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Abstract 
T-cell lymphoblastic lymphoma (T-LBL) is a highly aggressive non-Hodgkin lymphoma with a poor prognosis. P21-activated kinase 
(PAK) is a component of the gene expression-based classifier that can predict the prognosis of T-LBL. However, the role of PAK 
in T-LBL progression and survival remains poorly understood. Herein, we found that the expression of PAK1 was significantly 
higher in T-LBL cell lines (Jurkat, SUP-T1, and CCRF-CEM) compared to the human T-lymphoid cell line. Moreover, PAK2 mRNA 
level of 32 relapsed T-LBL patients was significantly higher than that of 37 cases without relapse (P = .012). T-LBL patients with 
high PAK1 and PAK2 expression had significantly shorter median RFS than those with low PAK1 and PAK2 expression (PAK1,  
P = .028; PAK2, P = .027; PAK1/2, P = .032). PAK inhibitors, PF3758309 (PF) and FRAX597, could suppress the proliferation of 
T-LBL cells by blocking the G1/S cell cycle phase transition. Besides, PF could enhance the chemosensitivity to doxorubicin in vitro 
and in vivo. Mechanistically, through western blotting and RNA sequencing, we identified that PF could inhibit the phosphorylation 
of PAK1/2 and downregulate the expression of cyclin D1, NF-κB and cell adhesion signaling pathways in T-LBL cell lines. These 
findings suggest that PAK might be associated with T-LBL recurrence and further found that PAK inhibitors could suppress 
proliferation and enhance chemosensitivity of T-LBL cells treated with doxorubicin. Collectively, our present study underscores the 
potential therapeutic effect of inhibiting PAK in T-LBL therapy.
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1.  INTRODUCTION
T-cell lymphoblastic lymphoma (T-LBL) is a rare subtype of 

non-Hodgkin lymphoma derived from precursor lymphoblastic 

cells.1 T-LBL and T-cell acute lymphoblastic leukemia (T-ALL) 
are grouped together in the current World Health Organization 
(WHO) classification. Although ALL-like intensive chemotherapy 
has improved the response rate of T-LBL, about 10% to 20% 
of T-LBL patients remain resistant to chemotherapy.2,3 Unlike 
pediatric patients, adult T-LBL patients have a lower tolerance 
to intensive chemotherapy regimens, which may cause a reduced-
dose intensity of induction therapy and consequently affect the 
response rates and survival outcome.4 In addition, high-risk adult 
T-LBL patients also experience high recurrence rates (40%–60%) 
and dismal prognoses after allogeneic or autologous hematopoi-
etic stem cell transplantation (HSCT).5,6 Nevertheless, there is 
currently no targeted therapy approved for T-LBL by the US Food 
and Drug Administration (FDA).7,8 Therefore, it is necessary to 
explore novel therapeutic targets to improve the effectiveness of 
conventional chemotherapeutic agents in T-LBL.

Kinases are common drivers of malignancies and are con-
sidered potential targets for anti-tumor therapy. Several read-
ily manufactured kinase inhibitors are effective and have been 
approved for the treatment of various malignancies. For instance, 
the combination of kinase inhibitors and standard chemotherapy 
has significantly improved the outcomes of Philadelphia chromo-
some-positive ALL patients.9 We previously constructed several 
prognostic prediction models for adult T-LBL using miRNA, CpG 
methylation and gene expression levels.10–12 Notably, p21-acti-
vated kinase (PAK) was identified in the gene expression model of 
adult T-LBL, implying that PAKs might have important biologi-
cal roles in T-LBL. PAKs are members of serine/threonine kinases 
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composed of six subtypes, which are divided into two groups 
based on the sequence and structural homology: group I PAKs 
(including PAK1, PAK2, and PAK3) and group II PAKs (including 
PAK4, PAK5, and PAK6).13 Biologically, PAKs participate in var-
ious cellular processes, including cell growth, cell survival, cyto-
skeleton remodeling, cell migration, and cell morphology.14 PAKs 
are frequently upregulated in various malignancies and influence 
tumor cell proliferation, signal transduction, tumor invasion, 
drug resistance, and immune regulation,15,16 making PAKs the 
confluence of several oncogenic signaling pathways. However, the 
biological function and mechanism of PAKs and the therapeutic 
activity of PAK inhibitors in T-LBL remain largely unknown.

The current study aimed to evaluate the expression, biologi-
cal function, and mechanism of PAKs in T-LBL. We also assessed 
the potential anti-tumor activity of PAK inhibitors (PAKi) in 
T-LBL cells in vitro and in vivo, either as a single agent or in 
combination with a chemotherapeutic drug.

2.  MATERIALS AND METHODS

2.1  Cell culture

The cell lines used in this study included the human T-LBL cells 
Jurkat (ATCC, Manassas, Virginia), SUP-T1 (ATCC), CCRF-
CEM (BeiNa Biotechnology, Beijing, China), and the human 
immortalized T-lymphocyte H9 (BeiNa Biotechnology). All cells 
were cultured in Roswell Park Memorial Institute (RPMI) 1640 
(Gibco, ThermoFisher, Waltham, Massachusetts) supplemented 
with 10% fetal bovine serum (FBS; Biological Industries, 304-
001-1ACS) and 1% penicillin/streptomycin. Cells were cultured 
in a humidified atmosphere of 5% CO2 at 37°C. All cell cultures 
were routinely tested for mycoplasma contamination.

2.2  Patient and tissue samples sequence

Formalin-fixed and paraffin-embedded (FFPE) tissue sam-
ples from 69 T-LBL patients were obtained from Sun Yat-sen 
University Cancer Center (SYSUCC). Details of the inclusion 
and exclusion criteria were described in our previous stud-
ies.10–12 The expression of PAKs was detected by Affymetrix 
human gene 2.0 ST microarray (Thermo Fisher Scientific, 
Waltham, Massachusetts) as previously described.11 The study 
protocol (B2020-046) was approved by the institutional review 
board of SYSUCC.

2.3  Cytotoxicity assay

PF3758309 (PF, Selleckchem, Houston, Texas, Cat. no. 
S7094) is a potent ATP-competitive inhibitor that targets PAK1, 
PAK2, PAK3, PAK4, PAK5, and PAK6. FRAX597 (Selleckchem, 
Cat. no. S7271) is a selective ATP-competitive group I PAK 
inhibitor that binds to PAK1, PAK2, and PAK3. Both PAKi were 
dissolved in dimethyl sulfoxide (DMSO). The DNA topoisom-
erase II inhibitor, doxorubicin (DOX, Selleckchem, Cat. no. 
S1208), was used to evaluate the synergetic effects of PAKi and 
chemotherapy. Doxorubicin was dissolved in water. Cells were 
exposed to various concentrations of the reagents for 48 hours, 
and the cell viability was measured using the CCK-8 assay kit 
(DOJINDO, Cat. no. CK04-05). The 50% inhibitory concen-
trations (IC50) were calculated using Graph Pad Prism 7 (Graph 
Pad Software Inc., San Diego, California).

2.4  Flow cytometry-based apoptosis and cell cycle assay

Cells were treated with various concentrations of PAKi or 
DOX for 24 hours. Cell apoptosis and cell cycle were detected 
by flow cytometry according to standard protocols provided 
by the manufacturer (Annexin V-APC/PI cell apoptosis detec-
tion kit, KeyGEN BioTECH, Cat. no. KGA1030; Cell cycle kit 
KeyGEN BioTECH, Cat. no. KGA512).

2.5  Quantitative real-time polymerase chain reaction

Total RNA was isolated using the RNeasy Plus Mini Kit 
(QIAGEN, Hilden, Germany). RNA was quantified using absor-
bance at a wavelength of 260 nm, and 1 μg of total RNA was 
used for cDNA synthesis with PrimeScript RT Master Mix kit 
(Takara, Kyoto, Japan, Cat. no. RR036A). Real-time polymerase 
chain reactions (PCR) were carried out using the Takara SYBR 
Premix Ex Taq kit (Takara, Cat. no. RR420) in the LightCycler 
480 Instrument II (Roche, Basel, Switzerland). Relative expres-
sion was calculated using the 2−ΔΔCt method (Ct, cycle threshold) 
relative to GAPDH. The corresponding primers are presented in 
Supplemental Table S1, http://links.lww.com/BS/A67.

2.6  Western blotting

Western blotting was performed as previously described.15–17 
Primary antibodies specific to PAK1, PAK2, PAK3, PAK1/2/3, 
p-PAK1(Ser144), p-PAK1(Ser188/204), p-PAK1(Thr423), p-PA-
K2(Ser141), p-PAK2(Thr402), p-PAK(Ser20), NF-κ, cyclinD1 
(1:1000, Cell Signaling Technology, Danvers, Massachusetts) 
and GAPDH (1:1000, Abcam, Cambridge, UK) were used. The 
blots were then incubated with goat anti-rabbit secondary anti-
bodies (Promega, Madison, Wisconsin) and visualized using 
enhanced chemiluminescence.

2.7  Immunohistochemical staining

Briefly, the methods for immunohistochemical staining were 
performed as described in our previous study.15–17 All prepared 
slides underwent deparaffinization and rehydration with stan-
dard xylene-to-ethanol washes. The slides were then blocked in 
phosphate-buffered saline (PBS) with 0.025% Tween 20 with 
10% FBS. After blocking, the slides were incubated at 4°C 
overnight with primary antibodies. Negative controls were 
prepared by substituting PBS for the primary antibodies. The 
following primary antibodies were used: anti-PAK1 + PAK2 + 
PAK3 (phospho S144 + S141 + S154) (1:100; ab40795; Abcam), 
anti-PAK1 + PAK2 + PAK3 (phospho T423 + T402 + T421) 
(1:100; ab62155; Abcam,), anti-cyclin D1 (1:1000; 26399-1-
1p; Proteintech, Wuhan, China), anti–NF-Κb (1:800; 8242; Cell 
Signaling Technology), and anti–Ki-67 (1:2000; 05298512001; 
Roche). Next, the slides were incubated with HRP-conjugated 
anti-rabbit IgG secondary antibodies (Cell Signaling Technology, 
Cat. no.8114) for 30 minutes.

2.8  RNA sequencing analysis

Jurkat and SUP-T1 cells were treated with PF (0.5 × IC50) or 
DMSO for 24 hours. Then, total RNA was extracted from cells 
using TRIzol (Invitrogen). Library construction and sequencing 
were performed by Annoroad Gene Technology (Beijing, China). 
The libraries were sequenced on an Illumina HiSeq 2500 plat-
form, and 100-bp paired-end reads were generated. The refer-
ence genomes and the annotation file were downloaded from 
the ENSEMBL database (http://www.ensembl.org/index.html). 
Bowtie2 v2.2.3 was used for building the genome index, and 
Clean Data was then aligned to the reference genome using 
HISAT2 v2.1.0. DEGseq was used for differential gene expres-
sion analysis. Gene ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) analysis was performed based on 
RNA-seq data and using DAVID v6.8.18 The top significantly 
enriched GO, and KEGG terms were selected for plotting.

2.9  Xenograft studies

In tumor formation assay, 1 × 107 SUP-T1 cells were sus-
pended in 100 μL of PBS/Matrigel (1:1) mixture and injected 
subcutaneously into the right flanks of 4-week-old BALB/C-nu/
nu athymic nude mice (Guangdong Medical Laboratory Animal 

http://links.lww.com/BS/A67
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Center, Guangzhou, China). Animals were randomly assigned 
into four groups: control group, treated with PBS once daily; PF 
group, treated with 10 mg/kg PF once daily; DOX group, treated 
with 2 mg/kg doxorubicin once daily; combination group, 
treated with PF and doxorubicin once daily. All interventions 
were administered intraperitoneally. PF and DOX treatment 
was initiated when tumors reached ~100 mm3. Throughout 
the experiment, the overall health of the animals was closely 
monitored. After day 14 of treatment, the mice were eutha-
nized, and tumors were dissected. Then the tumor weight was 
recorded. The in vivo study was approved by the Animal Care 
and Use Committee of Sun Yat-sen University Cancer Center 
(Guangzhou, Guangdong, China). All experiments were carried 
out strictly following the established institutional guidelines 
and the USA National Institutes of Health (NIH) guidelines for 
using experimental animals.

2.10  Statistical analyses

Data are presented as the mean ± SD from three independent 
experiments. Two-tailed Student t tests and one-way analysis 
of variance (ANOVA), followed by Dunnett tests for multiple 
comparisons, were used to evaluate the data. The combination 
index (CI) was calculated using the equation CI = AB/(A × B).19 
CI < 1 indicates a synergistic effect. Relapse-free survival (RFS) 
time was calculated using the Kaplan-Meier method, and differ-
ences were assessed using the log-rank test. Pearson chi-square 
and Fisher exact tests were used to determine the association 
between clinical characteristics and PAK1/2 expression. All sta-
tistical analyses were performed with SPSS 24.0 or GraphPad 
Prism 7.0 software. A difference was considered to be statisti-
cally significant when P value <.05.

3.  RESULTS

3.1  Expression patterns of PAK family members in T-LBL 
cells

First, we evaluated the expression level of the PAK iso-
forms in T-LBL cell lines. PAK1 mRNA and protein levels in 

T-LBL cells (Jurkat, SUP-T1 and CCRF-CEM) were signifi-
cantly higher than that of human immortalized T-lymphocyte 
cells (H9; Fig.  1A, B). We also evaluated the phosphoryla-
tion of PAK in the T-LBL cells, and different phosphorylated 
sites were identified, including p-PAK2 (Ser141) and p-PAK2 
(Ser20) in the Jurkat cell line, p-PAK1 (Thr423), p-PAK2 
(Thr402) and p-PAK2 (Ser20) in CCRF-CEM cell line, 
p-PAK1 (Ser199/204), p-PAK1 (Thr423), p-PAK2 (Ser141), 
p-PAK2 (Thr402) and p-PAK2 (Ser20) in SUP-T1 cell line 
(Fig. 1B).

3.2  High PAK1/2 mRNA level was associated with 
recurrence of T-LBL

To investigate the expression and prognostic value of PAK 
isoforms in T-LBL patients, the mRNA expression profile of 69 
T-LBL tissue samples was established and analyzed. Among the 
69 T-LBL patients, 44 (63.8%) were male, and the median age 
at diagnosis was 30 years (16–44 years). Most patients (72.5%) 
received T-ALL-like chemotherapy. As shown in Figure 2A, the 
PAK2 mRNA level of 32 relapsed T-LBL patients was signifi-
cantly higher than that of 37 patients with no relapse (P = .012); 
but there was no difference among PAK1, 3, 4, 5/7 mRNA 
expression. The upper quartile (P75) was defined as the high 
expression cut point of PAK1 and PAK2. Overall, patients with 
high PAK1 or PAK2 mRNA expression levels had worse median 
RFS (PAK1, median RFS 31.5 months vs not reached [NR], 
hazard ratio [HR] = 3.001 P = .028; PAK2, median RFS 25.7 
months vs NR, HR = 3.981, P = .027) (Fig. 2B, C). Using the 
median as the boundary value, the high expression of both PAK1 
and PAK2 was defined as PAK1/2 high expression. Notably, 
T-LBL patients with high PAK1/2 mRNA expression devel-
oped earlier recurrence than patients with low PAK1/2 mRNA 
expression (median RFS 26.0 months vs NR, HR = 2.721, P = 
.032) (Fig. 2D). Additionally, patients with high PAK1/2 mRNA 
expression were prone to worse clinicopathological character-
istics, including low hemoglobin level, high Ki-67 expression, 
pleural/pericardial effusion, bone marrow involvement and low 
CR rates (P < .05;).

Figure 1. PAK expression patterns in human T-LBL cells. (A) The PAK mRNA levels in the H9 cell and T-LBL cells were detected using quantitative real-time 
PCR. (B) Western blotting detection of PAK protein levels in H9 cell and T-LBL cells. T-LBL cells: Jurkat, SUP-T1, CCRF-CEM. The human immortalized 
T-lymphocyte cell H9 was used as the control. *P < .05. PAK = P21-activated kinase, PCR = polymerase chain reaction, T-LBL = T-cell lymphoblastic lymphoma.
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3.3  PAKi inhibited cell proliferation by regulating the cell 
cycle in T-LBL

Given the expression pattern of the PAK family in T-LBL, 
two PAK inhibitors (PaKi), PF3758309 (PF) and FRAX597, 
were selected for PAK pharmacological inhibition. CCK-8 
assays revealed that both PAKi could significantly inhibit cell 
viability in a dose-dependent manner in all three T-LBL cell lines 
after a 48-hour treatment window (Fig.  3A). All three T-LBL 
cell lines showed high sensitivity to PF, and IC50 values of the 
two PAK inhibitors are shown in Figure 3B. Next, we evaluated 
the pharmacological effects of PF in a SUP-T1 xenograft mouse 
model with daily intraperitoneal administration of 10 mg/kg PF. 
Notably, PF could significantly attenuate tumor growth, with 
an average of 30.5% reduction in tumor weight after a 2-week 
treatment regimen (Fig. 4B).

Flow cytometry assays were performed to determine whether 
PAKi could influence cell cycle regulation or induce cell apop-
tosis. After treatment using PF and FRAX597 at IC50 concen-
tration for 24 hours, all three T-LBL cells showed significant 
G0/G1 cell cycle arrest, while the S phase transition was pro-
moted (Fig. 3D). Treatment with PF for 24 hours also induced 

significant dose-dependent apoptosis in Jurkat and CCRF-CEM 
cells but not in SUP-T1 cells (Fig.  3C). Taken together, these 
results indicate that PAK inhibition could suppress the prolif-
eration of T-LBL cells via regulating the G1/S phase transition.

To explore the function of PAKs in T-LBL, we established 
PAK1-knockdown SUP-T1 cells and PAK2-knockdown SUP-T1 
cells, and qRT-PCR and western blot was performed to confirm 
the efficiency (Supplemental Figure S1A–B, http://links.lww.com/
BS/A67). CCK-8 assays showed that the proliferation of SUP-T1 
cells were significantly decreased after PAK1 and PAK2 silenc-
ing (Supplemental Figure S1C, http://links.lww.com/BS/A67). 
Furthermore, flow cytometry assays demonstrated that PAK1- 
and PAK2-knockdown both increased the percentage of cells 
in G0/G1 phase and reduced the percentage of cells in S phase 
in SUP-T1 cells (Supplemental Figure S1D–E, http://links.lww.
com/BS/A67). These data indicated that both PAK1 and PAK2 
enhanced proliferation via regulating G1/S phase transition.

3.4  PF enhanced the chemosensitivity of doxorubicin in 
T-LBL in vitro and in vivo

Intensive chemotherapy using drugs such as doxorubicin 
(DOX) is fundamental in the treatment of T-LBL. However, 
chemotherapy resistance and recurrent disease are challenging 
obstacles that need to be overcome.9 To evaluate whether the 
addition of PAKi could enhance the anti-tumor activity of doxo-
rubicin, three T-LBL cell lines were treated with DOX and PF 
simultaneously at various concentrations for 48 hours according 
to Punnett square.20 Compared with treatment with DOX or PF 
alone, the combination of DOX and PF was more effective. The 
combination index (CI) values were 0.505, 0.560, and 0.564 in 
Jurkat, CCRF-CEM, and SUP-T1 cells, respectively. Collectively, 
PF and DOX had a synergistic anti-proliferative effect in all 
three T-LBL cells in vitro (Fig.  4A). In the SUP-T1 xenograft 
model, treatment with PF also significantly increased the sensi-
tivity of T-LBL to DOX treatment, as indicated by the decreased 
tumor volume and weight (Fig. 4B). Together, the above data 
demonstrate the synergistic anti-tumor effect of PAKi and DOX 
in vitro and in vivo, and this combination regimen may repre-
sent a novel strategy in the treatment of T-LBL patients.

3.5  Identification of the target genes and pathways of PF 
in T-LBL

Both PAK kinase-dependent and independent activities are 
important to its function. Hence, total PAK protein and phos-
phorylated PAK protein were detected in T-LBL cells treated 
with PF at two concentrations (IC50 and 2 × IC50) for 24 hours. 
Western blotting revealed significant downregulation of phos-
phorylated PAK proteins, especially p-PAK2 (Ser141) and 
p-PAK2 (Ser-20) (Fig. 5A). This shows that PAKi could reduce 
T-LBL cell viability by downregulating PAK phosphorylation. To 
evaluate the effect of PAKi on other targets, the cell cycle-related 
protein cyclin D1 and proliferation-related protein NF-κB were 
detected in Jurkat cells by western blotting. After being treated 
with PF for 24 hours, the protein level of cyclin D1 and NF-κB 
were downregulated, as well as that of phosphorylated PAK1/2 
(Fig.  5B). Immunohistochemical staining of xenograft tumor 
samples showed that the phosphorylation level of PAK, NF-KB, 
and cyclinD1 also decreased following treatment with PF 
(Fig. 5C). To further explore the molecular mechanism by which 
PAK inhibitors exert their biological effects, genome-wide RNA 
sequencing was conducted to compare gene expression profiles 
between T-LBL cells treated with and without PF. Interestingly, 
there were 1344 and 784 differentially downregulated genes 
in Jurkat and SUP-T1 cell lines after PF treatment, respectively 
(Fig. 5D). A total of 159 common downregulated genes in both 
Jurkat and SUP-T1 cells were further analyzed. GO and KEGG 
enrichment analysis of these 159 downregulated genes revealed 

Table 1

Relationship between PAK1/2 mRNA expression and clinical 
characteristics in T-LBL patients.

Clinical characteristics 

PAK1/2 mRNA

P Low (n = 21) High (n = 48) 

Age (y), No. (%)   .733
  ≥30 11 (52.4) 23 (47.9)  
  <30 10 (47.6) 25 (52.1)  
Gender, No. (%)   .740
  Male 14 (66.7) 30 (62.5)  
  Female 7 (33.3) 18 (37.5)  
ECOG-PS, No. (%)   .599
  ≥2 7 (33.3) 13 (27.1)  
  <2 14 (66.7) 35 (72.9)  
Fever, No. (%)   .740
  Yes 3 (14.3) 10 (20.8)  
  No 18 (85.7) 38 (79.2)  
HGB (G/L), No. (%)   .042*
  ≥130 11 (52.4) 13 (27.1)  
  <130 10 (47.6) 35 (72.9)  
LDH (U/L), No. (%)   .219
  ≥245 13 (61.9) 22 (45.8)  
  <245 8 (38.1) 26 (54.2)  
Ki-67, No. (%)   .017*
  ≥70% 8 (38.1) 33 (68.8)  
  <70% 13 (61.9) 15 (31.3)  
Effusion, pleural/pericardia, No. (%)   .050*
  Yes 4 (19.0) 21 (43.8)  
  No 17 (81.0) 27 (56.3)  
Mediastinal involvement   .698
  Yes 12 (57.1) 25 (52.1)  
  No 9 (42.9) 23 (47.9)  
Bone marrow involvement, No. (%)   .010*
  Yes 8 (38.1) 34 (70.8)  
  No 13 (61.9) 14 (29.2)  
Tumor burden (cm), No. (%)   .069
  ≥10 4 (19.0) 20 (41.7)  
  <10 17 (81.0) 28 (58.3)  
Ann Arbor stage, No. (%)   .712
  I–II 2 (9.5) 7 (14.6)  
  III–IV 19 (90.5) 41 (85.4)  
Complete response, No. (%)   .020*
  Yes 16 (76.2) 22 (45.8)  
  No 5 (23.8) 26 (54.2)  

*P < .05

ECOG-PS = Eastern Cooperative Oncology Group performance status, HGB = hemoglobin,  
LDH = lactate dehydrogenase, PAK = P21-activated kinase.

http://links.lww.com/BS/A67
http://links.lww.com/BS/A67
http://links.lww.com/BS/A67
http://links.lww.com/BS/A67
http://links.lww.com/BS/A67
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that PF could influence the expression of serial genes related to 
cell adhesion and other essential pathways (Fig. 5E).

4.  DISCUSSION
Identifying potential therapeutic targets and novel targeted 

agents is urgently needed for T-cell lymphoblastic lymphoma 
patients. To that end, our study identified overexpressed PAK 
family members in T-LBL cells and tissues and demonstrated 
the potential prognostic value of PAK1/2 expression level in 
T-LBL patients. Moreover, we found that PAKi could suppress 
T-LBL cell proliferation through G1/S transition inhibition and 
enhance the sensitivity of the chemotherapeutic drug DOX in 
T-LBL. Further research into the mechanism of PAKi-induced 
tumor suppression revealed that PF inhibited phosphorylate 
PAK1/2 and other target genes and pathways such as cyclin D1 
and NF-κb. Taken together, our findings emphasize the biolog-
ical role of PAK and the potential therapeutic value of PAKi in 
T-LBL treatment.

Alterations (including amplifications and mutations) of 
PAKs are frequently found in different cancers.13 Studies have 
found that PAK1, PAK2, and PAK4 are generally expressed in 
most cancer types, while the other four isoforms exhibited a 
tissue-specific expression.21 Among the hematological malignan-
cies, 24% of adult T-cell leukemia/lymphoma (ATLL) patients 
exhibited PAK2 gene amplification.22 Meanwhile, PAK1 overex-
pression is found in acute myeloid leukemia (AML) and myel-
odysplastic syndrome (MDS).23 In the present study, PAK1 was 
highly expressed in T-LBL cell lines, and the phosphorylation 

sites of PAK1 and PAK2 varied among the three T-LBL cell 
lines. PAK overexpression is commonly associated with cancer 
progression, acting as a prognostic biomarker in various can-
cers, including ATLL, AML, etc.22–24 However, in contrast to 
the oncogenic function of other PAKs, PAK6 has both onco-
genic and tumor suppressive functions depending on the can-
cer type.25,26 Our study found that the expression of PAK2 was 
increased in patients with recurrent T-LBL, and the overexpres-
sion of PAK1/2 mRNA may be associated with earlier relapses 
in T-LBL patients. T-LBL patients with high PAK1/2 mRNA 
levels had more adverse clinicopathologic features, including 
bone marrow involvement and inferior response to induction 
chemotherapy. The deregulated expression pattern and correla-
tion with prognosis highlight the importance of understanding 
the biological role of PAKs in T-LBL.

PAKs and their activators and substrates have been shown to 
be involved in regulating cell proliferation, cell growth, angio-
genesis, metastasis, and drug resistance, indicating a critical role 
for PAKs in cancer progression. PAK and other cell cycle-related 
proteins, such as cyclins, can directly or indirectly regulate cell 
cycle processes. Through inhibiting the MAPK/PI3K pathway, 
PAK1 could upregulate cyclin D1 expression and induce cell 
cycle transition from G1 to S phase in hepatocellular carci-
noma.27 PAK4 also participates in cell cycle regulation via p21 in 
breast cancer.28 Our study also found that cyclin D1 is downreg-
ulated by PAKi, inducing cell cycle arrest in T-LBL cells. Besides, 
PAKs can also act as the kinase of NF-κB to activate the NF-κB 
signaling pathway, leading to cancer development.29,30 Notably, 
phosphorylation of PAK1 can promote the translocation of 

Figure 2. High PAK1/2 mRNA level was correlated with recurrence of T-LBL. (A) Relationship between PAKs mRNA expression and recurrence in T-LBL 
patients; (B) RFS survival curves in T-LBL patients with high and low PAK1 mRNA levels (median RFS 31.5 mo vs NR, HR = 3.001, P = .028); (C) RFS survival 
curves of T-LBL patients with high and low PAK2 mRNA levels (median RFS 25.7 mo vs NR, HR = 3.981, P = .027); (D) RFS survival curves of T-LBL patients 
with high and low PAK1/2 mRNA levels (median RFS 26.0 mo vs NR, HR = 2.721, P = .032). *P < .05. NR = not reached, PAK = P21-activated kinase, RFS = 
relapse-free survival, T-LBL = T-cell lymphoblastic lymphoma.
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the NF-κB p65 subunit into the nucleus to function as a tran-
scription factor.31 As a result, PAK inhibition may be a viable 
option for NF-κB-targeted cancer therapy. The current study 
found that PAKi could suppress proliferation of T-LBL cells in 
vivo and in vitro, which might be caused by the downregula-
tion of cyclin D1, NF-κB and reduced phosphorylation levels 
of PAK1/2 protein. However, the mechanism of PAKs’ biologi-
cal function in T-LBL is quite intricate. PAK can also influence 
the proliferation and survival of tumor cells through feedback 
control of the nuclear transcription process via downstream 
pathways. These downstream pathways include TCR/NF-κB, 
STAT5, ERK, β-catenin, and Raf/BAD.32,33 In this study, KEGG 

analysis showed that cell adhesion-related genes were downreg-
ulated in T-LBL cells treated with PAKi in vitro. It is worthwhile 
to further investigate the regulatory mechanism of PAKi on cell 
adhesion pathways. Together, these findings indicate that PAKi 
might bring therapeutic benefits to T-LBL patients.

Currently, single-agent PAKi and the combination of PAKi 
and conventional chemotherapy or other targeted agents have 
shown potential therapeutic value for various malignancies 
in preclinical studies.14,34 For instance, PAKi inhibited growth 
and promoted apoptosis of leukemia cells.22,35 However, certain 
adverse events were observed in patients treated with PAKi, 
including neutropenia and gastrointestinal reactions, which 

Figure 3. PAKi suppressed T-LBL cells proliferation by regulating the cell cycle. (A) Response curves for PF and FRAX597 intervention in three T-LBL cell lines; 
(B) IC50 values of PF and FRAX597 in three T-LBL cell lines; (C) The apoptosis analysis of three T-LBL cell lines treated with two PF doses for 24 h. The histogram 
shows the percentage (%) of apoptotic cells. (D) T-LBL cell lines exposed to PF for 24 h at the indicated concentrations were analyzed by flow cytometry for cell 
cycle changes. Stacked bar graphs indicate the percentage of cells in the G0-1, S, and G2/M phases. *P < .05. IC50 = 50% inhibitory concentrations, PAKi = 
P21-activated kinase inhibitors, PF = PF3758309, T-LBL = T-cell lymphoblastic lymphoma.
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hindered further clinical investigation of PAKi.36 Moreover, the 
combination of PAKi and chemotherapy synergistically inhib-
ited cancer cell proliferation and tumor growth in pancreatic 
cancer.37,38 Simultaneous inhibition of PAK and other kinases 
also displayed an enhanced anti-tumor, as reported in the xeno-
graft models of breast cancer and lung cancer.39–42 In addition, 
PAKi could improve the therapeutic efficacy of PD-1 antibod-
ies and CAR-T immunotherapy via enhancing T-cell infiltra-
tion and reprograming the vascular microenvironment.43,44 
These findings suggest that PAKi might be therapeutically used 
to overcome drug resistance in cancer therapy. Our study also 
observed the synergistic effects of PAKi and DOX in T-LBL in 
vivo and in vitro.

In summary, the present results demonstrate the expres-
sion patterns of PAK family members in T-LBL and the asso-
ciation between PAK expression and early relapse of T-LBL. 
Furthermore, PAKi suppressed proliferation, induced G0/G1 cell 
cycle phase arrest and enhanced the chemosensitivity of DOX in 
vitro and in vivo. These anti-tumor activities might be induced 
by the deregulation of PAK phosphorylation, cyclin D1 and 
NF-κB. Together, the above results suggest that PAK might be a 
potential therapeutic target for T-LBL patients.
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