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Abstract 

Background: Despite of the paradigm change on the treatments of acute myeloid leukemia (AML) and 
chronic lymphocytic leukemia (CLL) by venetoclax, it has been less successful in the treatment of diffuse large 
B-cell lymphoma (DLBCL). Here, we explored whether acylglycerol kinase regulates the sensitivity of DLBCLs 
to venetoclax and its mechanism in both cell lines and preclinical animal models.  
Methods: The expression of AGK and sensitivity to venetoclax of seven DLBCL cell lines were determined. 
Upon knockdown and overexpression of AGK by lentivirus in DLBCL cells, the venetoclax-induced apoptosis 
and PTEN-FOXO1-BCL-2 signaling axis were evaluated in vitro. The efficacy of venetoclax and 
PTEN-FOXO1-BCL-2 signaling axis were evaluated in immunodeficient NCG mice that were implanted with 
control or shAGK stably transduced SU-DHL4 cells. The expressions of AGK, BCL-2 and FOXO1 were 
evaluated in tumor tissues of DLBCL patients.  
Results: AGK expression was inversely correlated with sensitivity of DLBCL to venetoclax. Inhibition of AGK 
rendered the DLBCL cells more sensitive to venetoclax. Mechanistically, AGK phosphorylated and inactivated 
PTEN, which led to AKT activation and reduced FOXO1 nuclear translocation. Inhibition of AGK also led to 
enhanced efficacy of venetoclax for suppression of DLBCL tumor growth in vivo, which was dependent on 
FOXO1. In human DLBCL tumor tissues, the expression of AGK inversely correlated with BCL-2 expression, 
as well as the amounts of nuclear FOXO1.  
Conclusions: Our data demonstrated that AGK regulates venetoclax response in DLBCL via 
PTEN-FOXO1-BCL-2 signaling axis. Targeting AGK may enhance the efficacy of venetoclax for the treatment 
of DLBCL patients. 
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Introduction 
Diffuse large B-cell lymphoma (DLBCL) is the 

most common type of non-Hodgins lymphoma 
(NHL) and represents a heterogeneous entity with 
different molecular characterizations and prognosis 

 
Ivyspring  

International Publisher 



Theranostics 2022, Vol. 12, Issue 12 
 

 
https://www.thno.org 

5538 

[1, 2]. The standard care for DLBCL is rituximab plus 
cyclophosphamide, doxorubicin, vincristine, and 
prednisone (R-CHOP) [3]. However, 40-45% patients 
are not responsive to the first-line therapy or relapse 
after an initial response [4]. 

B-cell leukemia/lymphoma-2 (BCL-2) is a key 
anti-apoptotic protein that regulates the intrinsic 
apoptosis pathway, which is often dysregulated in 
cancers [5, 6]. One-third of patients with DLBCL 
harbor BCL-2 translocations and have enhanced 
BCL-2 expression, which is linked to poor outcome 
[7]. Targeting BCL-2 family proteins has advanced 
clinical therapies for hematological malignancies [8, 
9]. Venetoclax (ABT-199) is a highly selective BCL-2 
inhibitor [10], which was approved for patients with 
chronic lymphocytic leukemia (CLL)/small 
lymphocytic lymphoma (SLL) and in combination 
therapy with azacytidine or decitabine or low-dose 
cytarabine to treat adult acute myeloid leukemia 
(AML) patients, representing a paradigm change of 
AML treatment [11, 12].  

Recently, a single-agent phase I trial of 
venetoclax in relapsed/refractory NHL reported an 
18% overall response rate (ORR) in DLBCL patients 
[13]. It is unclear why the ORR was low for DLBCL. 
Upregulation of MCL-1, BCL-XL or a reprograming of 
mitochondrial metabolism have all been suggested as 
causes [14-16]. Enhancing the efficacy of venetoclax 
and identification of novel biomarkers to predict 
venetoclax responses are unmet needs for the 
treatment of DLBCL.  

Recently, it has been reported that reprogram-
ming mitochondrial metabolism is linked to 
venetoclax resistance and the signal pathways related 
to mitochondrial structure and function and lipid 
metabolism were significantly enhanced in Veneto-
clax-resistant cell lines [16]. Initially identified as a 
mitochondrial lipid kinase, acylglycerol kinase (AGK) 
catalyzes the phosphorylation of monoacylglycerol 
and diacylglycerol to lysophosphatidic acid and 
phosphatidic acid, respectively [17]. Mutations of 
AGK gene cause Sengers syndrome, an autosomal 
recessive disorder with congenital cataracts, 
hypertrophic cardiomyopathy, skeletal myopathy and 
lactic acidosis, through its role in mitochondrial 
function and metabolism [18, 19]. AGK regulates 
multiple intracellular signaling pathways and is 
highly expressed in numerous types of tumors, 
including prostate cancer, breast cancer, cervical 
squamous cell carcinoma, and esophageal squamous 
cell carcinoma [20]. Recently, it has been shown that 
AGK potentiates JAK2-mediated STAT3 activation 
and cell proliferation of both megakaryocytes and 
nasopharyngeal carcinoma cells independent of its 
kinase activity [21, 22]. In addition, AGK 

phosphorylates PTEN and promotes PI3K-AKT- 
mediated glycolysis and anti-tumoral activities of 
CD8+ T cells [23].  

Here, we identified that AGK was enriched in 
signaling pathways of mitochondrial function and 
lipid metabolism that were involved in venetoclax 
resistance. Suppression of AGK expression sensitized 
DLBCL cells to venetoclax-induced apoptosis both in 
vitro and in vivo. Mechanistically, AGK phospho-
rylated and inactivated PTEN, leading to enhanced 
PI3K-AKT activation, reduced FOXO1 nuclear 
localization and its target gene BCL-2 expression. 
Inhibition of AGK expression in DLBCL cells 
sensitized them to venetoclax in a FOXO1-dependent 
manner. Furthermore, BTK inhibitor, ibrutinib, 
mediated sensitization to venetoclax through AGK 
pathway. Together, our data identify the combination 
of AGK suppression may enhance the efficacy of 
venetoclax for the treatment of aggressive DLBCL. 

Materials and methods 
Human tissue samples 

33 DLBCL patients were histopathological 
diagnosed and lacked prior therapy. Upon surgical 
removal, tumor tissues were stained for BCL-2 and 
divided into BCL-2high (4 GCB and 12 ABC) and 
BCL-2low (10 GCB and 7 ABC) groups by two 
independent pathologists. High expression of BCL-2 
was defined as expression by ≥ 5% of malignant cells. 
All patients provided written informed consent 
approving the use of their samples under Institutional 
Review Board approval. 

Mice 
NOD/ShiLtJGpt-Prkdcem26Il2rgem26/Gpt (NCG) 

mice were purchased from Gempharmatech (Nanjing, 
China) and maintained at a specific- 
pathogen free facility under 12 h light-dark cycle. All 
procedures were conducted in accordance with the 
Institutional Animal Care and Use Committee of 
Tongji Medical College.  

Cell culture 
Human DLBCL cell lines SU-DHL2 from DSMZ, 

OCI-LY1, TMD8, SU-DHL4, SU-DHL6, SU-DHL10, 
and SU-DHL16 from ATCC were cultured in RPMI 
1640 supplemented with 10% FBS. HEK293T cells 
were cultured in DMEM medium with 10% FBS. All 
cells were cultured at 37 °C in a 5% CO2 atmosphere. 

RNA-sequencing analysis 
Microarray profiling data of lymphoma cell lines 

were obtained from the Gene Expression Omnibus 
(GEO) database under accession number GSE128563. 
Two replicates of venetoclax resistant cell line 
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(GSM3680166-3680167) and parental cell line 
(GSM3680164-3680165) based on the Affymetrix 
GPL11154 platform were analyzed. R package 
clusterProfiler was used to identify enriched 
pathways in gene ontology (GO) analysis. 
Differentially expressed genes with a cutoff of log2FC 
> 1 were selected to identify enriched biological 
processes. Enriched pathways were selected by a 
cutoff of p value < 0.05. 

Cell viability assay  
3×104 DLBCL cells were plated onto 96-well 

plates and incubated with varying amounts of 
venetoclax (MedChem Express, HY15531), or 
ibrutinib (MedChem Express, HY10997) for 72 h at 
37 °C. Cells were incubated with 20 μL Cell Counting 
Kit-8 (CCK-8) solution (biosharp, BS350B) for 3 h 
before measuring the absorbance at 450 nm. The cell 
viability was calculated by the formula: Cell viability 
(%) = [OD (drug+) - OD (Blank)] / [OD (drug-) - OD 
(Blank)] × 100%. The IC50 concentrations of inhibitors 
were determined using GraphPad Prism 7 (La Jolla, 
CA) by log(inhibitor) vs. normalized responses.  

Lentivirus production and viral transduction 
For shRNA-mediated AGK knockdown, 

scramble shRNA and AGK shRNA were cloned into 
pLKO.1 vector. Sequences for scrambled and AGK 
shRNA were as follows: shRNA AGK#1 
(TRCN0000153242): 5’-CCGGGCCCTTCCATTTCTCT 
TCTTTCTCGAGAAAGAAGAGAAATGGAAGGGC
TTTTTTG; shRNA AGK#2 (TRCN0000153828): 5’-C 
CGGCCTCAACTGTACTTGGAGAAACTCGAGTTT
CTCCAAGTACAGTTGAGGTTTTTTG; Full-length 
cDNA encoding AGK was cloned into Murine Stem 
Cell Virus-IRES-Thy1.1 (MSCV-IRES-Thy1.1, RV) 
vector (Addgene, #17442) using Nhel and Ecor1 
enzymes. For lentivirus production, lenti-viral shRNA 
constructs, pMD2.G (Addgene, #12259) and psPAX2 
(Addgene, #12260) were transfected at a 3:1:2 ratio 
into HEK293T cells of 80-90% confluency using 
Lipofectinmin 2000. Supernatants containing viral 
particles were collected and filtered at day 2-3 after 
transfection. Cells were incubated with lentiviral 
particles in the presence of 10 μg/mL polybrene, 
followed by selection with 5 μg/mL puromycin for 14 
days. 

Immunoblotting 
Cells and tumor tissues were lysed with RIPA 

lysis buffer. Equal amounts of proteins were 
separated by SDS-PAGE electrophoresis and then 
transferred onto PVDF membranes (Millipore). After 
blocking with 5% milk for 2 h, the blots were probed 
with the anti-AGK (Abcam, ab137616), anti-BCL-2 
(Abclonal, A19693), anti-PTEN (CST, #9188), 

anti-pPTEN (CST, #9551), anti-AKT (CST, #4691), 
anti-pAKT(T308) (CST, #2965), anti-pAKT (S473) 
(CST, #4060), anti-FOXO1 (CST, #2880), anti-pFOXO1 
(CST, #9464), anti-β-Actin (CST, #4970) and 
anti-GAPDH (Servicebio, GB11002) antibodies 
overnight at 4 °C. Then, the membrane was incubated 
with a horseradish peroxidase-conjugated secondary 
antibody for 1.5 h, followed by ECL detection (GE 
Healthcare).  

Analysis of apoptosis by flow cytometry 
The percentages of apoptotic cells were 

determined 48 h after venetoclax treatment. 1×106 
cells of shRNA control and shRNA AGK#1 groups 
were stained with propidium iodide (Sigma, P4170) 
and FITC conjugated Annexin V (Biolegend, 640906) 
for 15 min. Samples were analyzed on a BD 
FACSVerse flow cytometer and data were analyzed 
using FlowJo software.  

Cell fractionation 
The cytosolic and nuclear fractions of SU-DHL4 

cells were isolated using nuclear and cytoplasmic 
protein extraction kit (Beyotime, P0027). In brief, 
2×106 cells were incubated with 200 μL reagents A on 
ice for 15 min, followed by addition of 10 μL reagents 
B and incubation on ice for another 1 min. Lysis were 
centrifuged at 12,000 rpm for 5 min and supernatants 
were collected as cytoplasmic fractions. The cell 
pellets were resuspended with 30-50 μL nucleoprotein 
extraction reagent, followed with vigorous shaking 
for 15-30 s every 2 min in total of 30 min. Nuclear 
fractions were obtained upon centrifugation at 12000 
rpm for 10 min.  

Chromatin-immunoprecipitation assay 
Chromatin immunoprecipitation (CHIP) was 

performed with CHIP assay kit (Beyotime, P2078) 
according to the manufacturer’s description. In brief, 
SU-DHL4 cells were harvested followed by 
cross-linking with 1% (v/v) formaldehyde for 10 min 
and resuspended in SDS lysis buffer. Cells were lysed 
and DNAs were fragmented by sonication. The 
chromatins were immunoprecipitated with anti- 
FOXO1 overnight at 4 °C. After washing and elution, 
crosslinks were reversed for 4 h at 65 °C. The eluted 
DNA was purified and analyzed by qPCR using a 
Bio-Rad SYBR Green intercalating fluorophore system 
with BCL-2 primers forward: GTGTAGTGCGCG 
GACACCTAGG and primers reverse: 
GCTGCCCTGCTGTGAAGACAGG. 

In vivo tumor xenograft model 
Human shRNA control and shRNA AGK#1 

SU-DHL4 cells (2×107/100 μL PBS) were mixed with 
1:1 ratio of Matrigel™ and implanted subcutaneously 
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into the flank of six weeks old female NCG mice. Once 
tumors reached approximately 60-100 mm³, mice 
were gavaged with 100 mg/kg of ABT199 daily for 8 
days that was formulated as a suspension in PEG300 
and saline (1:1 v/v). All mice were sacrificed at day 12 
and tumors were collected. For FOXO1 inhibition, 
AS1842856 was dissolved in the saline and HP-β-CD 
(15% w/v), mice were intragastrically administered 
with 100 mg/kg twice a day, every two days for a 
total of 10 days. Tumor volumes were calculated from 
bilateral caliper measurements and calculated 
according to the formula “tumor volume = length × 
width2/2”.  

Immunohistochemistry and 
immunofluorescence 

Mouse tumor tissues were isolated, formalin 
fixed, paraffin embedded and cut into serial histologic 
sections, and stained with hematoxylin and eosin. 
Immunohistochemistry was performed with 
antibodies against cleaved-caspase3 (Wanlei, 
WL02117), FOXO1 (CST, #2880), Ki67 (Abcam, 
ab1667), α-SMA (Bioss, BS-10196R) and BCL-2 
(Abclonal, A19693). TUNEL staining was performed 
with TUNEL label solution (Roche, G1501). DAPI was 
used for nuclear counterstaining for 10 min. Tissue 
sections from DLBCL patients were stained with 
BCL-2 (Abclonal, A19693), AGK (Invitrogen, 
PA5-28566) and FOXO1 (CST, #2880). Percentages of 
positive areas of different sections were determined 
by Image J. 

Statistics analysis  
Data were graphed using GraphPad Prism 

software. Statistical significance was determined by 
unpaired Student’s t test, one-way ANOVA or 
two-way ANOVA. Correlation was assessed using 
Spearman correlation analysis. (*P < 0.05; **P < 0.01; 
***P < 0.001; ns, not significant).  

Results 
The expression of AGK was inversely 
correlated with sensitivity of DLBCL to 
venetoclax 

To identify potential regulator of venetoclax 
sensitivity, we analyzed the transcriptome expression 
of two parental cell lines and two venetoclax-resistant 
cell lines and identified enriched pathways using gene 
ontology (GO) analysis. We confirmed that signal 
pathways related to mitochondrial structure and 
function and lipid metabolism were significantly 
enhanced in venetoclax-resistant cell lines (Figure 
S1A). By cross examination of the molecules involved 

in the related pathways, we found PRKAA, SIRT4, 
AKT1, and AGK were shared by multiple 
mitochondrial signaling pathways, among which 
AGK was involved in all four related signaling 
pathways (Figure S1B). 

To explore the functions of AGK in the 
regulation of sensitivity of DLBCL cells to venetoclax, 
we compared AGK expression in SU-DHL2, OCI-LY1, 
TMD8, SU-DHL4, SU-DHL6, SU-DHL10, and 
SU-DHL16 cells. The expression of AGK in SU-DHL2, 
OCI-LY1, SU-DHL6, and SU-DHL16 was low, while 
TMD8, SU-DHL4, and SU-DHL10 had higher 
expression of AGK (Figure 1A-B). Next, we compared 
the viability of these cell lines upon treatment of 
different concentrations of venetoclax using CCK-8 
and calculated the IC50. We found that SU-DHL2, 
OCI-LY1, SU-DHL6, and SU-DHL16 were more 
sensitive to venetoclax (IC50, 0.245 µM, 2.824 µM, 
1.192 µM, and 0.164 µM respectively), compared to 
TMD8, SU-DHL4, and SU-DHL10 (both >10 µM) 
(Figure 1C-D), suggesting that AGK expression was 
associated with resistance to venetoclax. In general, 
along with the descending expression of AGK 
expression, there was a trend of decreasing of IC50 to 
venetoclax except TMD8 (Figure 1E). Together, these 
data suggested that AGK may regulate the sensitivity 
of DLBCL cells to venetoclax. 

AGK knockdown sensitized DLBCL cells to 
venetoclax-induced apoptosis  

To further test the role of AGK in DLBCL, we 
generated AGK knockdown stable SU-DHL4 cells, 
whose expression of AGK was significantly lower, 
compared to the control cells (Figure 2A). Suppression 
of AGK expression significantly enhanced the 
sensitivity to venetoclax (Figure 2B). Conversely, 
stable overexpression of AGK in DLBCL cell lines 
rendered them more resistant to the effects of 
venetoclax (Figure 2C-D). Suppression of AGK 
expression rendered the cells more susceptible to 
venetoclax-induced apoptosis (Figure 2E-F). In 
addition, venetoclax induced cell apoptosis and 
caspase3 cleavage (Figure S2A), which could be 
abolished by Z-VAD-fmk, a pan caspase inhibitor 
(Figure S2B-C). We repeated the same experiments in 
AGK knockdown TMD8 cells and found that AGK 
knockdown significantly enhanced the sensitivity to 
venetoclax in TMD8 cells (Figure 2G-H). 

Together, these data demonstrated that 
suppression of AGK expression enhances the 
sensitivity of DLBCL to venetoclax killing via 
enhanced apoptosis. 
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Figure 1. AGK expression is inversely associate with the sensitivity to venetoclax in DLBCL cells. A. AGK protein expression was determined using 
immunoblotting in SU-DHL2, OCI-LY1, TMD8, SU-DHL4, SU-DHL6, SU-DHL10, and SU-DHL16 DLBCL cell lines. B. The band intensities were quantified from three 
independent experiments. C-D. The IC50 of seven DLBCL cell lines to venetoclax was calculated with log (inhibitor) vs normalized response. E. The AGK expression and IC50 
of venetoclax in seven DLBCL cell lines were presented by dual Y axis graph. The AGK/Actin ration in SU-DHL10 cells was set as 1. Data were expressed as mean ± SEM. The 
statistical significance was determined by One-way ANOVA (B, D). 
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Figure 2. AGK inhibits venetoclax-induced apoptosis in DLBCL cells. A. SU-DHL4 cells were stably transduced with shRNA control lentiviral particles or shRNA AGK 
lentiviral particles. AGK protein expression was determined by immunoblotting and the band intensities were quantified from three independent experiments. B. AGK 
knockdown SU-DHL4 and control cell were treated with 0-10 μM venetoclax for 72 h, and cell viability was assessed by CCK-8 assays. C. SU-DHL4 cells were transduced with 
control retrovirus or AGK retrovirus and selected with 5 μg/mL puromycin for 14 days to generate stable cell lines. AGK protein expression was measured by immunoblotting 
and quantified from three independent experiments. D. Cell viability of control SU-DHL4 cells and AGK overexpression SU-DHL4 cell that were treated with venetoclax for 72 
h. E-F. Apoptosis of control and AGK-knockdown SU-DHL4 cells was detected using Annexin Ⅴ/PI staining, and the percentage of apoptotic cells was quantified. G. TMD8 cells 
were stably transduced with shRNA control lentiviral particles or shRNA AGK lentiviral particles. AGK protein expression was determined by immunoblotting and the band 
intensities were quantified from three independent experiments. H. AGK knockdown TMD8 and control cell were treated with 0-10 μM venetoclax for 72 h, and cell viability 
was assessed by CCK-8 assays. Data were expressed as mean ± SEM from three independent experiments (A, C, F, G) or three independent experiments with duplicates (B, D, 
H), and analyzed for statistical significance by t-test (A, C, G) or Two-way ANOVA (B, D, F, H) (*P < 0.05; **P < 0.01; ***P < 0.001). 
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Figure 3. AGK inhibits BCL-2 expression by phosphorylation PTEN and subsequent AKT-FOXO1 signaling. A. The levels of AGK and BCL-2 were determined 
in SU-DHL2, OCI-LY1, TMD8, SU-DHL4, SU-DHL6, SU-DHL10, and SU-DHL16 DLBCL cell lines. B. Spearman correlation analysis of AGK and BCL-2 expression in DLBCL cell 
lines. C. AGK and BCL-2 expression was measured with immunoblotting and BCL-2 expression was quantified in shRNA control and shRNA AGK SU-DHL4 cells from three 
independent experiments. D. AGK and BCL-2 expression was measured in control and AGK overexpression SU-DHL4 cells, and BCL-2 expression was quantified from three 
independent experiments. E. The amounts of p-PTEN and PTEN in SU-DHL2, OCI-LY1, TMD8, SU-DHL4, SU-DHL6, SU-DHL10, and SU-DHL16 DLBCL cell lines were 
determined by immunoblotting. F. Spearman correlation analysis of AGK and PTEN phosphorylation levels in DLBCL cell lines. G-H. Phosphorylation levels of PTEN, AKT and 
FOXO1 were measured and quantified in control and AGK knockdown SU-DHL4 cells from three independent experiments. I-J The levels of FOXO1 and p-FOXO1 were 
measured in cytoplasmic and nuclear fractions (I) and the band intensities were quantified (J). K. The binding of FOXO1 to BCL-2 promoter in SU-DHL4 was determined by 
chromatin immunoprecipitation analysis. Data were expressed as mean ± SEM from three independent experiments (A-J) or two independent experiments with triplicates (K), 
and analyzed for statistical significance by t-test. (*P < 0.05; **P < 0.01; ***P < 0.001). 
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AGK upregulates BCL-2 expression through 
AKT-FOXO1 axis in DLBCL cells  

Given the high selectivity of venetoclax to inhibit 
BCL-2, we wondered whether AGK regulates 
venetoclax sensitivity via regulation of BCL-2 
expression. In contrast to AGK, BCL-2 expression in 
SU-DHL2, OCI-LY1, SU-DHL6, and SU-DHL16 was 
higher, while TMD8, SU-DHL4, and SU-DHL10 had 
lower expression of BCL-2 (Figure 3A). Spearman 
correlation analysis found that the expressions of 
AGK and BCL-2 were negatively correlated (Figure 
3B). Compared to the control cells, cells stably 
transduced with AGK shRNA had significantly 
enhanced BCL-2 expression (Figure 3C). Similar 
results were obtained with TMD8 cells (Figure S3A). 
Conversely, overexpression of AGK in SU-DHL4 cells 
inhibited BCL-2 expression (Figure 3D). AGK can 
phosphorylate and inactivate PTEN [23]. Consistent 
with this, we found that the phosphorylation levels of 
PTEN positively correlated with AGK expression 
(Figure 3E-F). AGK induced PTEN phosphorylation 
and inactivation, which was associated with enhanced 
phosphorylation of AKT at both Thr308 and Ser473, 
and FOXO1 at Thr24, a known target of AKT in both 
SU-DHL4 (Figure 3G-H) and TMD8 cells (Figure 
S3B-C). Dephosphorylation of FOXO1 was associated 
with reduced cytoplasmic levels of FOXO1 and 
enhanced nuclear localization (Figure 3I-J, and Figure 
S3D-E). Conversely, overexpression of AGK in 
SU-DHL4 cells enhanced the phosphorylation of AKT 
and FOXO1, and reduced nuclear localization of 
FOXO1 (Figure S3F-G). Furthermore, knockdown of 
AGK enhanced FOXO1 binding to the BCL-2 
promoter (Figure 3K, and Figure S3H).  

Taken together, these data demonstrated that 
AGK inhibits BCL-2 expression via phosphorylation 
of PTEN, which subsequently enhanced 
phosphorylation of AKT and reduced FOXO1 
transcriptional activity. 

Suppression of AGK expression enhanced the 
sensitivity of SU-DHL4 to venetoclax in a 
xenograft tumor model 

To determine the relevance of AGK-mediated 
venetoclax sensitivity of DLBCL cells in vivo, we 
employed a widely used xenograft tumor model. 
Immunodeficient NCG mice were subcutaneously 
injected with control SU-DHL4 cells or cells stably 
transduced with AGK shRNA. Venetoclax or vehicle 
solution was i.p administrated as schematic depicted 
(Figure 4A). Consistent with in vitro data, there was no 
significant difference in tumor volumes between the 
shRNA control and shRNA AGK groups (Figure 

4B-C). However, upon venetoclax treatment, tumors 
derived from the AGK knockdown group grew more 
slowly, compared with the shRNA control group 
(Figure 4D-F, and Figure S4A). The tumors in 
venetoclax treatment groups had higher numbers of 
apoptotic cells compared to the control group, which 
was further enhanced in shRNA AGK group, as 
measured by caspase3 cleavage and TUNEL staining 
(Figure 4G-H). Upon treatment with venetoclax, the 
numbers of Ki-67 and α-SMA positive cells in the 
shRNA AGK group were reduced, compared to the 
control group (Figure S4B-C). In the tumor tissues of 
AGK knockdown group, we found that the expression 
of BCL-2 was upregulated, but the phosphorylation of 
FOXO1 and AKT was significantly decreased (Figure 
4I-J). Compared to the control group, the percentages 
of cytoplasmic FOXO1 positive cells were reduced in 
shRNA AGK group tumor tissues, while the nuclear 
localizations of FOXO1 were significantly enhanced in 
shRNA AGK group (Figure 4K-L). 

Taken together, these data demonstrated that 
inhibition of AGK renders DLBCL cells more sensitive 
to venetoclax-induced apoptosis in vivo.  

Inhibition of AGK augments venetoclax 
sensitivity via enhanced FOXO1-mediated 
BCL-2 expression 

Next we asked whether blockade of FOXO1 
transcriptional activity could reverse the AGK- 
mediated regulation of sensitivity to venetoclax. 
AS1842856, a FOXO1 inhibitor, binds and inhibits 
FOXO1 transcriptional activity [24]. We found that 
AS1842856 inhibited BCL-2 expression at both mRNA 
and protein levels in a dose-dependent manner and 
reversed the sensitivity of DLBCL to venetoclax in 
shRNA AGK SU-DHL4 cells (Figure 5A-C). 
Consistent with these results in vitro, AS1842856 
treatment completely abolished the enhanced 
sensitivity to venetoclax on tumor volume and tumor 
weight in the AGK knowndown group (Figure 5D-E, 
and Figure S5A). Compared to shRNA control group, 
BCL-2 expression was significantly increased in the 
tumor tissues from shRNA AGK group, and 
AS1842856 treatment abolished the enhanced 
expression of BCL-2 (Figure 5F-I). Similarly, Ki67 and 
α-SMA staining data showed that AS1842856 
treatment reversed the potentiated cell killing of 
venetoclax in the AGK knockdown group (Figure 
S5B-C). Similar patterns were found for 
cleaved-caspase3 and TUNEL staining (Figure 5J-K). 
Together, these data demonstrated that inhibition of 
AGK sensitizes DLBCL to venetoclax via enhanced 
FOXO1-mediated BCL-2 expression.  
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Figure 4. Knockdown of AGK augments venetoclax efficacy in vivo. A. Schematic diagram of xenograft tumor model and venetoclax treatment strategy. B-E. Tumor 
growth curves of mice receiving shRNA control, shRNA AGK#1 cells with or without venetoclax treatment (n = 6, each group). F. Tumor weights of shRNA control and shRNA 
AGK#1 groups with or without venetoclax treatment (n = 6, each group). G-H. H&E staining, cleaved-caspase3 and TUNEL staining of shRNA control and shRNA AGK groups 
with or without venetoclax treatment, and the percentages of positive area of cleaved-caspase3 and TUNEL were quantified. I-J. The levels of AGK, BCL-2, p-FOXO1, FOXO1, 
p-AKT and AKT were measured (I) and quantified (J) in the tumor tissues isolated from shRNA control and shRNA AGK groups (n = 6, each group). K-L. FOXO1 staining of 
shRNA control and shRNA AGK group tumor tissues (K) and the percentages of FOXO1 expression in cytoplasmic and nuclear were quantified (L). Scale bar, 100 μm or 25 μm. 
Data were expressed as mean ± SEM and analyzed for statistical significance by One-way ANOVA (F, H, L) or t-test (J) (*P < 0.05; **P < 0.01; ***P < 0.001). 
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Figure 5. Inhibition of FOXO1 abolished enhanced sensitivity to venetoclax of AGK knockdown. A-B. The mRNA and protein expression of BCL-2 were 
measured in SU-DHL4 shRNA AGK#1 cells upon treatment of AS1842856 for 24 h. The band intensities were quantified from three independent experiments. C. Cell viability 
of SU-DHL4 shRNA AGK#1 cells with or without AS1842856 treatment was determined. The data showed mean ± SEM from three independent experiments with duplicates. 
D-E. NCG mice were implanted with shRNA control cells or shRNA AGK#1 cells treated with venetoclax or venetoclax plus AS1842856. At day 10 after i.p administration, mice 
were sacrificed. Tumor volume change curves were recorded (D) and tumor weights (E) were presented (n ≥ 5, each group). F-G. The levels of BCL-2 were measured (E) and 
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quantified (F) in the tumor tissues isolated from shRNA AGK groups treated with venetoclax alone and co-treated with venetoclax and AS1842856 (n = 4, each group). H-I. 
Immunohistochemistry staining of BCL-2 in the four groups as shown, and the percentages of positive areas of BCL-2 were quantified. J-K. H&E staining and cleaved-caspase3 and 
TUNEL staining of the four groups as shown, and the percentages of positive areas of cleaved-caspase3 and TUNEL were quantified. Scale bar, 100 μm. Data were expressed as 
mean ± SEM and analyzed for statistical significance by One-way ANOVA (A, C, E, I, K) or t-test (G). (*P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant). 

 

 
Figure 6. The expression of AGK is inversely associated with BCL-2 expression in DLBCL patients. A. H&E staining, BCL-2, AGK and FOXO1 staining of BCL-2low 
and BCL-2high DLBCL tissue samples. n = 33, scale bar, 100 μm or 25 μm. Black arrow: cytoplasmic FOXO1; Red arrow: nuclear FOXO1. B. Quantitation of the percentages of 
AGK positive cell in BCL-2low (n = 17) and BCL-2high (n = 16) DLBCL paraffin sections. C. Quantitation of the ratios of nuclear and cytoplasmic FOXO1 in BCL-2low (n = 15) and 
BCL-2high (n = 14) DLBCL paraffin sections. D. Spearman correlation analysis of the ratios of nuclear versus cytoplasmic FOXO1 with the expression of AGK. E. Schematic figure 
of the regulation of AGK on venetoclax sensitivity. In DLBCL cells, AGK phosphorylates and inactivates PTEN, leading to enhanced phosphorylation of AKT and FOXO1 and 
reduced FOXO1 nuclear translocation and its target gene BCL-2 expression. AGK knockdown could reverse the effect of AGK-PTEN-FOXO1-BCL-2 axis, upregulate the 
expression of BCL-2 and increase the sensibility to venetoclax-induced apoptosis. Ibrutinib inhibits the expression of AGK in DLBCL cells. Data were expressed as mean ± SEM 
and analyzed for statistical significance by t test (B, D). (**P < 0.01; ***P < 0.001; ns, not significant). 
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BCL-2 expression is inversely correlated with 
the level of AGK in DLBCL patients 

To investigate whether the expression of AGK 
could be a biomarker for predicting the response to 
venetoclax in DLBCL patients, we performed H&E 
and BCL-2 immunohistochemical staining for human 
DLBCL primary tumor tissues of 33 individual 
patients. The molecular subtypes of the BCL-2 
translocation status were shown in the supplementary 
data (Table S1). The samples were divided into 
BCL-2high and BCL-2low groups based on whether the 
percentages of BCL-2 positive areas were more than 
5%. Then we compared the levels of both AGK and 
FOXO1 in these two groups (Figure 6A). The 
expression of AGK were significantly higher in the 
BCL-2low group, compared to the BCL-2high group 
(Figure 6B). In line with the results in vitro, the nuclear 
localizations of FOXO1 were significantly higher in 
the BCL-2high group (Figure 6C). AGK expression was 
negatively correlated with the nuclear localizations of 
FOXO1 (Figure 6D). Together, these results 
demonstrated that BCL-2 expression is inversely 
regulated by AGK in DLBCL patients, indicating that 
AGK not only can serve as a biomarker for venetoclax 
response but also combination of targeting AGK with 
venetoclax could provide benefit for the treatment of 
aggressive DLBCL. 

It has been shown that ibrutinib can sensitize 
DLBCL cells to venetoclax killing both in vitro and in 
vivo [25]. Consistent with this, SU-DHL4 cells could be 
sensitized to venetoclax by ibrutinib (Figure S6A). To 
investigate whether AGK is involved in this process, 
we measured the expression of AGK upon treatment 
of ibrutinib. Ibrutinib inhibited AGK expression in 
SU-DHL4 cells (Figure S6B-C). To test whether the 
downregulation of AGK mediates the ibrutinib- 
induced sensitization to venetoclax, we forced AGK 
expression in SU-DHL4 cells. Overexpression of AGK 
significantly alleviated the cytotoxic effect induced by 
the combination of ibrutinib and venetoclax (Figure 
S6D). Together, these data demonstrated that AGK 
mediates the ibrutinib-induced sensitization of 
DLBCL cells to venetoclax. 

The regulation of AGK on venetoclax sensitivity 
could be summarized as schematic figure (Figure 6E). 

Discussion 
Despite the success of venetoclax in the 

treatment of CLL and AML, there is little preclinical 
and clinical data to suggest a benefit in DLBCL. 
However, there may be a subset of patients that could 
benefit from this therapy. Identification of novel 
biomarkers for predicting the treatment response of 
venetoclax would be essential for these patients. 

Furthermore, this knowledge could be used to 
generate combinatory regimens to enhance the 
efficacy of venetoclax in the wider population of 
DLBCL patients. In this study, we identified that 
knockdown of AGK in DLBCL sensitizes the cells to 
venetoclax-induced apoptosis. AGK phosphorylates 
and inactivates PTEN, enhancing PI3K and AKT 
activation and subsequently suppressing FOXO1- 
mediated BCL-2 expression.  

Although initially identified as a lipid kinase, 
AGK has been shown to phosphorylate GSK3β at Ser9 
and PTEN at Ser380, Thr382, and Thr383 residues to 
inactivate them, leading to enhanced PI3K-AKT 
activation in renal cell carcinoma cells (RCC) and 
CD8+ T cells respectively [23, 26]. In our study, 
suppression of AGK inhibited PTEN phosphorylation 
in DLBCL cells. However, knockdown of AGK did 
not affect cell proliferation and migration (Data not 
shown). A previous study reported that AGK can 
suppress FOXO1 transcriptional activity in breast 
cancer cells [27], similar to our study. The abolishing 
of sensitization to venetoclax of downregulation of 
AGK by FOXO1 inhibitor AS1842856 in vivo 
highlights the importance of AGK-PTEN-FOXO1- 
BCL-2 axis in regulation of venetoclax response. 
FOXO1 plays essential roles in regulation of stage 
transitions during B cell development and GC 
development [28, 29]. FOXO1 is recurrently targeted 
by specific mutations in 9% DLBCL patients. These 
mutations may induce resistance to PI3K-mediated 
phosphorylation and inactivation in the cytoplasm 
[30]. In addition, it can mediate BCL-6-mediated 
oncogenic activity [29]. FOXO1 can be 
phosphorylated by GSK-3β and it has been reported 
that GSK-3β inhibitor 9-ING-41 treatment sensitizes 
SU-DHL4 and KPUM-UH1 cells to venetoclax [31], 
which highlights the complex regulation of FOXO1 in 
DLBCL.  

The role of BCL-2 expression in predicting the 
response of DLBCL to venetoclax is complex. Initially 
it has been showed that the level of BCL-2 expression 
measured by IHC did not correlate to the clinical 
response in a phase I study [32]. However, in a phase 
Ⅱ study CAVALLI of venetoclax plus R-CHOP as 
first-line treatment for DLBCL, the addition of 
venetoclax demonstrated improved efficacy, 
particularly in high-risk BCL-2+ patient subgroup [33]. 
In line with this, Pham et al. found that the presence of 
BCL-2 primarily dictates the cellular sensitivity to 
venetoclax in aggressive DLBCL cell lines, as well as 
primary aggressive cells and in vivo patient-derived 
tumor xenograft models [34], suggesting a possible 
stochiometric effect of venetoclax by BCL-2 
expression. Our data found a negative association of 
AGK with BCL-2, which was linked to sensitivity to 
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venetoclax-induced apoptosis. The discrepancy of 
reliance of BCL-2 expression for venetoclax sensitivity 
could be due to the heterogeneity of DLBCL cells, 
whose intrinsic and extrinsic apoptosis pathways 
were regulated by complex networks of apoptotic and 
anti-apoptotic proteins such as BCL-XL and MCL-1 
[35]. Furthermore, BCL-2+ DLBCL cells may bear 
BCL-2 mutations i.e. Gly101Val and Phe104Leu/ 
Cys, which render them resistant to venetoclax [25, 
36]. In our study, even in SU-DHL4 cells that harbors 
BCL-2 translocation, downregulation of AGK 
enhanced FOXO1-mediated BCL-2 expression, 
suggesting the general regulation of BCL-2 by AGK. 
However, we did not generate venetoclax- 
resistant cell lines by long term exposure of cells to 
low doses of venetoclax, which is a limitation of this 
study. 

Multiple strategies to enhance the venetoclax 
efficacy for lymphomas have been documented [9, 
14]. For example, combinations of venetoclax with 
either a pan PI3K inhibitor copanlisib or the BTK 
inhibitor ibrutinib were able to enhance the 
venetoclax efficacy for relapse/refractory DLBCL in 
clinical studies. Short or long exposure of venetoclax 
has been shown to downregulate PTEN expression, 
resulting in enhanced PI3K-AKT activation [34], 
providing the rationale for targeting both PI3K-AKT 
and BCL-2 simultaneously. We found that ibrutinib 
inhibited AGK expression in SU-DHL4 cells, although 
the mechanism is not clear. Overexpression of AGK 
abolished the synergistic effect of ibrutinib with 
venetoclax, suggesting a critical role for this kinase.  

Currently there is no AGK inhibitor that has 
been developed. Targeting AGK may represent a new 
strategy to enhance the efficacy of venetoclax in 
DLBCL. Our data demonstrate that targeting AGK 
together with venetoclax may provide benefit for 
DLBCL patients, especially for the high-grade 
aggressive double hit lymphoma or double expressor 
lymphoma.  

Abrreviations 
DLBCL: Diffuse large B-cell lymphoma; R- 

CHOP: Rituximab plus cyclophosphamide, 
doxorubicin, vincristine, and prednisone; NHL: 
Non-hodgins lymphoma; BCL-2: B-cell leukemia/ 
lymphoma-2; CLL: Chronic lymphocytic leukemia; 
SLL: Small lymphocytic lymphoma; AML: Acute 
myeloid leukemia; ORR: Overall response rate; AGK: 
Acylglycerol kinase; CCK-8: Cell Counting Kit-8; 
CHIP: Chromatin immunoprecipitation. 
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