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Abstract: Increasing evidence has shown that aldehyde dehydrogenase 1A1 (ALDH1A1), 

a detoxifying enzyme, is responsible for chemoresistance in a variety of tumors. Although the 

majority of patients with diffuse large B-cell lymphoma (DLBCL) can be cured with cyclophos-

phamide, doxorubicin, vincristine, and prednisone (CHOP), chemoresistance is a common cause 

of treatment failure. This study aims to investigate the significance of ALDH1A1 expression 

and the mechanism by which ALDH1A1 is involved in the chemoresistance of DLBCL cells. 

ALDH1A1 expression was assessed in 88 DLBCL tissues by immunohistochemistry. The asso-

ciation between ALDH1A1 expression and outcome was evaluated. We also investigated the 

effect of ALDH1A1 on CHOP resistance in DLBCL cells using functional analysis. ALDH1A1 

expression levels were upregulated in patients with stable or progressive disease after CHOP 

and its expression positively correlated with expression of STAT3 and p-STAT3. In keeping 

with these observations, ALDH1A1 expression was significantly associated with short survival 

of DLBCL patients who received CHOP chemotherapy. In functional assays in Pfeiffer cells, 

overexpression of ALDH1A1 conferred resistance to CHOP, while silencing of ALDH1A1 using 

short hairpin RNA had the opposite effect. Furthermore, we also observed that ALDH1A1 could 

regulate the JAK2/STAT3 pathway, while inhibition of the JAK2/STAT3 pathway by WP1066 

negated the effect of ALDH1A1 overexpression. These observations reveal that ALDH1A1 

induces resistance to CHOP through activation of the JAK2/STAT3 pathway in DLBCL, and 

its targeting provides a potential strategic approach for reversing CHOP resistance.

Keywords: ALDH1A1, diffuse large B-cell lymphoma, CHOP, chemoresistance, JAK2/

STAT3 pathway

Introduction
Diffuse large B-cell lymphoma (DLBCL) represents the most common subtype of 

non-Hodgkin lymphoma worldwide, accounting for 30%–40% of all newly diagnosed 

cases.1 It is an aggressive disease featuring heterogeneous genetic, phenotypic, and 

clinical characteristics. The most commonly used initial therapy is an anthracycline-

based combinatorial chemotherapy regimen composed of cyclophosphamide, 

doxorubicin, vincristine, and prednisone (CHOP).2 Even though complete response 

rates of 40%–50% with chemotherapy can be attained, most patients who do not 

respond to CHOP will ultimately succumb to their disease.3 The major cause of treat-

ment failure is chemotherapeutic drug resistance, which imposes major obstacles to 

the successful therapy of DLBCL. Although considerable efforts have been made to 

understand the molecular basis for development of multidrug resistance in DLBCL, 

current knowledge remains limited.4
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Aldehyde dehydrogenases (ALDHs) are a family of 

intracellular enzymes responsible for oxidizing aldehydes 

to carboxylic acids.5 ALDH1A1, one of 19 ALDH isoforms, 

is not only crucial for protecting cells from toxic aldehydes 

but is also known to play important roles in retinoic acid 

metabolism, cancer development, and drug resistance.6 

Mounting evidence has shown that ALDH1A1 can offer 

cellular protection against many cytotoxic drugs.7 This 

protective role was first observed over 2 decades ago when 

it was reported that leukemic cells with ALDH activity were 

highly resistant to cyclophosphamide.8 Recently, we have 

demonstrated that knockdown or inhibition of ALDH1A1 

could increase chemosensitivity in DLBCL Farage cells.9 

However, the role of ALDH1A1 in chemoresistance of 

DLBCL has not been identified completely. Further research 

efforts are needed to clarify the exact mechanisms of 

ALDH1A1 in DLBCL chemoresistance.

JAK/STAT3 signaling pathway is a well-known cell 

survival signal that contributes to chemoresistance in a 

variety of cancer cells.10 In lymphoid malignancies, a patho-

genic role for STAT3 has been shown in multiple myeloma, 

anaplastic large T-cell lymphoma, Hodgkin lymphoma, and, 

recently, in activated B-cell-DLBCL.11 Moreover, Alas et al 

demonstrated that chemical inhibitors of the STAT3 pathway 

are a novel class of compounds capable of reversing drug 

resistance in lymphoid-derived tumors.12 We have previously 

demonstrated that knockdown or inhibition of ALDH1A1 

could decrease STAT3/NF-κB activity.9 However, the path-

way through which ALDH1A1 induces chemoresistance is 

not known, and the potential role of pathway inhibitors in 

reversing chemoresistance has not been investigated.

In the present study, we investigated the role of 

ALDH1A1 in CHOP resistance using the human DLBCL 

cell line Pfeiffer transduced with an ALDH1A1-expressing 

or ALDH1A1-shRNA (short hairpin RNA) lentivirus. 

Moreover, the correlation between ALDH1A1 expression 

and clinical drug response was analyzed in DLBCL patients. 

We also examined the association between ALDH1A1 and 

the JAK2/STAT3 pathway in relation to CHOP chemoresis-

tance. Taken together, our results support a model in which 

ALDH1A1 confers resistance to CHOP through the activa-

tion of the JAK2/STAT3 pathway, indicating its potential 

value as a therapeutic target in DLBCL.

Materials and methods
reagents and antibodies
Antibodies against ALDH1A1 and phospho-JAK2 (tyrosine 

570, tyrosine 931, and tyrosine 1007) were purchased from 

Abcam (Cambridge, UK). Antibodies against JAK2, STAT3, 

phospho-STAT3 (tyrosine705, serine 727), Bcl-2, and cyclin D1 

were obtained from Cell Signaling Technology (Danvers, MA, 

USA). Cyclophosphamide and prednisone were purchased 

from Sigma-Aldrich Co. (St Louis, MO, USA) and dissolved 

according to the manufacturer’s instructions. Doxorubicin 

and vincristine were obtained from KeyGen Biotechnology 

(Nanjing, People’s Republic of China). All CHOP reagents 

were stored at −80°C. The JAK2/STAT3 inhibitor, WP1066, 

was obtained from Selleckchem (Houston, TX, USA).

Patients and specimens
Eighty-eight patients treated for DLBCL in the Department of 

Oncology and Hematology, Xiangya Hospital, Central South 

University (Changsha, People’s Republic of China), between 

January 2012 and November 2013, were selected for this study. 

The criteria for study enrollment were as follows: 1) histo-

pathologically diagnosed DLBCL, 2) newly diagnosed and 

without a history of other tumors, 3) availability of paraffin-

embedded specimens, and 4) a treatment regime involving at 

least four cycles of the CHOP regimen as induction therapy. 

Detailed clinicopathological information of the patients is 

listed in Table 1. After the fourth cycle of CHOP therapy, 

the response to chemotherapy was assessed according to the 

International Working Group standardized response criteria 

for non-Hodgkin lymphoma.13 We defined the high-sensitivity 

group as patients showing partial or complete response 

following CHOP and the low-sensitivity group as patients 

showing stable or progressive disease. Overall survival time 

was calculated as the period between the date of diagnosis and 

the date of death or the last follow-up. The study was approved 

by the Research Ethics Committee of Xiangya Hospital, 

Central South University, and written informed consent was 

obtained from all the patients involved in this study.

cell lines and cultures
The human DLBCL cell lines Pfeiffer (CRL 2632) and 

Farage (CRL 2630) were obtained from the American Type 

Culture Collection (ATCC, Manassas, VA, USA). The cells 

were cultured in Roswell Park Memorial Institute (RPMI) 

medium 1640 (Corning Incorporated, Corning, NY, USA), 

supplemented with 10% fetal bovine serum (Corning Incor-

porated) in a humidified atmosphere of 37°C at 5% CO
2
. 

Cells were passaged every 2–3 days to maintain a density 

of 1–2×106 cells/mL.

construction of recombinant plasmids 
and lentivirus production
ALDH1A1 coding sequence and ALDH1A1 shRNA 

in a recombinant lentivirus gene delivery system were 
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constructed by GeneChem Biomedical Co. Ltd (Shanghai, 

People’s Republic of China) for ALDH1A1 overexpression 

and knockdown. A blank vector lentivirus gene delivery 

system was used as a negative control. Lentivirus was 

transfected into Pfeiffer cells at an optimal multiplicity 

of infection of 100 supplemented with enhanced infec-

tion solution and polybrene (GeneChem Biomedical 

Co. Ltd) according to the manufacturer’s recommended 

protocol. Validation of the knockdown and overexpres-

sion of ALDH1A1 was performed at the protein level by 

Western blotting.

in vitro drug sensitivity assay
Cells were seeded into 96-well plates at a density of 2×104 

cells per well in a volume of 100 μL. CHOP were added at 

the standard clinically used ratio of 80/5.5/0.16/11.114 and 

concentrations ranging from 40 to 1,280 ng/mL. Cells were 

treated with various concentrations of CHOP for 48 hours. 

Control columns contained cells without drug and blank 

columns contained only the medium. Cell survival was 

then analyzed via the Cell Counting Kit-8 assay (CCK-8; 

7SeaPharmTech, Shanghai, People’s Republic of China) 

according to the manufacturer’s instructions. After incubation 

with 10 μL of CCK-8 reagent for 4 hours, the absorbance was 

measured at a wavelength of 450 nm by an automatic plate 

reader. All procedures were performed in triplicate.

colony formation in soft agar
For colony formation assay, a bottom layer (0.6% agar) was 

prepared with RPMI 1640 medium containing 10% fetal 

bovine serum. A top layer (0.3% agar) was prepared with 

the same medium as described earlier but containing 1,000 

indicated cells per well treated with or without 640 ng/mL 

CHOP. Plates were incubated for nearly 14 days at 37°C 

with 5% CO
2
 in a humidified incubator until the formed 

colonies were visible. The visible colonies were then 

counted and images were captured. All procedures were 

performed in triplicate.

Apoptosis assay by flow cytometry
Cells were seeded into six-well plates and treated with or 

without 640 ng/mL CHOP for 48 hours. Cells were harvested 

Table 1 correlation between alDh1a1, sTaT3, or p-sTaT3 expression and clinicopathological parameters in 88 DlBcl patients

Parameters n ALDH1A1 expression STAT3 expression p-STAT3 expression

High Low P-value High Low P-value High Low P-value

age (years)
60 70 30 40 0.586 50 20 0.769 37 33 0.139
60 18 9 9 14 4 13 5

sex
Male 37 17 20 0.793 29 8 0.311 23 14 0.389
Female 51 22 29 35 16 27 24

B symptoms
Positive 19 12 7 0.062 11 8 0.101 13 6 0.249
negative 69 27 42 53 16 37 32

lDh
elevated 33 19 14 0.052 22 11 0.323 21 12 0.317
normal 55 20 35 42 13 29 26

β2-Mg
elevated 15 10 5 0.056 9 6 0.224 6 9 0.149
normal 73 29 44 55 18 44 29

ca125
elevated 29 10 19 0.193 18 11 0.116 13 16 0.111
normal 59 29 30 46 13 37 22

DlBcl subtypes
gcB 40 15 25 0.240 25 15 0.049 18 22 0.041
non-gcB 48 24 24 39 9 32 16

clinical stage
i + ii 36 11 25 0.031 23 13 0.121 17 19 0.051
iii + iV 52 28 24 41 11 33 19

 iPi score
0–2 63 22 41 0.005 43 20 0.104 39 24 0.126
3–5 25 17 8 21 4 11 14

Abbreviations: lDh, lactate dehydrogenase; β2-Mg, β2-microglobulin; ca125, cancer antigen 125; DlBcl, diffuse large B-cell lymphoma; gcB, germinal center B-cell; 
iPi, international Prognostic index; alDh1a1, aldehyde dehydrogenase 1a1; p-sTaT3, phosphorylated-sTaT3.
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for Annexin V-fluorescein isothiocyanate and propidium 

iodide staining. The cells were then analyzed by flow cytom-

etry using fluorescence-activated cell-sorting flow cytometer 

(BD Biosciences, San Jose, CA, USA). All assays were 

performed independently in triplicate.

Western blotting
Total protein was extracted from cells using radioimmuno-

precipitation assay buffer and quantified using bicinchoninic 

acid assay. Equal amounts of protein were separated by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis 

before being electrotransferred to polyvinylidene fluoride 

membranes. After the membranes were blocked with 

5% skimmed milk for 1 hour at room temperature, they 

were incubated with primary antibodies overnight at 4°C. 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

was used as a protein-loading control. After being washed 

with a mixture of Tris-buffered saline and 0.1% Tween 20 

(TBST) three times, the membranes were incubated with 

horseradish peroxidase-conjugated secondary antibody 

for 1 hour at room temperature. After washing again with 

TBST, the protein bands were detected by chemilumines-

cence. Blots shown are representative of a minimum of three 

separate experiments.

immunohistochemistry
The paraffin-embedded sections were cut at 4 mm 

thickness and then deparaffinized and rehydrated. After 

washing in phosphate buffered saline, the slides were 

blocked for endogenous peroxidase with 3% hydrogen 

peroxide in methanol for 10 minutes at room tempera-

ture. Sections were then blocked with 10% goat serum 

for 10 minutes, followed by incubation with a primary 

antibody overnight at 4°C. Monoclonal antibodies used 

were as follows: ALDH1A1, STAT3, and p-STAT3. After 

washing, sections were incubated with a biotin-labeled 

secondary antibody for 10 minutes at room temperature. 

Then, streptavidin peroxidase reagent was applied for 

10 minutes. Coloration was developed by a 4-minute 

incubation with 3,3′-diaminobenzidine solution and the 

sections were counterstained with hematoxylin. The 

immunohistochemistry-stained slides were independently 

evaluated by two pathologists blinded to the clinical 

parameters. The extent of stained cells was scored as 

0 (0%–5%), 1 (6%–25%), 2 (26%–50%), or 3 (51%–100%). 

The staining intensity was scored as 0 (negative), 1 (weak), 

2 (medium), or 3 (strong). The sum of the extent and inten-

sity scores was used as the final staining score (0–6). For 

the statistical analysis, we divided cases into two groups: 

low expression (with final scores 3 points) and high 

expression (with final scores 3 points).

statistical analysis
All experiments were run in triplicate, and results are pre-

sented as the mean ± standard deviation. The association 

between protein expression levels and clinicopathological 

parameters was analyzed by the chi-square test. Statistical 

analyses were carried out using either the Student’s t-test or 

an analysis of variance. Kaplan–Meier and log-rank methods 

were used to analyze survival curves. The Cox regression 

model was used for analysis of prognostic factors. Differ-

ences were considered statistically significant when the 

two-sided P-value was less than 0.05. Statistical analyses 

were performed with the SPSS 17.0 software (SPSS Inc., 

Chicago, IL, USA).

Results
The protein expression level of 
alDh1a1 is upregulated in DlBcl 
Pfeiffer and Farage cells
We first analyzed ALDH1A1 expression in two human 

DLBCL cell lines, Farage and Pfeiffer, by Western blot. 

The human B-cell was used as a control. Although Pfeiffer 

showed higher ALDH1A1 expression than Farage, the 

expression in both these cell lines was significantly higher 

than that of human B-cells (sixfold and 4.5-fold, respectively, 

P0.05; Figure 1A). Thus, these results indicate that the 

protein expression level of ALDH1A1 is upregulated in 

DLBCL (Pfeiffer and Farage) cells.

alDh1a1 is upregulated in chOP-
resistant DlBcl patients and is 
associated with sTaT3/p-sTaT3
We first determined the level of ALDH1A1 expression in 

cancer tissues of DLBCL patients by immunohistochemical 

analysis. ALDH1A1 showed a significantly higher expression 

in samples from patients in the low-sensitivity group com-

pared with those in the high-sensitivity group (Figure 1B). 

Next, we assayed the expression levels of STAT3 and 

p-STAT3 in 88 DLBCL specimens by immunohistochem-

istry and assessed the correlations between the expression 

levels of STAT3/p-STAT3 and ALDH1A1. As shown in 

Table 2 and Figure 1C, the expression levels of ALDH1A1, 

STAT3, and p-STAT3 in tissues from low-sensitivity group 

patients were significantly higher than those from patients 
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Figure 1 alDh1a1 expression in DlBcl cell lines and clinical specimens.
Notes: (A) The levels of ALDH1A1 protein were quantified using Western blot in two DLBCL cell lines (Farage and Pfeiffer). GAPDH blotting was used as a loading 
control. Bar graphs are derived from densitometric scanning of the blots. The density of the alDh1a1 blot was normalized against that of gaPDh to obtain a relative blot 
density. Bars are mean ± sD from three independent experiments. (B) representative images of alDh1a1, sTaT3, and p-sTaT3 immunohistochemical staining in low 
sensitivity group and high sensitivity group DLBCL patients (magnification: 200×). (C) Mean immunohistochemiscal staining scores for alDh1a1, sTaT3, and p-sTaT3 in 
low-sensitivity group and high-sensitivity group DlBcl patients. *P0.05. (D) The comparison of overall survival between patients with high alDh1a1 expression and low 
alDh1a1 expression. Patients with low expression of alDh1a1 had a longer survival than those with high expression (log-rank test, P=0.0033).
Abbreviations: alDh1a1, aldehyde dehydrogenase 1a1; gaPDh, glyceraldehyde 3-phosphate dehydrogenase; sD, standard deviation; DlBcl, diffuse large B-cell lymphoma; 
p-sTaT3, phosphorylated-sTaT3.

in the high-sensitivity group (P0.05). The correlations 

between the clinicopathological features of DLBCL patients 

and expression levels of ALDH1A1, STAT3, and p-STAT3 

are summarized in Table 1. There was a close association 

between the level of ALDH1A1 and clinical stage and 

International Prognostic Index. STAT3 and p-STAT3 

showed association with DLBCL subtypes. The frequencies 

of STAT3 and p-STAT3 in the non-germinal center B-cell 

(GCB)-DLBCL were significantly higher than those in the 

GCB-DLBCL group (P0.05). Table 3 shows that the 
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Table 2 immunohistochemical detection of alDh1a1, sTaT3, and p-sTaT3 expression in low-sensitivity and high-sensitivity groups 
of diffuse large B-cell lymphoma patients

Group ALDH1A1 STAT3 p-STAT3

High (%) Low P-value High (%) Low P-value High (%) Low P-value

low-sensitivity group 20 (62.5) 12 0.009 29 (90.6) 3 0.004 28 (87.5) 4 0.000
high-sensitivity group 19 (33.9) 37 35 (62.5) 21 22 (39.2) 34

Abbreviations: alDh1a1, aldehyde dehydrogenase 1a1; p-sTaT3, phosphorylated-sTaT3.

expression of ALDH1A1 was positively associated with that 

of STAT3 and p-STAT3 in DLBCL tissues.

high expression of alDh1a1 is 
correlated with poor outcome in 
chOP-treated DlBcl patients
We conducted Kaplan–Meier survival analysis to study the 

relationship between ALDH1A1 protein expression and 

survival. Overall survival was significantly shorter in patients 

expressing high level of ALDH1A1 (log-rank test; P=0.0033; 

Figure 1D), with a median overall survival of 27 months. 

In contrast, the median survival could not be determined 

for patients with low ALDH1A1 expression because many 

were still alive at the conclusion of the study. We also inves-

tigated the influence of ALDH1A1 expression and other 

clinicopathological parameters on overall survival using 

multivariate Cox regression analysis. As shown in Table 4, 

ALDH1A1 expression (hazard ratio [HR] 3.648; 95% confi-

dence interval [CI] 1.655–8.039; P0.05) and International 

Prognostic Index (HR 2.353; 95% CI 1.033–5.361; P0.05) 

were independent prognostic factors in DLBCL.

alDh1a1 promotes resistance to 
chOP in Pfeiffer cells
To investigate the role of ALDH1A1 in CHOP resistance 

in DLBCL cells, we modulated ALDH1A1 expression by 

transfecting Pfeiffer cells with an ALDH1A1-shRNA vector 

(“Pfeiffer-shRNA”) or an ALDH1A1 expression vector 

Table 3 correlation between alDh1a1 and sTaT3, p-sTaT3 
in DlBcl

ALDH1A1 expression

High Low r P-value

sTaT3 expression
high 33 31 0.238 0.025
low 6 18

p-sTaT3 expression
high 30 20 0.362 0.001
low 9 29

Abbreviations: alDh1a1, aldehyde dehydrogenase 1a1; DlBcl, diffuse large B-cell 
lymphoma; p-sTaT3, phosphorylated-sTaT3.

Table 4 Multivariate analysis of factors contributing to overall 
survival in DlBcl patients

Variables HR (95% CI) P-value

age 0.998 (0.972–1.024) 0.852
sex 1.095 (0.513–2.335) 0.815
B symptoms 1.790 (0.679–4.721) 0.239
lDh 1.539 (0.632–3.748) 0.343
β2-Mg 1.644 (0.554–4.883) 0.370
ca125 1.476 (0.643–3.390) 0.358
DlBcl subtypes 0.933 (0.411–2.121) 0.869
clinical stage 1.328 (0.592–2.978) 0.491
iPi 2.353 (1.033–5.361) 0.042
alDh1a1 3.648 (1.655–8.039) 0.001

Abbreviations: lDh, lactate dehydrogenase; β2-Mg, β2-microglobulin; ca125, 
cancer antigen 125; DlBcl, diffuse large B-cell lymphoma; iPi, international 
Prognostic index; alDh1a1, aldehyde dehydrogenase 1a1; hr, hazard ratio; ci, 
confidence interval.

(“Pfeiffer-ALDH1A1”). Cells transfected with empty vec-

tor (“Pfeiffer-NC”) were used as a control. Forty-eight hours 

after transfection, ALDH1A1 expression was evaluated by 

Western blot, which showed that Pfeiffer-ALDH1A1 cells 

displayed a twofold increase of ALDH1A1 protein, while 

Pfeiffer-shRNA cells showed a 95.6% downregulation 

compared with Pfeiffer-NC cells (Figure 2A).

The half maximal inhibitory concentration (IC50) values 

were determined to evaluate the sensitivity of Pfeiffer-shRNA 

cells or Pfeiffer-ALDH1A1 cells to CHOP. It was observed 

that the silencing of ALDH1A1 expression in Pfeiffer cells 

led to an increased sensitivity to CHOP (IC50: Pfeiffer-

shRNA, 314.48 [272.35–366.06] ng/mL vs Pfeiffer-NC, 

645.30 [564.33–750.73] ng/mL). In contrast, overexpression 

of ALDH1A1 in Pfeiffer cells showed a decreased sensitivity 

to CHOP (IC50: Pfeiffer-ALDH1A1, 1,122.10 [979.68–

1,324.51] ng/mL vs Pfeiffer-NC, 648.02 [566.30–754.66] 

ng/mL) (P0.05; Figure 2B).

Next, to determine the long-term effects of ALDH1A1 on 

CHOP-inhibited cell proliferation, colony formation assay 

was performed. As depicted in Figure 2C, when exposed 

to CHOP treatment (640 ng/mL), the Pfeiffer-shRNA cells 

showed decreased colony formation capacity compared with 

Pfeiffer-NC cells, while ALDH1A1 overexpression had the 

opposite effect (P0.05).
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Figure 2 The influence of ALDH1A1 on chemoresistance in Pfeiffer cells.
Notes: cells were transfected with empty vector (“Pfeiffer-nc”), alDh1a1-shrna vector (“Pfeiffer-shrna”), and alDh1a1 expression vector (“Pfeiffer-alDh1a1”). 
The blank cells were not transfected (“Pfeiffer”). (A) Expression levels of ALDH1A1 and GAPDH proteins were confirmed by Western blotting. (B) The ic50 values 
of chOP were determined by ccK-8 assay. cells were treated with increasing concentrations of chOP for 48 hours. (C) The long-term effect of alDh1a1 on 
chemoresistance was studied by colony formation assay. (D) Flow cytometric analysis of apoptosis in cells combined with chOP (0 and 640 ng/ml). Data are expressed as 
the mean ± sD of three individual experiments. *P0.05.
Abbreviations: alDh1a1, aldehyde dehydrogenase 1a1; chOP, combinatorial cyclophosphamide, doxorubicin, vincristine, and prednisone; gaPDh, glyceraldehyde 
3-phosphate dehydrogenase; SD, standard deviation; CCK-8, Cell Counting Kit-8; shRNA, short hairpin RNA; CI, confidence interval; IC50, half maximal inhibitory 
concentration.
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To further investigate the effect of ALDH1A1 on cell 

apoptosis induced by CHOP, flow cytometry analysis was 

performed. Figure 2D shows that the silencing of ALDH1A1 

expression resulted in increased CHOP-induced apoptosis 

compared with the Pfeiffer-NC group, while ALDH1A1 

overexpression in Pfeiffer cells prevented the drug-mediated 

apoptosis (P0.05).

alDh1a1 regulates the JaK2/sTaT3 
pathway in Pfeiffer cells
The JAK2/STAT3 signaling pathway is implicated in 

diverse biological processes, including drug resistance.10 

We performed Western blot to measure whether ALDH1A1 

regulated the JAK2/STAT3 pathway in Pfeiffer cells. First, 

we hypothesized that ALDH1A1 may regulate the expression 

of JAK2, an upstream activator of STAT3. Western blotting 

showed that ALDH1A1 overexpression and silencing could 

increase and decrease the expressions of p-JAK2 (Y931, 

Y1007), respectively. In contrast, no impact of ALDH1A1 

on the expression of JAK2 and p-JAK2 (Y570) was observed 

(Figure 3A). Then, we investigated whether ALDH1A1 

could regulate STAT3 and p-STAT3 in DLBCL. As shown 

in Figure 3B, overexpression of ALDH1A1 significantly 

increased the protein levels of STAT3 and p-STAT3 (Y705, 

S727), while ALDH1A1 silencing significantly reduced the 

protein levels of these targets. Overall, these results indicate 

Figure 3 alDh1a1 regulates the JaK2/sTaT3 pathway in Pfeiffer cells.
Notes: (A) effects of alDh1a1 on the expressions of JaK2 and p-JaK2 (Y570, Y931, and Y1007) were analyzed by Western blotting. (B) expression levels of sTaT3 and 
p-sTaT3 (Y705, s727) were analyzed by Western blotting. gaPDh blotting was used as a loading control. Bar graphs are derived from densitometric scanning of the blots. 
The density of the alDh1a1, JaK2/p-JaK2, and sTaT3/p-sTaT3 blots was normalized against that of gaPDh to obtain a relative blot density. Bars are mean ± sD from 
three independent experiments. *P0.05.
Abbreviations: alDh1a1, aldehyde dehydrogenase 1a1; sD, standard deviation; gaPDh, glyceraldehyde 3-phosphate dehydrogenase; shrna, short hairpin rna; 
Pfeiffer-nc, cells transfected with empty vector; Pfeiffer-shrna, alDh1a1-shrna vector; Pfeiffer-alDh1a1, alDh1a1 expression vector; p-sTaT3, phosphorylated-
sTaT3; p-JaK2, phosphorylated-JaK2.
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that ALDH1A1 might be involved in activating the JAK2/

STAT3 pathway in DLBCL cells.

alDh1a1 mediates chOP resistance 
through the JaK2/sTaT3 pathway
In the previous experiments, we found that the expression 

of ALDH1A1 was positively correlated with that of STAT3 

and p-STAT3 in DLBCL tissues. Moreover, ALDH1A1 

could regulate the JAK2/STAT3 pathway in Pfeiffer cells. 

To further explore whether ALDH1A1 mediates CHOP 

resistance through the JAK2/STAT3 pathway, we used 

JAK2/STAT3 signaling-specific inhibitor WP1066. The 

treatment concentration of WP1066 was 2 μmol/L. Western 

blotting showed that the expression levels of p-JAK2, 

STAT3, p-STAT3, Bcl-2, and cyclin D1 were increased in 

ALDH1A1-overexpressing cells, while WP1066 neutralized 

the effect of ALDH1A1 overexpression (Figure 4A).

Furthermore, we evaluated IC50, colony formation capac-

ity, and cell apoptosis in Pfeiffer-ALDH1A1 cells treated with 

WP1066. As shown in Figure 4B, WP1066 could increase 

sensitivity of Pfeiffer-NC cells to CHOP (IC50: Pfeiffer-NC, 

644.61 [514.92–851.01] ng/mL vs Pfeiffer-NC+WP1066, 

339.64 [270.22–437.68] ng/mL). Moreover, ALDH1A1-

induced resistance to CHOP, according to IC50, was mark-

edly inhibited by WP1066 (Pfeiffer-ALDH1A1: 1,111.28 

[881.06–1,513.95] ng/mL, Pfeiffer-ALDH1A1+WP1066: 

504.894 [439.335–589.474] ng/mL; P0.05). Colony 

formation assay was also performed to determine the 

long-term effects of WP1066. As shown in Figure 4C, 

WP1066 attenuated ALDH1A1-induced colony formation 

in Pfeiffer-ALDH1A1 cells exposed to CHOP. Upregu-

lating ALDH1A1 expression in Pfeiffer cells prevented 

drug-induced apoptosis while WP1066 impaired these 

effects (Figure 4D).

Discussion
Despite initial excellent response rates to standard treatment, 

recurrent disease is still the major cause of mortality in 

DLBCL.15,16 The resistance of lymphoma cells to CHOP has 

been one of the major challenges in the clinical treatment of 

DLBCL. Therefore, it is of paramount importance to explore 

the molecular mechanisms involved in chemoresistance in 

this disease to identify novel therapeutic targets and develop 

effective treatment strategies.

ALDH1A1 is the predominant isoform of a family of 

cytosolic enzymes that catalyze aldehydes to corresponding 

carboxylic acids, detoxifying many of the free oxygen radicals 

generated by chemotherapeutic agents.17,18 Overexpression of 

ALDH1A1 in many drug-resistant cancer cell lines and tis-

sues derived from chemotherapy-resistant patients indicates 

its potential role in chemoresistance.19 Herein, we observed 

that expression of ALDH1A1 was significantly higher in 

low-sensitivity DLBCL tissues when compared with their 

high-sensitivity counterparts. In line with this observation, 

we found that ALDH1A1 is significantly upregulated in 

DLBCL cell lines compared with human B-cells. In addition 

to conferring resistance to cyclophosphamide, accumulating 

evidence suggests that ALDH1A1 may also be capable of 

mediating resistance to many other agents such as epirubi-

cin, paclitaxel, cisplatin, and tyrosine kinase inhibitors.20–22 

ALDH1A1 expression can also identify tumorigenic cells in 

both solid tumors and B-cell malignancies multiple myeloma 

and classic Hodgkin lymphoma.17,23

In the present study, we confirmed the function of 

ALDH1A1 on CHOP resistance in Pfeiffer cells by modula-

tion of ALDH1A1 expression using lentivirus transfection. 

We found that overexpression of ALDH1A1 increased 

resistance to CHOP. In contrast, ALDH1A1 silencing 

with shRNA enhanced CHOP-induced cytotoxicity. Taken 

together, these findings indicate that ALDH1A1 plays a sig-

nificant role in CHOP resistance. Importantly, disulfiram, a 

potent inhibitor of ALDH1A1, has entered a Phase II clinical 

trial for newly diagnosed glioblastoma (ClinicalTrials.gov 

identifier NCT01777919). Hence, investigation of the effi-

cacy of targeting ALDH1A1 in DLBCL may be clinically 

feasible in the near future.

It is generally accepted that JAK2/STAT3 is a critical 

survival signal, which is involved in cancer development 

and chemoresistance because of its role in enhancing the 

expression of survival proteins and preventing cell cycle 

arrest.10 In view of its central role, we investigated whether 

JAK2/STAT3 is related to the ALDH1A1 regulation of 

CHOP sensitivity in DLBCL cells. In the current study, we 

found that expression of ALDH1A1 was positively corre-

lated with that of STAT3 and p-STAT3 in the cancer tissues 

obtained from DLBCL patients. Moreover, upregulation and 

silencing of ALDH1A1 increased and decreased the p-JAK2 

and p-STAT3 expression in Pfeiffer cells, respectively, sug-

gesting that ALDH1A1 activates JAK2/STAT3 signaling. 

In addition, we found that treatment of ALDH1A1-Pfeiffer 

cells with the JAK2/STAT3 inhibitor WP1066 resumed the 

CHOP cytotoxicity suppressed by ALDH1A1 overexpres-

sion. Taken together, our findings may provide new mecha-

nistic insights for CHOP chemoresistance in supporting 

a model in which ALDH1A1 enhances CHOP resistance 

through the JAK2/STAT3 pathway.
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Figure 4 effects of WP1066 on the JaK2/sTaT3 pathway and chOP resistance induced by alDh1a1 overexpression.
Notes: (A) The protein levels of alDh1a1, JaK2/p-JaK2, sTaT3/p-sTaT3, and pathway targets (Bcl-2, cyclin D1) were assayed by Western blotting. gaPDh was 
used as an internal control. (B) The ic50 values of chOP were determined by ccK8 assay. (C) colony formation assay was performed to determine the long-term 
effects of WP1066. (D) Flow cytometric analysis of apoptosis in cells combined with chOP (0 and 640 ng/ml). Data are expressed as the mean ± sD of three individual 
experiments. *P0.05.
Abbreviations: alDh1a1, aldehyde dehydrogenase 1a1; sD, standard deviation; gaPDh, glyceraldehyde 3-phosphate dehydrogenase; ccK-8, cell counting Kit-8; 
chOP, combinatorial cyclophosphamide, doxorubicin, vincristine, and prednisone; shrna, short hairpin rna; Pfeiffer-nc, cells transfected with empty vector; Pfeiffer-
shrna, alDh1a1-shrna vector; Pfeiffer-alDh1a1, alDh1a1 expression vector; Pfeiffer-alDh1a1+WP1066, Pfeiffer-alDh1a1 cells treated with WP1066; p-sTaT3, 
phosphorylated-sTaT3; p-JaK2, phosphorylated-JaK2; ic50, half maximal inhibitory concentration.
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CHOP chemotherapy induces cell death and cell cycle 

arrest.24 Here, we found that upregulation of ALDH1A1 

decreased annexin V-positive apoptotic cells induced by 

CHOP. Our study also showed that the antiapoptotic pro-

tein Bcl-2, which is a downstream effector of STAT3, was 

increased dramatically after overexpression of ALDH1A1. 

In a wide range of tumor cells, STAT3 has been shown to 

induce the expression of Bcl-2, the prosurvival protein that 

prevents cytochrome c release and inhibits mitochondria-

dependent cell death.25 In addition to inhibition of the intrin-

sic apoptotic pathway, STAT3 binds directly to the FAS 

promoter in association with JUN to suppress the transcrip-

tion of the death receptor, thus leading to inhibition of the 

extrinsic apoptotic pathway.26 Alas et al reported that inhibi-

tion of STAT3 activity by AG490 sensitizes resistant non-

Hodgkin’s lymphoma to chemotherapeutic drug-mediated 

apoptosis.12 In agreement with this observation, we found 

that the JAK2/STAT3 inhibitor WP1066 also promoted 

apoptosis induced by CHOP. Moreover, we found that 

overexpression of ALDH1A1 increased the expression level 

of cyclin D1, which is another downstream target gene of 

STAT3. In several cell lines, STAT3 and cyclin D1 associate 

to form a transcriptional repressor complex that binds to the 

promoter of the cell cycle inhibitor p21WAF1 to downregu-

late its expression, thus resulting in inhibition of cell cycle 

arrest.10 Together, these observations suggest that the role 

of JAK2/STAT3 in ALDH1A1-mediated chemoresistance 

may be dependent on the inhibition of cell cycle arrest and 

cell apoptosis.

Conclusion
The effects of ALDH1A1 on CHOP chemosensitivity in vivo 

and the applicability of the present findings to other DLBCL 

cell lines remain to be determined. Notwithstanding these 

limitations, our study provides a better understanding on both 

the functional role and molecular mechanism of ALDH1A1 

in CHOP chemoresistance of DLBCL cells. Our current 

work reveals that ALDH1A1 confers resistance to CHOP 

through activation of the JAK2/STAT3 pathway, indicating 

its potential value as a therapeutic target in reversing CHOP 

resistance.
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