patients (n = 40) Stathmin 1 p-value[5_TD$DIFF]b

Low expression (n = 20) High expression (n = 20)

Age; median (range[6_TD$DIFF]), y 27 (18–79) 37 (18–79) 23 (18–78) 0.01

Female; n (%) 12 (27.9) 8 (40) 4 (20) 0.17

Immunophenotype 0.43

B-ALL (%) 32 (80) 17 (85) 15 (75)

T-ALL (%) 8 (20) 3 (15) 5 (25)

BCR-ABL1 (%) 8 (20) 5 (25) 3 (15) 0.43

Hemoglobin; median, (range[6_TD$DIFF]); g/dL 8.7 (5.2–15.8) 8.1 (5.3–15.8) 8.9 (5.2–12.8) 0.79

WBC; median (range) [7_TD$DIFF]× 109/L 13.7 (0.8–549.5) 8.2 (1.1–92.1) 20.65 (0.8–549.5) 0.06

Platelets; median (range) [7_TD$DIFF]× 109/L 36.5 (4–433) 38 (7–433) 32.5 (4–162) 0.56

LDH (range) U/L 1789 (245–13090) 1750 (245–6848) 1789 (270–13090) 0.32

[16_TD$DIFF]Abbreviations: ALL, acute lymphoblastic leukemia; T-ALL, precursor T-acute lymphoblastic leukemia; B-ALL, precursor B-acute

lymphoblastic leukemia; BCR-ABL1, breakpoint cluster region-abelson 1; WBC, white blood cell; LDH, lactic dehydrogenase.

Statistically significant p values are highlighted in bold.
a Patients with ALL whose sample were collected at diagnosis (n = 40) were included in association analysis.
bMann–Whitney test and Fisher’s exact test were used for measured and categorical factors, respectively.

Table 3. Univariate and multivariate analyses of overall survival for patients with

ALLa.

Factor Univariate analysis Multivariate analysis

HRb (95% C.I.) p HR [9_TD$DIFF]b (95% C.I.) p

Age 1.04 1.02–1.07 >0.001 1.05 1.02–1.08 >0.001

BCR-ABL1 (positive vs. negative) 1.09 0.44–2.73 0.85 0.77 0.30–2.01 0.60

WBC 0.99 0.99–1.01 0.54 1.01 0.99–1.01 0.84

Stathmin 1 expression 1.01 0.92–1.11 0.82 1.05 0.96–1.16 0.25

Abbreviations: ALL, acute lymphoblastic leukemia; HR, hazard ratio; WBC, white blood cell; BCR-

ABL1, breakpoint cluster region-abelson 1.

Statistically significant p values are highlighted in bold.
a Patients with ALL whose sample were collected at diagnosis (n = 40) were included in survival

analysis.
b Hazard ratios >1 indicate that increasing values for continuous variable or the first factor for

categorical variable has the poorer outcome.
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Stathmin 1 was not correlated with cells in the S phase [6]. Using proteomic

approaches, another study observed Stathmin 1 overexpression in malignant B-

cells from B-ALL patients compared to normal B-cells from healthy donors [12].

Taken together, these findings suggest that high Stathmin 1 expression is observed

in ALL and plays a role in ALL biology, independently of its prognostic

significance.

Cell viability and apoptosis assays reveal that Jurkat and Namalwa cells present

high sensitivity to paclitaxel treatment (IC50 of 5 nM and 6.5 nM, respectively;

Fig. 2A and B). Western blot analysis indicates that paclitaxel treatment strongly

induces Stathmin 1 phosphorylation at serine 16 site (an inhibitory site), α-tubulin
acetylation (a microtubule stability marker) and caspase 3 cleavage (an apoptosis

marker) in ALL cell lines (Fig. 2C and D, Supplementary Fig. 1). In Namalwa

[(Fig._2)TD$FIG]

Fig. 2. Paclitaxel reduces Stathmin 1 activity, microtubule instability and cell viability of ALL cell

lines. (A) Dose-response cytotoxicity curves analyzed by methylthiazoletetrazolium (MTT) assay for

Jurkat and Namalwa cells treated with graded doses of paclitaxel for 72 h. Values are expressed as the

percentage of viable cells for each condition relative to untreated controls. Results are shown as the

mean ± SD of four independent experiments. The IC50 was determined using nonlinear regression

analysis. (B) Apoptosis was detected by flow cytometry in Jurkat or Namalwa cells treated with IC50

dose of paclitaxel (5 nM and 6.5 nM, respectively) for 72 h using annexin V/PI staining method.

Representative dot plots are shown for each condition; the upper and lower right quadrants cumulatively

contain the apoptotic population (annexin V+ cells). Bar graphs represent the mean ± SD of four

independent experiments quantifying apoptotic cell death. ***p < 0.0001, Student t test. (C) Western

blot analysis for [3_TD$DIFF]phospho (p)-Stathmin 1S16, acetyl-α-tubulinK40 and caspase 3 (total and cleaved) in

total cell extracts from Jurkat and Namalwa cells treated with the indicated concentrations of paclitaxel;

membranes were reprobed with the antibody for the detection of the respective total protein or actin, and

developed with the SuperSignalTM West Dura Extended Duration Substrate system using a Gel Doc XR

+ imaging system. (D) Bar graphs represent the mean ± SD of three independent experiments

quantifying band intensities of indicated proteins. *p < 0.05, Student t test. Note that paclitaxel

treatment induces Stathmin 1 phosphorylation at serine 16 site (an inhibitory site), α-tubulin acetylation

(a microtubule stability marker) and caspase 3 cleavage (an apoptosis marker) in Jurkat and Namalwa

cells.
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cells, but not in Jurkat cells, paclitaxel significantly reduces Stathmin 1 expression

(p < 0.05; Fig. 2C). Formerly, the induction of Stathmin 1 phosphorylation at

serine 16 site upon paclitaxel treatment was observed in EC0156, an esophageal

squamous cell carcinoma cell line [8]. Latterly, we observed a similar phenomenon

in HEL, an acute myeloid leukemia cell line [9]. Paclitaxel is a microtubule-

targeted chemotherapeutic drug used as the first line treatment for specific solid

[(Fig._3)TD$FIG]

Fig. 3. Paclitaxel do not modulate cell viability of normal peripheral blood leukocytes. (A) Western

blot analysis for [3_TD$DIFF]phospho (p)-Stathmin 1S16 and Stathmin 1 in total cell extracts from normal peripheral

blood leukocytes, Jurkat and Namalwa cells; membranes were reprobed with the antibody for the

detection of the respective total protein or actin, and developed with the SuperSignalTM West Dura

Extended Duration Substrate system using a Gel Doc XR+ imaging system. (B) Bar graphs represent

mean ± SD of cell viability analyzed by methylthiazoletetrazolium (MTT) assay for normal peripheral

blood leukocytes (n = 4) treated with vehicle, and paclitaxel at 5, 10 and 50 nM for 72 h. Values are

expressed as the percentage of viable cells for each condition relative to untreated controls. (C)

Apoptosis was detected by flow cytometry in normal peripheral blood leukocytes treated with vehicle,

and paclitaxel at 5, 10 and 50 nM for 72 h using annexin V/PI staining method. A representative dot plot

is shown for each condition; the upper and lower right quadrants cumulatively contain the apoptotic

population (annexin V+ cells). (D) Bar graphs represent the mean ± SD of independent experiments

from normal peripheral blood leukocytes (n = 4) treated with vehicle, and paclitaxel at 5, 10 and 50 nM

for 72 h.
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tumors [13]. According to studies performed in solid cancer patients, the plasma

concentration of paclitaxel is higher than 50 nM [14, 15], which indicates a

potential translational interest of this drug for ALL patients.

The mechanisms involved in aberrant Stathmin 1 expression in hematological

malignancies remain unclear. It is known that oncogenes that induce a proliferative

phenotype (e.g. BCR-ABL1) or inhibit cell differentiation (e.g. PML-RARα)
induce Stathmin 1 expression in hematopoetic neoplasm models [16, 17]. Stathmin

1 knockout murine model is viable and has few mild hematological alterations

[18]. On the other hand, Stathmin 1 inhibition results in a large reduction in cell

proliferation and clonogenicity in human leukemia cell lines, suggesting selectivity

for hematological malignant cells [4, 9, 19]. It is important to emphasize that drugs

that disturb the microtubule dynamics, namely vincristine, have already been used

in the treatment of ALL [20]. Thus, the understanding of the molecular bases of

microtubule dynamics and the identification of key proteins involved in this

cellular process may provide new therapy opportunities for leukemia.

Stathmin 1 expression and phosphorylation were reduced in peripheral blood

mononuclear cells from healthy donors compared to Jurkat and Namalwa cells

(Fig. 3A, Supplementary Fig. 1). Our research group already reported that

Stathmin 1 has very low expression, at mRNA and protein levels, in normal blood

cells, including lymphocytes, monocytes and granulocytes [4]. Similar findings

were also reported for mature erythrocytes [21] and platelets [22]. Of note,

paclitaxel treatment did not modulate cell viability in peripheral blood leukocytes

from healthy donors (Fig. 3B and D), even at doses compatible with high serum

levels achieved in pharmacodynamic experiments [14, 15].

In conclusion, our data confirm increased levels of Stathmin 1 in an independent

cohort of ALL patients, indicating that Stathmin 1 may participate in leukemia

phenotype. Stathmin 1 expression did not impact ALL outcomes. Paclitaxel

promotes Stathmin 1 phosphorylation at serine 16 site, microtubule stability and

apoptosis in ALL cell lines. Further studies are necessary to identify the molecular

mechanisms involved in the paclitaxel-induced phosphorylation of Stathmin 1.
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