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Abstract: Diffuse large B-cell lymphoma (DLBCL) is the most common type of lymphoid malignancy in the world which 
is mainly divided to ABC type and GCB type. Ibrutinib benefits patients with ABC subtype DLBCL by inhibiting Bruton’s 
tyrosine kinase (BTK), but there are still a lot of patients who are resistant to Ibrutinib. In this study, we found that 
post-translational modification played a regulatory role in mediating Ibrutinib resistance in DLBCL. The expression 
of USP13 was significantly higher in Ibrutinib-resistant U2932 cells compared with Ibrutinib-sensitive WSU-DLCL2 
cells, and its expression was further increased both in WSU-DLCL2 and U2932 after exposure to Ibrutinib. USP13 
overexpression significantly promoted cell growth and decreased Ibrutinib sensitivity in DLBCL while knockdown of 
USP13 significantly increased Ibrutinib-induced apoptosis and improved the sensitivity to Ibrutinib. Further studies 
showed that USP13 interacted with FHL1 and stabilized the expression of FHL1 via deubiquitination, thereby me-
diating the phosphorylation of ERK1/2, resulting in the decrease expression of Bax and the increase expression of 
Bcl-xL, thus mediating Ibrutinib resistance in DLBCL. The results of immunohistochemical staining of tumor tissue 
also indicated that the expression level of USP13 was negatively related to the prognosis of DLBCL patients. These 
new findings provided an experimental basis for overcoming Ibrutinib resistance in DLBCL and showed that USP13 
is a potential therapeutic target and prognostic marker in DLBCL.
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is the 
most common lymphoid malignancy in adults 
[1]. DLBCL can be divided into two main sub-
groups: germinal center B-cell-like (GCB) and 
activated B-cell-like (ABC) [2]. Rituximab, cyclo-
phosphamide, doxorubicin, vincristine, and 
prednisone (R-CHOP) is the standard first-line 
treatment for DLBCL. However, 40% of these 
patients fail to achieve a complete remission or 
suffer a relapse [3]. Due to the genetic and  
biological differences between ABC and GCB 
DLBCL, patients with ABC DLBCL show less 
favorable clinical outcomes. The ABC DLBCL is 
characterized by chronic B-cell receptor (BCR) 
signaling and activation of nuclear factor κB 
(NF-κB) pathway via a cascade of kinases,  
such as spleen tyrosine kinase (SYK), Bruton’s 
tyrosine kinase (BTK) [4]. Ibrutinib, a potent  
and highly selective inhibitor of BTK, is current-

ly approved for the treatment of chronic lym-
phocytic leukemia, mantle cell lymphoma, 
Waldenstrom’s macroglobulinemia, and mar-
ginal zone lymphoma. It has also been found to 
kill the ABC DLBCL lines by reducing NF-κB 
pathway activity. Despite the remarkable suc-
cess of Ibrutinib in the clinic, drug resistance is 
a major ongoing challenge [5, 6].

Post-translational modifications such as phos-
phorylation, ubiquitination, methylation and 
acetylation are crucial in modulating drug resis-
tance in tumor by regulating oncogene activa-
tion, cell cycle regulation, tumor cell metabo-
lism, tumor microenvironment, and cellular 
immune checkpoint [7]. Ubiquitination and  
deubiquitination are important post-transla-
tional modifications involved in numerous bio-
logical functions, such as cell growth, prolifera-
tion, apoptosis, DNA damage response. Ubi- 
quitination is a process through which ubiquitin 
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chains are attached to substrate proteins for 
protein degradation. Deubiquitination is the 
removal of ubiquitin molecules from targeted 
substrates and is mediated by the deubiquiti-
nating enzymes (DUBs). DUBs are categorized 
into two major classes, cysteine proteases  
and metalloproteases [8, 9]. Ubiquitin specific 
protease 13 (USP13), also known as isopepti-
dase T-3, is a deubiquitinase member of the 
cysteine-dependent protease superfamily that 
cleaves ubiquitin off protein substrates to 
reverse ubiquitin-mediated protein degradation 
[10-12]. The structure of USP13 contains a USP 
domain and a ZnF ubiquitin binding domain. 
The USP domain contains two UBA domains. 
USP13 is involved in many cellular processes, 
such as cell cycle regulation, endoplasmic  
reticulum related degradation and autophagy. 
USP13 is also reported to play an important 
role in inflammation and stress response. 
Studies have shown that USP13 plays different 
roles in different tumors. High expression of 
USP13 in breast cancer is associated with a 
better prognosis, while in gastric and ovarian 
cancer it predicts a poor prognosis [7, 13, 14]. 
USP13 plays a pivotal role in cancer develop-
ment by affecting NF-κB, AKT/MAPK, TLR4/
MYD88/NF-κB signaling pathway, regulating 
the stability of PTEN, MCL1, MITF, MITF-M and 
other proteins, regulating the repair of DNA 
damage, and glucose metabolism [15, 16]. 
However, the role of USP13 in DLBCL remains 
unclear.

FHL1 (four and a half LIM domain protein 1), 
also known as SLIM1, is a cytoskeletal protein 
that is highly expressed in skeletal and cardiac 
muscle and mediates protein interactions  
within the cytoplasm. The LIM domain of FHL1 
plays an important role in mediating the inter-
action between FHL1 with other proteins. FHL1 
is involved in various cellular physiological  
functions, such as cytoskeleton remodeling, 
cell growth and transcriptional regulation [17]. 
Moreover, FHL1 has been shown to play an 
important role in regulating tumor progression. 
FHL1 may regulate tumor growth by regulating 
cell cycle and the activation of TGF-β signaling 
pathway. Overexpression of FHL1 in gliomas is 
associated with enhanced tumor invasion and 
migration [18]. However, several findings indi-
cate that FHL1 functions as a tumor suppres-
sor. FHL1 expression was lower in lung adeno-
carcinoma tissues compared with the normal 

lung tissues, and high expression of FHL1 was 
significantly correlated with a better prognosis 
[19]. FHL1 has been reported to mediate the 
resistance of tumor cells to radiotherapy by 
inhibiting CDC25C activity [20]. Zhou et al. [21] 
reported that FHL1 could promote paclitaxel 
resistance in hepatic carcinoma cells via regu-
lating caspase-3 activation. However, the role 
of FHL1 in DLBCL have not yet been identified. 
In this study, the biological function of USP13 
and FHL1 in DLBCL was examined.

Materials and methods

Cell culture, transient plasmid transfection 
and lentivirus infection

DLBCL cell lines WSU-DLCL2 and U2932 were 
obtained from Cobioer Biosciences Company 
(Nanjing, China). WSU-DLCL2 cells were rou-
tinely maintained in DMEM medium (GIBCO, 
Grand Island, NY, USA) supplemented with 10% 
fetal bovine serum (FBS, GIBCO). U2932 cells 
were maintained in RPMI 1640 medium 
(GIBCO) supplemented with 10% FBS. WSU-
DLCL2 was exposed to Ibrutinib at a concentra-
tion of 13 μM, and U2932 was exposed to 
Ibrutinib at a concentration of 19 μM. The expo-
sure time for both was 24 hours. HEK293T 
cells were obtained from Cobioer Biosciences 
Company, and were incubated in DMEM sup-
plemented with 10% FBS. Flag-tagged USP13, 
His-tagged FHL1, and Myc-tagged ubiquitin 
(Myc-Ub) plasmids were obtained from Gene- 
Chem Co., Ltd. (Shanghai, China). Transient 
transfection of plasmids was performed using 
Lipofectamine 2000 (Invitrogen, Shanghai, 
China) following the manufacture’s protocol. 
Lentiviral USP13 overexpression vector (USP- 
13OE), lentiviral USP13 shRNA (shUSP13) and 
lentiviral FHL1 shRNA (shFHL1) were purchas-
ed from the Genechem. USP13 targeting 
sequences were: AGATAAAGAAGTTCACTTT (sh- 
USP13#1), GGTGAAATCTGAACTCATT (shUSP- 
13#2), and CAGTATCTAAATATGCCAA (shUSP- 
13#3). FHL1 targeting sequence was: TGGT- 
GGCCTATGAAGGACAAT. Lentiviral control-shR-
NA (shCtrl) sequence was: TTCTCCGAACGTG- 
TCACGT. Lentivirus infection was performed 
according to the manufacturer’s instructions 
(GeneChem). To establish stable cell lines, len-
tivirus-infected cells were selected with 2 μg/
mL of puromycin (GeneChem).
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Western blot

Total protein was collected and equal amounts 
of total protein were run on SDS-polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferr- 
ed to polyvinylidene fluoride (PVDF) mem-
branes (Roche, Basel, Switzerland). The mem-
branes were then blocked with 5% skim milk  
for 1 h, and incubated with primary antibodies 
overnight at 4°C. Then the membranes were 
washed with phosphate-buffered saline (PBS) 
containing 0.05% Tween 20 (PBS-T) and incu-
bated with the secondary antibody for 1 h. After 
washed with PBS-T, the membranes were visu-
alized using the enhanced chemiluminescence 
(ECL) reagents (NCM Biotech, Suzhou, China) 
and ChemiDoc Touch Imaging System (Bio-rad, 
Hercules, CA, USA). Antibodies and dilutions 
were as follows: anti-USP13 polyclonal anti-
body (1:2000 dilution, Proteintech Group, Wu- 
han, China), anti-USP13 monoclonal antibody 
(1:2000 dilution, Invitrogen), anti-FHL1 anti-
body (1:2000 dilution, Proteintech Group), anti-
Flag-M2 antibody (1:1000 dilution, Sigma-
Aldrich, St Louis, MO, USA), anti-His antibody 
(1:5000 dilution, Proteintech Group), anti-Myc 
antibody (1:2000 dilution, Proteintech Group), 
anti-Bax antibody (1:1000 dilution, Cell Sig- 
naling Technology, Beverly, MA, USA), anti-Bcl-
xL antibody (1:1000 dilution, Cell Signaling 
Technology), anti-ERK1/2 (p44/42 MAPK) anti-
body (1:1000 dilution, Cell Signaling Techno- 
logy), anti-phospho-ERK1/2 (p44/42 MAPK) 
(Thr202/Tyr204) antibody (1:1000 dilution, 
Cell Signaling Technology), anti-Rabbit IgG iso-
type control (1:1000 dilution, Cell Signaling 
Technology), anti-GAPDH antibody (1:5000 
dilution, Proteintech Group), Peroxidase Affini- 
Pure Goat Anti-Rabbit IgG (H + L) (1:10000 dilu-
tion, Jackson ImmunoResearch Laboratories, 
West Grove, PA, USA), Peroxidase AffiniPure 
Goat Anti-Mouse IgG (H + L) (1:10000 dilution, 
Jackson ImmunoResearch Laboratories). 

Immunoprecipitation

For immunoprecipitation (IP), cells were washed 
with PBS and lysed using IP lysis buffer (NCM 
Biotech) with protease and phosphatase inhibi-
tor cocktail (NCM Biotech). The cell lysates 
were centrifuged, and then immunoprecipitat-
ed at 4°C overnight using the indicated primary 
antibodies followed by incubation with Protein 
A/G beads (Roche) for 1 h. The immunocom-
plexes were washed twice with IP lysis buffer 

before being resolved by SDS-PAGE and immu-
noblotted with indicated antibodies.

Apoptosis detection assay

For cell apoptosis analysis, cells were stained 
with an APC Annexin V and 7-Amino-actinomy- 
cin (7-AAD) (Biolegend, San Diego, CA, USA) 
according to the manufacturer’s instructions. In 
brief, the cells were washed twice with cold 
BioLegend’s cell staining buffer, and then 
resuspended in 100 μL of Annexin V binding 
buffer. Cells were then placed into 5 mL test 
tubes. Next, 5 μL of 7-AAD and 5 μL of APC 
Annexin V were added to the tubes and incu-
bated for 15 minutes at room temperature in 
the dark. Samples were diluted with 400 μL of 
Annexin V binding buffer and immediately sub-
jected to flow cytometry.

Quantitative real time RT-PCR (RT-qPCR) assay

Total RNA from the WSU-DLCL2 and U2932 
cells was extracted by using the RNAprep Pure 
Cell/Bacteria kit (Tiangen Biotech, Beijing, 
China) according to the manufacturer’s instruc-
tion. The isolated RNA was further converted 
into first strand cDNA with RevertAid First 
Strand cDNA Synthesis Kit (Thermo Fischer 
Scientific, Waltham, MA, USA). RT-qPCR assay 
was performed by using SuperReal PreMix Plus 
(SYBR Green) (Tiangen Biotech) on an Applied 
Biosystems 7500 real-time PCR detection sys-
tem. The primer sequences are as follows: 
USP13 Forward: 5’-TCTCCTACGACTCTCCCAAT- 
TC-3’; USP13 Reverse: 5’-CAGACGCCCCTCTT- 
ACCTTCT-3’; GAPDH Forward: 5’-TGACTTCAA- 
CAGCGACACCCA-3’; GAPDH Reverse: 5’-CACC- 
CTGTTGCTGTAGCCAAA-3’.

Cell counting kit-8 (CCK-8) assay

Cells were seeded on the 96-well plates (Ther- 
mo Fischer Scientific) at a density of 1 × 104 
cells/well in a volume of 100 μL. CCK8 labelling 
reagent (10 μL; Dojindo, Kumamoto, Japan) 
was added to each well and incubated at 37°C 
for 1 h. Absorbance of the cells was measured 
at 450 nm using a microplate reader (Molecular 
Devices, Sunnyvale, CA, USA).

Patients and specimens

A total of 181 cases of DLBCL, diagnosed 
between January 2012, and December 2018 
at the Affiliated Tumor Hospital of Nantong 
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University, were included in this study. Slides of 
all cases were reviewed according to the 5th 
edition of the World Health Organization (WHO) 
diagnostic criteria. This study was approved by 
the Ethics Committee of the Affiliated Tumor 
Hospital of Nantong University.

Immunohistochemistry and assessment of im-
munohistochemistry

Immunohistochemistry was carried out as 
described previously [22]. Briefly, sections  
were deparaffinized in xylene and rehydrated 
through descending percentages of ethanol to 
water. Antigen retrieval, elimination of the 
endogenous peroxidase activity, and blocking 
were carried out according to standard proto-
cols. The sections were incubated with primary 
antibodies at 4°C overnight. Primary antibodi- 
es used include: 1:300 diluted USP13 (Protein- 
tech Group), and 1:100 diluted FHL1 (Abcam, 
Cambridge, MA, USA). Following the incubation, 
the sections were washed with PBS 3 times, 
and then incubated with HRP-conjugated sec-
ondary antibody (Proteintech Group, PK10006) 
for 30 mins. Antigen-antibody interaction was 
visualized using the chromogenic substrate 
3,3’ diaminobenzidine (DAB) substrate (Pro- 
teintech Group, PK10006), and the sections 
were lightly counterstained with hematoxylin. 
Immunohistochemistry was evaluated by apply-
ing a semi-quantitative Histo-score (H-score) as 
previously described [22]. The optimal cut off 
points of USP13, and FHL1 were calculated 
using X-tile software (Yale University). Under 
these conditions, samples with H-score <160 
and H-score ≥160 were classified as low  
and high expression of USP13, respectively. 
Samples with H-score <70 and H-score ≥70 
were classified as low and high expression of 
FHL1, respectively.

Statistical analysis

Data were represented as mean ± standard 
deviation of 3 independent experiments in 
RT-qPCR, CCK-8 and apoptosis detection 
assay. Comparison between 2 groups of sam-
ples was evaluated using the Student t test. 
The associations between USP13 or FHL1 
expression and clinicopathologic parameters 
were evaluated by Pearson’s chi-square test. 
IC50 value was evaluated via nonlinear regres-
sion (curve fit). Probability of differences in 
overall survival (OS) was ascertained by the 

Kaplan-Meier method, with a log rank test for 
significance. Cox proportional hazards regres-
sion models were used to analyze the potential 
independent prognostic factors. Statistical 
analysis was performed using SPSS 23.0 and 
GraphPad Prism 6 software.

Results

Expression of USP13 is significantly increased 
in U2932 cells (Ibrutinib-resistant) compared 
with WSU-DLCL2 cells (Ibrutinib-sensitive)

First, we examined the mRNA and protein level 
of USP13 in Ibrutinib-resistant U2932 cells  
and Ibrutinib-sensitive WSU-DLCL2 cells [4]. 
Our RT-qPCR data showed that the expression 
of USP13 mRNA was significantly increased  
in U2932 cells compared with WSU-DLCL2 
cells (Figure 1A). Similarly, the protein level of 
USP13 was also significantly increased in 
U2932 cells compared with WSU-DLCL2 cells 
(Figure 1B). We then asked whether USP13 
protein level was markedly increased upon 
exposure to Ibrutinib. As shown in Figure 1C, 
increased levels of USP13 were observed in 
both WSU-DLCL2 and U2932 cells after expo-
sure to Ibrutinib. The activation of the NF-κB 
signaling pathway was one of the characteris-
tics of the ABC subtype DLBCL and closely 
related to the emergence of drug resistance. 
Given that ERK activation was closely related to 
the activation of the NF-κB signaling path- 
way and played an important role in drug resis-
tance in DLBCL, and the increased expressions 
of USP13 and FHL1 were both associated with 
the activation of the ERK signaling pathway, 
ERK1/2 phosphorylation after Ibrutinib expo-
sure was assessed. We found that the level of 
ERK1/2 phosphorylation (pERK1/2: ERK1/2 
ratio) was increased in U2932 cells compar- 
ed with WSU-DLCL2 cells after exposure to 
Ibrutinib (Figure 1D). In addition, the pro-apop-
totic Bax protein level was decreased, whereas 
the anti-apoptotic Bcl-xL protein level was 
increased in U2932 cells compared with WSU-
DLCL2 cells after exposure to Ibrutinib (Figure 
1E). 

USP13 significantly promotes cell growth and 
decreases Ibrutinib sensitivity in DLBCL

We next established a stable WSU-DLCL2 cell 
line overexpressing USP13 (USP13OE) by lentivi-
rus infections and puromycin selection, and 
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USP13 levels were confirmed by Western blot 
(Figure 2A). Investigation of USP13 regulation 
of cell growth indicated that overexpression of 
USP13 promoted cell growth and increased 
ERK1/2 phosphorylation in WSU-DLCL2 cells 
(Figure 2B and 2C). To further validate the  
role of USP13 in DLBCL cell growth, we next 
established U2932 cells stable silencing of 
USP13. As shown in Figure 2D, shUSP13#3 
was highly effective in depleting USP13 in 
U2932 cells. As anticipated, USP13 knockdown 
markedly decreased cell growth and ERK1/2 
phosphorylation in U2932 cells (Figure 2E and 
2F). As revealed by Figure 2G, overexpression 
of USP13 decreased the response to Ibrutinib. 
IC50 values for Ibrutinib were 22.32 μM (R2= 
0.9671) for USP13OE cells versus 13.16 μM 
(R2=0.9610) for Vector cells (P<0.01). Flow cy- 
tometry analysis showed that overexpression 
of USP13 suppressed Ibrutinib-induced apop-
tosis in WSU-DLCL2 cells (Figure 2H, Supple- 
mentary Figure 1A). To confirm this, the effect 
of ectopic expression of USP13 on Bax and Bcl-
xL expression was investigated. Western blot 
showed that overexpression of USP13 signifi-
cantly decreased Bax and increased Bcl-xL 
expression both in the presence or absence of 

Ibrutinib in WSU-DLCL2 cells (Figure 2I). We 
further tested the effects of USP13 downregu-
lation on Ibrutinib sensitivity. USP13 knock-
down sensitized the response to Ibrutinib.  
IC50 values for Ibrutinib were 11.04 μM 
(R2=0.9198) for shUSP13#3 cells versus  
19.41 μM (R2=0.9199) for shCtrl cells (P<0.01, 
Figure 2J). Flow cytometry analysis showed 
that USP13 knockdown enhanced Ibrutinib-
induced apoptosis in U2932 cells (Figure 2K, 
Supplementary Figure 1B). Western blot analy-
sis also revealed that USP13 knockdown 
increased Bax and decreased Bcl-xL expres-
sion both in the presence or absence of 
Ibrutinib in U2932 cells (Figure 2L). These 
results imply that USP13 may regulate Ibrutinib 
sensitivity in DLBCL cells.

USP13 inhibitor Spautin-1 sensitizes the re-
sponse of DLBCL cells to Ibrutinib

We subsequently examined whether Spautin-1, 
a specific small-molecule inhibitor of USP fami-
ly members USP10 and USP13, sensitizes the 
response of DLBCL cells to Ibrutinib. As shown 
in Figure 3A and 3B, addition of the Spautin-1 
resulted in decreased USP13 protein expres-

Figure 1. The expression of USP13 in 
DLBCL. A: The expression of USP13 in 
mRNA level in WSU-DLCL2 and U2932 
(***: P<0.001). B: The expression of 
USP13 in protein level in WSU-DLCL2 
and U2932. C: The expression of USP13 
in WSU-DLCL2 and U2932, with or with-
out the stimulation of Ibrutinib. D: The 
expression of ERK1/2 and pERK1/2 in 
WSU-DLCL2 and U2932 when exposure 
to Ibrutinib. E: The expression of Bax and 
Bcl-xL in WSU-DLCL2 and U2932 when 
exposure to Ibrutinib.
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Figure 2. Effect of USP13 on proliferation and apoptosis of DLBCL. A: The efficacy of overexpression of USP13 in 
WSU-DLCL2 with lentiviral. B: The growth rate of USP13 overexpression (USP13OE) or negative control (Ctrl) WSU-
DLCL2 (***: P<0.001). C: The expression of ERK1/2 and pERK1/2 in USP13 overexpression (USP13OE) or negative 
control (Ctrl) WSU-DLCL2. D: The efficacy of knockdown of USP13 in U2932 with lentiviral. E: The growth rate of 
USP13 knockdown (shUSP13#3) or negative control (shCtrl) U2932 (**: P<0.01, ***: P<0.001). F: The expression 
of ERK1/2 and pERK1/2 in USP13 knockdown (shUSP13#3) or negative control (shCtrl) U2932. G: IC50 value of 
Ibrutinib in USP13 overexpression (USP13OE) or negative control (Ctrl) WSU-DLCL2. H: Apoptosis induced by Ibrutinib 
in USP13 overexpression (USP13OE) or negative control (Ctrl) WSU-DLCL2 (*: P<0.05, ***: P<0.001). I: The expres-
sion of Bax and Bcl-xL induced by Ibrutinib in USP13 overexpression (USP13OE) or negative control (Ctrl) WSU-DLCL2. 
J: IC50 value of Ibrutinib in USP13 knockdown (shUSP13#3) or negative control (shCtrl) U2932. K: Apoptosis in-
duced by Ibrutinib in USP13 knockdown (shUSP13#3) or negative control (shCtrl) U2932 (***: P<0.001). L: The 
expression of Bax and Bcl-xL induced by Ibrutinib in USP13 knockdown (shUSP13#3) or negative control (shCtrl) 
U2932.
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sion and enhanced Ibrutinib-induced apoptosis 
in U2932 cells (Supplementary Figure 1C). 
Furthermore, Spautin-1 dramatically increased 
Bax and decreased Bcl-xL expression in the 
presence of Ibrutinib in U2932 cells (Figure 
3C). Importantly, Spautin-1 sensitized the 
response of Ibrutinib-resistant U2932 cells to 

Ibrutinib. IC50 values for Ibrutinib were 12.05 
μM (R2=0.9588) for Spautin-1-treated cells ver-
sus 19.89 μM (R2=0.9035) for DMSO-treated 
cells (P<0.001, Figure 3D). We further tested 
whether Spautin-1 could also sensitize the 
response of WSU-DLCL2 cells to Ibrutinib. 
Similarly, addition of Spautin-1 also significant-

Figure 3. Effect of Spautin-1 on Ibrutinib resistance in DLBCL. A: The efficacy of inhibition of USP13 in U2932 with 
Spautin-1. B: Apoptosis of U2932 induced by DMSO, Ibrutinib or Ibrutinib and Spautin-1 (*: P<0.05). C: The expres-
sion of Bax and Bcl-xL induced by DMSO, Ibrutinib or Ibrutinib and Spautin-1 in U2932. D: IC50 value of Ibrutinib in 
U2932 with DMSO or Spautin-1. E: The efficacy of inhibition of USP13 in WSU-DLCL2 with Spautin-1. F: Apoptosis of 
WSU-DLCL2 induced by DMSO, Ibrutinib or Ibrutinib and Spautin-1 (*: P<0.05). G: The expression of Bax and Bcl-xL 
induced by DMSO, Ibrutinib or Ibrutinib and Spautin-1 in WSU-DLCL2.
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ly decreased the protein level of USP13 in WSU-
DLCL2 cells (Figure 3E). In addition, Spautin-1 
also enhanced Ibrutinib-induced apoptosis, 
increased Bax expression and decreased Bcl-
xL expression in WSU-DLCL2 cells (Figure 3F 
and 3G, Supplementary Figure 1D). Taken 
together, these data suggest that USP13 in- 
hibitor Spautin-1 markedly enhances Ibrutinib-
induced apoptosis, and abolishes Ibrutinib 
resistance in DLBCL cells.

Ectopic expression of USP13 in U2932 cells 
enhances resistance to Ibrutinib-induced 
apoptosis, and knockdown of USP13 in WSU-
DLCL2 cells increases Ibrutinib-induced apop-
tosis

We further tested whether ectopic expression 
of USP13 could enhance resistance to Ibrutin- 
ib-induced apoptosis in U2932 cells. We next 
established USP13OE stable U2932 cells, and 
USP13 protein expression was confirmed by 
Western blot (Figure 4A). Enforced expression 
of USP13 increased ERK1/2 phosphorylation, 
and suppressed Ibrutinib-induced apoptosis in 
U2932 cells (Figure 4B and 4C, Supplement- 
ary Figure 1E). Moreover, overexpression of 
USP13 significantly decreased Bax and 
increased Bcl-xL expression both in the pres-
ence or absence of Ibrutinib in U2932 cells 
(Figure 4D). We also tested whether downregu-
lation of USP13 could increase Ibrutinib-
induced apoptosis in WSU-DLCL2 cells. We 
next established WSU-DLCL2 cells stable 
silencing of USP13. As revealed in Figure 4E, 
shUSP13#3 was also highly effective in de- 
pleting USP13 in WSU-DLCL2 cells. As antici-
pated, USP13 knockdown dramatically sup-
pressed ERK1/2 phosphorylation, and in- 
creased Ibrutinib-induced apoptosis in WSU-
DLCL2 cells (Figure 4F and 4G, Supplement- 
ary Figure 1F). As shown in Figure 4H, USP13 
knockdown increased Bax and decreased Bcl-
xL expression both in the presence or absence 
of Ibrutinib in WSU-DLCL2 cells.

USP13 interacted with FHL1 and stabilized the 
expression of FHL1 via deubiquitination

To identify USP13-interacting proteins, we per-
formed immunoprecipitation-mass spectrome-
try (IP-MS) analysis. Our IP-MS data showed 
that FHL1 was among the group of USP13-
interacting proteins in both WSU-DLCL2 and 
U2932, it was also reported to be related to the 
formation of tumor drug resistance. In addition, 

FHL1 has been reported to be regulated by 
post-translational modifications such as ubiqui-
tination. Therefore, we proposed a hypothesis 
that USP13 played a role in drug resistance 
through FHL1 in DLBCL. We next determined 
the interaction between USP13 and FHL1 in 
WSU-DLCL2 and U2932 cells at an endogen- 
ous protein level. Co-IP/Western blot assays 
further confirmed the interaction between 
USP13 and FHL1 (Figure 5A). Next, we co-
transfected exogenous USP13 and FHL1 into 
the HEK293T cells. The interaction between 
USP13 and FHL1 was verified by employing 
exogenous Co-IP tests HEK293T cells, suggest-
ing that there was indeed interaction between 
USP13 and FHL1 (Figure 5B). Western blot 
analysis showed that overexpression of USP13 
in WSU-DLCL2 and U2932 significantly en- 
hanced the expression of FHL1 in the absence 
and presence of Ibrutinib in WSU-DLCL2 and 
U2932 cells. In contrast, knockdown of USP13 
in WSU-DLCL2 and U2932 decreased the 
expression of FHL1 in the absence and pres-
ence of Ibrutinib (Figure 5C). Overexpression of 
USP13 decreased ubiquitination of FHL1 and 
stabilized FHL1 protein (Figure 5D and 5E). 
Taken together, these data suggest that  
USP13 can interact with FHL1 and stabilize the 
expression of FHL1 via deubiquitination.

Knockdown of FHL1 in DLBCL cells increases 
Ibrutinib-induced apoptosis

We next established U2932 cells stable silenc-
ing of FHL1. As shown in Figure 6A, shFHL1 
was highly effective in depleting FHL1 expres-
sion in U2932 cells. FHL1 knockdown sig- 
nificantly suppressed ERK1/2 phosphoryla- 
tion in U2932 cells (Figure 6B). FHL1 knock- 
down increased Ibrutinib-induced apoptosis in 
U2932 cells (Figure 6C, Supplementary Figure 
2A). Moreover, knockdown of FHL1 increased 
Bax and decreased Bcl-xL expression in U2932 
cells (Figure 6D). We next determined whether 
knockdown of FHL1 in WSU-DLCL2 cells in- 
creases Ibrutinib-induced apoptosis. We estab-
lished WSU-DLCL2 cells stable silencing of 
FHL1. As shown in Figure 6E, shFHL1 was also 
proven to be highly effective in depleting FHL1 
expression in WSU-DLCL2 cells. Similar results 
were observed after silencing of FHL1 in WSU-
DLCL2 cells (Figure 6F-H, Supplementary 
Figure 2B). Collectively, the above findings  
suggest that knockdown of FHL1 increases 
Ibrutinib-induced apoptosis in DLBCL cells.
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USP13 mediated drug resistance is reversed 
by inhibition of FHL1 in DLBCL cells

We subsequently determined whether USP13 
mediated drug resistance could be reversed by 
inhibition of FHL1 in DLBCL cells. Knock- 
down of FHL1 by infection of FHL1 lentivirus 

decreased FHL1 expression in USP13OE-U2932 
and WSU-DLCL2 cells (Figure 7A). As shown in 
Figure 7B, FHL1 knockdown significantly sup-
pressed ERK1/2 phosphorylation in USP13OE- 
U2932 and WSU-DLCL2 cells. FHL1 knock- 
down increased apoptosis in USP13OE-U2932 
and WSU-DLCL2 cells (Figure 7C and 7D, 

Figure 4. Effect of overexpression of USP13 on apoptosis of Ibrutinib-resistant U2932 and downregulation of USP13 
on apoptosis of Ibrutinib-sensitive WSU-DLCL2. A: The efficacy of overexpression of USP13 in U2932 with lentiviral. 
B: The expression of ERK1/2 and pERK1/2 in USP13 overexpression (USP13OE) or negative control (Ctrl) U2932. C: 
Apoptosis induced by Ibrutinib in USP13 overexpression (USP13OE) or negative control (Ctrl) U2932 (***: P<0.001). 
D: The expression of Bax and Bcl-xL induced by Ibrutinib in USP13 overexpression (USP13OE) or negative control 
(Ctrl) U2932. E: The efficacy of knockdown of USP13 in WSU-DLCL2 with lentiviral. F: The expression of ERK1/2 
and pERK1/2 in USP13 knockdown (shUSP13#3) or negative control (shCtrl) WSU-DLCL2. G: Apoptosis induced by 
Ibrutinib in USP13 knockdown (shUSP13#3) or negative control (shCtrl) WSU-DLCL2 (*: P<0.05, ***: P<0.001). H: 
The expression of Bax and Bcl-xL induced by Ibrutinib in USP13 knockdown (shUSP13#3) or negative control (shCtrl) 
WSU-DLCL2.
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Supplementary Figure 3). Further, knockdown 
of FHL1 reversed the decrease of Bax and 
increase of Bcl-xL induced by USP13 overex-
pression in U2932 and WSU-DLCL2 cells 
(Figure 7E and 7F). These data suggest that 
FHL1 knockdown reverses USP13 mediated 
Ibrutinib resistance in DLBCL cells.

Expression of USP13 and FHL1 in DLBCL pa-
tients

Expression analysis of USP13 and FHL1 was 
conducted with primary tumors from 181 DLB- 
CL patients by immunohistochemistry. USP13 
was highly expressed in 67 patients (H-score 
>160), and low expressed in 114 cases 
(H-score ≤160). FHL1 was highly expressed in 
39 patients (H-score >70), and low expressed 

in 142 patients (H-score ≤70) (Supplementary 
Figure 4). As shown in Table 1, USP13 expres-
sion status was correlated with age (P=0.010), 
B symptoms (P=0.038), ECOG PS score 
(P=0.006), IPI score (P=0.021) and serum LDH 
level (P=0.005). However, there was no signifi-
cant correlation between the expression of 
FHL1 and the clinicopathological parameters 
(all P>0.05). Kaplan-Meier survival analysis 
showed that overall survival (OS) was signifi-
cantly prolonged in patients with low USP13 
expression (P=0.001), while there was no sig-
nificant correlation between the expression 
level of FHL1 and OS (P=0.255) (Figure 8A, 
8B). When combined USP13 with FHL1 expres-
sion, we found that there was a trend toward 
shortened OS in the subset of patients with 
high expression of both USP13 and FHL1, but 

Figure 5. USP13 positively regulated the expression of FHL1 through deubiquitination. A: The interaction between 
USP13 and FHL1 in WSU-DLCL2 and U2932. B: The interaction between USP13 and FHL1 in HEK293T. C: The 
expression of FHL1 induced by Ibrutinib in USP13 overexpression (USP13OE) or negative control (Ctrl) and USP13 
knockdown (shUSP13#3) or negative control (shCtrl) WSU-DLCL2 and U2932. D: Ubiquitination level FHL1 in 
HEK293T with or without USP13. E: Expression level of FHL1 in HEK293T with or without USP13 in the case of 
exposure to CHX for 0, 4, 8 or 12 h.
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there was no statistically significant difference 
(P=0.126, Figure 8C). Further analysis showed 
that in patients with Ki-67 index lower than 
75%, patients with high expression of both 
USP13 and FHL1 had shortened OS than other 
patients (P=0.003, Figure 8D). In patients with 
involvement of <2 extranodal sites, patients 
with high expression of both USP13 and FHL1 
had shortened OS than other patients (P= 
0.015, Figure 8E). In patients with ECOG PS 
score <2, patients with high expression of both 
USP13 and FHL1 also had shortened OS than 
other patients (P=0.008, Figure 8F). Cox analy-
sis results suggested that age (P<0.001), Hans 
classification (P=0.010), B symptoms (P< 

0.001), extranodal invasion (P=0.015), ECOG 
PS score (P<0.001), IPI score (P<0.001), serum 
LDH level (P<0.001) and USP13 expression 
(P=0.006) were correlated with OS. Statisti- 
cally significant variables in the Cox univariate 
analysis were included in the multivariate anal-
ysis. Multivariate analysis show that IPI score 
(P<0.001), Hans classification (P=0.011) and 
USP13 expression (P=0.043) are independent 
prognostic factors for OS (Table 2).

Discussion

DLBCL is the most common type of non-Hodg-
kin lymphoma. The formation of tumor resis-

Figure 6. Effect of FHL1 on Ibrutinib-induced apoptosis of DLBCL. A: The efficacy of knockdown of FHL1 in U2932 
with lentiviral. B: The expression of ERK1/2 and pERK1/2 in FHL1 knockdown (shFHL1) or negative control (shCtrl) 
U2932. C: Apoptosis induced by Ibrutinib in FHL1 knockdown (shFHL1) or negative control (shCtrl) U2932 (***: 
P<0.001). D: The expression of Bax and Bcl-xL in FHL1 knockdown (shFHL1) or negative control (shCtrl) U2932. E: 
The efficacy of knockdown of FHL1 in WSU-DLCL2 with lentiviral. F: The expression of ERK1/2 and pERK1/2 in FHL1 
knockdown (shFHL1) or negative control (shCtrl) WSU-DLCL2. G: Apoptosis induced by Ibrutinib in FHL1 knockdown 
(shFHL1) or negative control (shCtrl) WSU-DLCL2 (**: P<0.01). H: The expression of Bax and Bcl-xL in FHL1 knock-
down (shFHL1) or negative control (shCtrl) WSU-DLCL2.
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Figure 7. USP13 affects Ibrutinib-induced apoptosis of DLBCL through FHL1. A: The efficacy of knockdown of FHL1 
in USP13-overexpressed U2932 and WSU-DLCL2 with lentiviral. B: The expression of ERK1/2 and pERK1/2 in FHL1 
knockdown (shFHL1) or negative control (shCtrl) USP13 overexpressed U2932 and WSU-DLCL2. C: Apoptosis in 
negative control (Ctrl), USP13 overexpression (USP13OE), FHL1 knockdown (shFHL1) or USP13 overexpression plus 
FHL1 knockdown (USP13OE+shFHL1) U2932 (***: P<0.001). D: Apoptosis in negative control (Ctrl), USP13 overex-
pression (USP13OE), FHL1 knockdown (shFHL1) or USP13 overexpression plus FHL1 knockdown (USP13OE+shFHL1) 
WSU-DLCL2 (***: P<0.001). E: The expression of Bax and Bcl-xL in negative control (Ctrl), USP13 overexpression 
(USP13OE), FHL1 knockdown (shFHL1) or USP13 overexpression plus FHL1 knockdown (USP13OE+shFHL1) U2932. 
F: The expression of Bax and Bcl-xL in negative control (Ctrl), USP13 overexpression (USP13OE), FHL1 knockdown 
(shFHL1) or USP13 overexpression plus FHL1 knockdown (USP13OE+shFHL1) WSU-DLCL2.
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tance is one of the key factors that make DLBCL 
difficult to treat or eventually relapse. Currently, 
the standard treatment for DLBCL is R-CHOP, 
but numerous patients fail to achieve remission 
or eventually relapse, especially ABC subtype. 
The reason of drug resistance to R-CHOP may 
be related to abnormal DNA repair, altered epi-
genetic modification, altered drug metabolism 
and abnormal immune microenvironment. For 
instance, the treatment effect of R-CHOP is 
better in patients with high expression of CD24 
[23]. At the same time, TCFL5 induces resis-
tance to adriamycin through interaction with 
GPX4, aberrant DNA methylation also induces 
resistance to R-CHOP regimens [24].

In recent years, in order to solve the problem of 
drug resistance to R-CHOP treatment regimen 

and improve the therapeutic effect of  
DLBCL patients, a variety of new therapies 
have been developed. These drugs can be 
mainly divided into signaling pathway inhibi-
tors, anti-angiogenesis drugs, immune check-
point related drugs, anti-immune escape  
drugs, BTK inhibitor and other new targeted 
therapeutic drugs, which includes Ibrutinib, but 
there are still patients who are resistant to 
treatment.

The prognosis of the ABC subtype of DLBCL is 
poor. Activation of the BTK and its downstream 
NF-κB signaling pathway is one of the charac-
teristics of the ABC subtype of DLBCL. Ibrutinib, 
as a potent BTK inhibitor that blocks the BCR-
dependent NF-κB signaling pathway, can lead 

Table 1. Relationship between USP13 and FHL1 expression levels and clinicopathological features of 
181 patients with DLBCL

Clinicopathological parameter n
USP13

P value
FHL1

P value
Low High Low High

Age 0.010 0.419
    <60 56 43 13 46 10
    ≥60 125 71 54 96 29
Gender 0.331 0.306
    male 78 46 32 64 14
    female 103 68 35 78 25
Hans classificationa 0.707 0.802
    GCB 43 28 15 33 10
    non-GCB 126 78 48 99 27
B symptom 0.038 0.288
    exist 158 104 54 122 36
    absence 23 10 13 20 3
Ki-67b 0.521 0.540
    <75% 63 41 22 51 12
    ≥75% 113 68 45 87 26
Extranodal invasion 0.647 0.113
    0-1 115 71 44 86 29
    ≥2 66 43 23 56 10
ECOG PS score 0.006 0.614
    <2 105 75 30 81 24
    ≥2 76 39 37 61 15
IPI score 0.021 0.450
    0-2 74 54 20 56 18
    3-5 107 60 47 86 21
LDH 0.005 0.630
    normal 52 41 11 42 10
    high 129 73 56 100 29
Annotation: a12 value were missing in Hans classification; b5 value were missing in Ki67 value.
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to remission in about 40% patients with ABC 
subtype. At present, Ibrutinib has been approv- 
ed for the treatment of chronic lymphocytic leu-
kemia, mantle cell lymphoma and other hema-
tologic malignancies, and a number of phase I 
clinical trials of Ibrutinib for the treatment of 
relapsed/refractory DLBCL are also underway.

However, there are still cases of resistance  
to Ibrutinib. Studies have shown that the eleva-
tion of CD79B, 17p deletion, the decline of 

nation enzyme activity. For instance, USP13 
binds to mutant EGFR through UBA domain, 
inhibits the degradation of mutant EGFR by 
deubiquitination, and mediates afatinib resis-
tance in non-small cell lung cancer. USP13 also 
induces imatinib resistance in gastrointestinal 
stromal tumors through interacting with 
autophagy-related protein 5 and down-regulat-
ing its ubiquitination levels. In addition, USP13 
deubiquitinates RAP80 by interacting with 
RAP80 to form the RAP80-BRCA1 complex, 

Figure 8. Expression of USP13 and FHL1 in DLBCL patients. A: Survival 
curve was drawn according to the expression level of USP13 in tumor tissues 
of patients, and OS was significantly prolonged in patients with low USP13 
expression. B: Survival curves were drawn according to the expression level 
of FHL1 in tumor tissues of patients, and there was no significant correlation 
between the expression status of FHL1 and patients’ OS. C: Survival curves 
were drawn based on the expression levels of USP13 and FHL1 in the tumor 
tissues of 181 patients. D: In patients whose Ki-67 index in tumor tissue low-
er than 75%, the survival curve was drawn according to the expression levels 
of USP13 and FHL1 in the tumor tissue. E: In patients with extrannodal tu-
mor invasion less than 2 places, the survival curve was drawn according to 
the expression levels of USP13 and FHL1 in the tumor tissue of the patients. 
F: In patients whose ECOG PS score <2, survival curves were plotted accord-
ing to the expression levels of USP13 and FHL1 in tumor tissue.

PTEN and FOXO3a, the up-reg-
ulation of BCL2 and PIMA1 
are closely related to Ibru- 
tinib resistance [25]. Down-
regulation of XBP1 leads to 
down-regulation of UPR, which 
mediates Ibrutinib resistance. 
Mutations in PLCγ2, MYD88, 
C481S in BTK are also associ-
ated with Ibrutinib resistance 
[25]. Although Ibrutinib effec-
tively inhibits the kinase activ-
ity of BTK, studies have shown 
that NF-κB and other down-
stream signaling pathway are 
activated in DLBCL when BTK 
is inhibited. However, the 
mechanism of resistance to 
Ibrutinib in DLBCL has not 
been fully elucidated. 

The NF-κB pathway is acti- 
vated in patients with ABC 
subtype, and many compo-
nents of this pathway under- 
go post-translational modifica-
tions [26]. Post-translational 
modification plays an impor-
tant role in mediating drug 
resistance in patients with 
ABC subtype. Therapy target-
ing post-translational modifi-
cation is also an effective 
strategy to overcome drug 
resistance in tumor. Deubiqui- 
tination is an important way  
of post-translational modifica-
tion. As a deubiquitinating en- 
zyme, USP13 plays an impor-
tant role in mediating drug 
resistance in tumors. USP13 
mainly mediates tumor resis-
tance through its deubiquiti-
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which regulates DNA damage response and 
induces chemotherapy resistance in ovarian 
cancer patients. 

In this paper, we found that post-translational 
modification plays a very important role in 
Ibrutinib resistance in DLBCL. The expression 
of USP13 was higher in Ibrutinib-resistant 
U2932 cells then Ibrutinib-sensitive WSU-
DLCL2 cells. Ibrutinib exposure also increased 
USP13 expression in DLBCL cells. High expres-
sion of USP13 promoted the proliferation of 
DLBCL cells, inhibited the apoptosis induced  
by Ibrutinib, and decreased its sensitivity to 
Ibtutinib. Immunoprecipitation results showed 
that USP13 and FHL1 interacted. FHL1 is a 
cytoskeletal protein whose expression could be 
regulated by post-translational modifications 
such as ubiquitination. Our results showed that 
the increased expression of USP13 stabilized 
the expression of cytoskeleton molecule FHL1 
through deubiquitination modification, thereby 
mediating the activation of ERK signaling path-
way to inhibit Ibrutinib-induced apoptosis. ERK 
activation is closely related to the activation of 
NF-κB signaling pathway, which plays an impor-
tant role in drug resistance in DLBCL. Our study 
illustrated the important role of USP13-FHL1-
ERK signaling pathway in mediating Ibrutinib 
resistance in DLBCL.

USP13/FHL1 and apoptosis-related protein 
Bax and Bcl-xL in DLBCL, which provided a new 
way to solve the problem of Ibrutinib resistance 
in patients with ABC subtype DLBCL. The 
results of immunohistochemical staining also 
suggested that the expression level of USP13 
in DLBCL was closely related to the prognosis 
of patients. Patients with low USP13 expres-
sion in tumor tissue had longer OS than those 
with high USP13 expression, which could be 
used to predict the prognosis of patients. 

Paraffin tissue samples from DLBCL patients 
who were treated with BTK inhibitors (Ibrutinib 
or Zanubrutinib) were also collected for immu-
nohistochemical staining. The results suggest-
ed that patients with low USP13 expression 
were more likely to benefit from BTK inhibitor 
therapy. However, due to the limited number of 
patients treated with BTK inhibitors, we will fur-
ther verify this conclusion by expanding the 
sample size.
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Table 2. Cox univariate and multivariate regression analysis

Variate
OS

P value
HR (95% CI)

Cox unifactor analysis
    Age (≥60 vs <60) 2.290 (1.482-3.537) <0.001
    Gender (male vs female) 1.010 (0.706-1.444) 0.959
    Hans classification (nonGCB vs GCB) 1.870 (1.163-3.007) 0.010
    B symptom (exist vs absence) 2.373 (1.462-3.853) <0.001
    Ki-67 (≥75% vs <75%) 1.418 (0.961-2.093) 0.079
    Extranodal invasion (≥2 vs 0-1) 1.572 (1.093-2.259) 0.015
    ECOG PS score (≥2 vs <2) 4.325 (2.983-6.272) <0.001
    IPI score (3-5 vs 0-2) 3.614 (2.399-5.444) <0.001
    LDH (high vs normal) 3.271 (2.035-5.257) <0.001
    USP13 (high vs low) 1.653 (1.155-2.367) 0.006
    FHL1 (high vs low) 0.817 (0.526-1.269) 0.368
Cox multivariate analysis
    IPI score (3-5 vs 0-2) 3.060 (2.002-4.678) <0.001
    B symptom (exist vs absence) 1.534 (0.894-2.633) 0.120
    Hans classification (nonGCB vs GCB) 1.864 (1.155-3.007) 0.011
    USP13 (high vs low) 1.484 (1.013-2.175) 0.043

In addition, hematologic tu- 
mors apply mitochondrial apo- 
ptosis mechanisms to survive 
by overexpressing anti-apop-
totic Bcl-2 family proteins [27]. 
Our results confirmed that 
USP13-FHL1 interaction caus- 
ed a decrease in the expres-
sion of pro-apoptotic protein 
Bax and an increase in the 
expression of anti-apoptotic 
protein Bcl-xL, thereby exert-
ing an anti-apoptotic effect 
and causing resistance to 
Ibrutinib.

Both USP13 and FHL1 are 
promising targets for tumor 
therapy, but the role of their 
interaction in mediating treat-
ment resistance have been 
rarely reported. In this paper, 
we detected the relationship 
between the expression of 
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Supplementary Figure 1. Representative images of apoptosis in WSU-DLCL2 and U2932. A: Apoptosis induced 
by Ibrutinib in USP13 overexpression (USP13OE) or control (Vector) WSU-DLCL2. B: Apoptosis induced by Ibrutinib 
in USP13 knockdown (shUSP13#3) or negative control (shCtrl) U2932. C: Apoptosis of U2932 induced by DMSO, 
Ibrutinib or Ibrutinib and Spautin-1. D: Apoptosis of WSU-DLCL2 induced by DMSO, Ibrutinib or Ibrutinib and Spau-
tin-1. E: Apoptosis induced by Ibrutinib in USP13 overexpression (USP13OE) or control (Vector) U2932. F: Apoptosis 
induced by Ibrutinib in USP13 knockdown (shUSP13#3) or negative control (shCtrl) WSU-DLCL2.

Supplementary Figure 2. Representative images of apoptosis in WSU-DLCL2 and U2932. A: Apoptosis induced by 
Ibrutinib in FHL1 knockdown (shFHL1) or negative control (shCtrl) U2932. B: Apoptosis induced by Ibrutinib in FHL1 
knockdown (shFHL1) or negative control (shCtrl) WSU-DLCL2.

Supplementary Figure 3. Representative images of apoptosis in WSU-DLCL2 and U2932. A: Apoptosis in negative 
control (Ctrl), USP13 overexpression (USP13OE), FHL1 knockdown (shFHL1) or USP13 overexpression plus FHL1 
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knockdown (USP13OE+shFHL1) U2932. B: Apoptosis in negative control (Ctrl), USP13 overexpression (USP13OE), 
FHL1 knockdown (shFHL1) or USP13 overexpression plus FHL1 knockdown (USP13OE+shFHL1) WSU-DLCL2.

Supplementary Figure 4. Representative images of the immunohistochemistry results of USP13 and FHL1. A: 
USP13 Low. B: USP13 High. C: FHL1 Low. D: FHL1 High.


