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Abstract 

Background: N6-methyladenosine (m6A) has been shown to participate in various 
essential biological processes by regulating the level of target genes. However, the 
function of m6A modification mediated by KIAA1429 [alias virus-like m6A methyl-
transferase-associated protein (VIRMA)] during the progression of diffuse large B-cell 
lymphoma (DLBCL) remains undefined.

Methods: The expression and clinical significance of KIAA1429 were verified by our 
clinical data. CRISPR/Cas9 mediated KIAA1429 deletion, and CRISPR/dCas9-VP64 for 
activating endogenous KIAA1429 was used to evaluate its biological function. RNA 
sequencing (RNA-seq), methylated RNA immunoprecipitation sequencing (MeRIP-seq), 
RNA immunoprecipitation (RIP) assays, luciferase activity assay, RNA stability experi-
ments, and co-immunoprecipitation were performed to investigate the regulatory 
mechanism of KIAA1429 in DLBCL. Tumor xenograft models were established for 
in vivo experiments.

Results: Dysregulated expression of m6A regulators was observed, and a novel 
predictive model based on m6A score was established in DLBCL. Additionally, elevated 
KIAA1429 expression was associated with poor prognosis of patients with DLBCL. 
Knockout of KIAA1429 repressed DLBCL cell proliferation, facilitated cell cycle arrest in 
the G2/M phase, induced apoptosis in vitro, and inhibited tumor growth in vivo. Fur-
thermore, carbohydrate sulfotransferase 11 (CHST11) was identified as a downstream 
target of KIAA1429, which mediated m6A modification of CHST11 mRNA and then 
recruited YTHDF2 for reducing CHST11 stability and expression. Inhibition of CHST11 
diminished MOB1B expression, resulting in inactivation of Hippo–YAP signaling, repro-
gramming the expression of Hippo target genes.

Conclusions: Our results revealed a new mechanism by which the Hippo–YAP path-
way in DLBCL is inactivated by KIAA1429/YTHDF2-coupled epitranscriptional repres-
sion of CHST11, highlighting the potential of KIAA1429 as a novel predictive biomarker 
and therapeutic target for DLBCL progression.
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Background
Diffuse large B-cell lymphoma (DLBCL) is an aggressive B-cell non-Hodgkin lymphoma 
with a high degree of heterogeneity [1, 2]. Although approximately 50–70% of patients 
with DLBCL respond to standard rituximab chemotherapy, the remainder exhib-
its a refractory or relapsed process [3, 4]. The application of epigenetic drugs, includ-
ing HDAC inhibitors [5] and EZH2 inhibitors [6], in patients with DLBCL has exerted 
a crucial role in improving the treatment of this patient population [7], but the efficacy 
remains limited. Further exploration of the biological functions of epigenetic alterations 
in DLBCL and their potential as therapeutic targets may contribute to the optimal indi-
vidualized treatment of patients with DLBCL.

Among eukaryotic messenger RNAs (mRNAs), N6-methyladenosine (m6A) is the 
most prevalent epigenetic modification, and its regulation of RNA depends on the 
dynamic interaction between its methyltransferases (“writers”), demethylases (“erasers”), 
and binding proteins (“readers”) [8–10]. As an m6A methyltransferase, KIAA1429 [alias 
virus-like m6A methyltransferase associated (VIRMA)] is considered to be a scaffold for 
the methyltransferase complex, functioning as a linker between the catalytic core com-
ponent and the RNA substrate to guide the installation of m6A at specific locations [11, 
12]. Growing evidence has indicated that m6A modification is involved in the develop-
ment of various cancers, including pancreatic cancer [13], liver cancer [14, 15], bladder 
cancer [16], and gastric cancer [17]. Moreover, KIAA1429 has been reported to serve 
as a regulator of the TGFβ [18] and TNF pathways [19] to promote tumor progression. 
Although recent studies have revealed that m6A methyltransferases exhibit oncogenic 
activity in DLBCL [20, 21], their epigenetic mechanisms remain elusive, especially the 
biological significance of KIAA1429 and its molecular mechanism in DLBCL have not 
been elucidated.

Our current study aimed to dissect a novel mechanism of epitranscriptomic regulation 
in DLBCL. We found that KIAA1429 exhibited high levels of expression in DLBCL and 
increased m6A level of CHST11, thereby recruiting YTHDF2 to inhibit CHST11 stability 
and expression, resulting in promotion of DLBCL tumorigenesis. Collectively, this study 
highlighted the probability of KIAA1429 as a therapeutic target for DLBCL and might 
provide new insights into formulating individualized treatment strategies.

Methods
Clinical specimens and cell lines

Sixty patients with de novo DLBCL and 20 patients with reactive hyperplasias of lymph 
nodes (RHL) as controls were recruited with informed consent, and lymph node speci-
mens were collected. Blood samples were collected from healthy donors to obtain 
peripheral blood mononuclear cells (PBMCs).  CD19+ magnetic microbead kit (Milte-
nyi Biotec, Bergisch Gladbach, Germany) was used to isolate and purify normal B cells 
from isolated PBMCs. The Medical Ethics Committee of Shandong Provincial Hospi-
tal approved all studies, and each participant provided informed consent based on the 
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Helsinki Declaration. We cultured human DLBCL cell lines OCI-LY1, OCI-LY8, OCI-
LY3, VAL, and U2932 in Iscove’s Modified Dulbecco’s Medium (Gibco, CA, USA) 
containing 10% fetal bovine serum (FBS) (HyClone, UT, USA) and 1% penicillin–strep-
tomycin at 37 °C and 5%  CO2. ITD, the inhibitor of TGF-β to block phosphorylation of 
Smad2 and Smad3 by TGFβ2, was purchased from Selleck (Shanghai, China, S6713).

Construction of cell lines with stable knockdown, knockout, and overexpression

Lentivirus vectors encoding a control short hairpin RNA (shRNA) or shRNAs against 
KIAA1429, CHST11, YTHDF2, YAP, and YTHDF2 lentiviral overexpression vectors 
were purchased from GeneChem (Shanghai, China). KIAA1429 knockout (KO) in 
DLBCL cells was established by the CRISPR/Cas9 genomic editing system based on 
lentivirus from SyngenTech (Beijing, China). The CRISPR/dCas9-VP64 gene activation 
system (SyngenTech) was used to activate endogenous KIAA1429 in DLBCL cells, fol-
lowed by transfecting with lentivirus and selecting by 5 μg/ml puromycin (AMRESCO, 
HY-B1743S) after 72 h, where KIAA1429 knockout cells were further isolated for mono-
clonal cells by limiting dilution and then continued to be amplified. The sequences are 
presented in Additional file 1: Table S1.

Cell proliferation assay

Cell Counting Kit-8 (CCK-8) assay (Dojindo, Japan) was used to assess cell proliferation. 
Ninety-six-well plates were seeded with 1 ×  104 DLBCL cells per well for 24–72 h and 
then incubated with 10 μl of CCK-8 per well for 3 h. Measuring absorbance at 450 nm by 
the Multiskan GO Microplate Reader (Thermo Scientific, USA).

Flow cytometric analysis

Cell cycle and apoptosis were determined by flow cytometric analysis on a Navios Flow 
Cytometer (Beckman Coulter, CA, USA). For apoptosis analysis, we harvested and 
washed DLBCL cells twice with cold PBS and resuspended cells in 1× binding buffer, 
followed by adding 5  μl of Annexin V-PE and 5  μL of 7-AAD (BD Biosciences, MA, 
USA, 559763). Flow cytometry was used to analyze cells after incubation in the dark for 
15 min. For cell cycle analysis, a 70% ethanol fixation at −20 °C overnight was followed 
by washing the cells with PBS and staining them with PI/RNAse stain (BD Biosciences, 
550825) for 15 min before flow cytometry analysis was performed.

m6A methylation assay

DLBCL cells were extracted of 200 ng total RNA, and the m6A RNA methylation level 
was determined by an m6A RNA methylation quantification kit (Epigentek, NY, USA, 
P-9005-48). A standard curve was prepared at concentrations from 0.01 to 0.5  ng/µl. 
Incubation was conducted at 37 °C for 90 min after the RNA samples were evenly spread 
on the bottom of the indicated plate. For each well, 60  min incubation at room tem-
perature with a capture antibody and 30 min with a detection antibody. Then, each well 
was supplemented with enhancer solution and incubated for 30 min, followed by add-
ing the assay solution (100  μl) and incubating in the dark for 10  min. The enzymatic 
reaction was quenched with 100 μL of stop solution, and then absorbance was obtained 
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at 450 nm within 15 min using a microplate reader. Calculating the amount of m6A as 
m6A (ng) = (sample OD − NC OD)/slope.

Dual‑luciferase reporter assay

OCI-LY1 and U2932 cells with control, KIAA1429 knockdown, and KIAA1429 over-
expression were transfected with luciferase reporter pmirGLO-CHST11-WT or pmir-
GLO-CHST11-MUT, respectively. After 48  h of transfection, the cells were harvested 
and analyzed with a Dual-Luciferase Reporter Assay System (Promega, Madison, USA) 
according to the manufacturer’s instructions. The activity ratio between firefly luciferase 
and Renilla luciferase was calculated to determine the relative luciferase activity.

RNA immunoprecipitation assay

RNA immunoprecipitation (RIP) was conducted using an RNA immunoprecipitation kit 
(BersinBio, bes5101, China) following the manufacturer’s instructions. Briefly, DNA was 
removed after cell lysis to obtain 1.7  ml of lysate, 0.1  ml of which was used as input, 
and the remaining lysate was separated into two equal groups. KIAA1429-specific anti-
bodies (Proteintech, 25712-1-AP) or IgG were incubated with cell lysates coated with 
magnetic beads at 4 °C for 4 h to overnight. With proteinase K digestion buffer, RNA–
protein complexes were washed. Purification of immunoprecipitated RNA was under-
taken using phenol:chloroform:isoamyl alcohol (125:24:25), followed by assessing the 
concentration and quality of RNA using a NanoDrop ND-1000. KIAA1429-bound RNA 
was detected by qPCR, and the corresponding gene enrichment was calculated by nor-
malizing it to the input.

RNA pulldown

Streptavidin magnetic bead was applied to bind the biotin-labeled CHST11 probe 
(GenePharma, Shanghai) after washing. Cell lysates were collected with standard IP lysis 
buffer (Bersinbio, Bes5102, China). After binding RNA, cell lysates were incubated with 
the beads at 4 °C in protein–RNA binding buffer to bind RNA with RNA-binding pro-
teins (RBP). RBP complexes were then collected from the beads through stringent wash-
ing and elution, and gathered for examination with western blotting.

RNA stability assay

To inhibit mRNA transcription, OCI-LY1 and U2932 cells with control, KIAA1429 
knockdown, and KIAA1429 overexpression were exposed to 5 μg/ml of the transcrip-
tion inhibitor actinomycin D (Sigma, A9415). Cells were harvested after 0, 50, 100, and 
150 min of incubation, and then total RNA was isolated for qPCR.

RNA sequencing

Extraction of total RNA from three stable KIAA1429 knockdown OCI-LY1 cells and 
their relevant nontarget controls was performed using RNAiso Plus (TaKaRa). Library 
construction and RNA sequencing (RNA-seq) were performed at Novogene (Beijing, 
China), followed by computational analysis. Differential expression analysis was per-
formed by the DESeq2 R package (1.20.0).
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Methylated RNA immunoprecipitation sequencing

The m6A was sequenced by methylated RNA immunoprecipitation sequencing 
(MeRIP-seq) at Novogene. Briefly, RNA was extracted from DLBCL cells with con-
trol or KIAA1429 knockdown in a total of 300 μg. Using an Agilent 2100 bioanalyzer 
(Agilent) and simpliNano spectrophotometer (GE Healthcare), RNA concentration 
and integrity were determined. The immunoprecipitation experiment was carried 
out with fragments of mRNA (100 nt) incubated with anti-m6A polyclonal antibody 
(Synaptic Systems) for 2 h at 4  °C. Afterward, NEBNext Ultra RNA Library Prepare 
Kit for Illumina (New England Biolabs) was used to construct libraries from immu-
noprecipitated mRNAs or input. Following standard protocols, library preparations 
were sequenced on an Illumina NovaSeq or HiSeq platform with 150-bp read lengths. 
Sequencing was conducted with three biological replicates. Annotated genomes and 
gene models were downloaded directly from the genome website. An index of the 
reference genome was built using BWA v0.7.12, and clean reads were aligned using 
BWA mem v0.7.12. A HOMER (version 4.9.1) was used to identify the m6A-enriched 
motifs of each group. Differential peak calling was performed using the exomePeak R 
package (version 2.16.0) with parameters of p value greater than 0.05 and fold change 
greater than 1.

Immunofluorescence assay

DLBCL cells were transferred to slides by cytospin centrifugation, fixed in 4% para-
formaldehyde, and permeabilized in 0.5% Triton X-100. Subsequently, slides were 
blocked with 5% normal goat serum for 1 h and incubated with primary antibodies at 
4  °C overnight. The next day, the cells were washed and incubated with the secondary 
antibody (Invitrogen) for 1 h before mounting with DAPI. The Leica TCS SP8 MP con-
focal microscope system (Germany) was used to analyze images. The primary antibod-
ies included CHST11 (Invitrogen, PA5-103698), MOB1B (ORIGENE, TA501388S), and 
YAP (Proteintech,13584-1-AP).

Coimmunoprecipitation assay

DLBCL cells were harvested and lysed on ice using RIPA buffer (Beyotime, P0013) sup-
plemented with protease inhibitors, followed by quantification with the BCA Protein 
Detection Kit (Shenergy Biocolor). Overnight incubation with 2 µg of antibody was car-
ried out for cell lysates, with normal IgG as a negative control. After adding Protein A/G 
Plus-agarose beads, the mixture was incubated for 4 h at 4 °C with gentle rotation. The 
eluted samples were mixed with SDS-PAGE loading buffer and incubated for 10  min 
at 100  °C. Immunoprecipitates were analyzed by western blotting using the indicated 
antibodies.

Quantitative real‑time PCR

TRIzol reagent (TaKaRa, Shiga, Japan) was used to extract total RNA, which was 
reverse-transcribed to cDNA by an Evo M-MLV RT Kit (Accurate Biology, AG11706), 
followed by quantitative real-time PCR (RT-qPCR) with an SYBR Green Premix Pro Taq 
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HS qPCR Kit (Accurate Biology, AG11701) on a LightCycler 480II system (Roche). The 
primers are shown in Additional file 1: Table S2.

Hematoxylin and eosin and immunohistochemistry staining

Hematoxylin and eosin (H&E) were used to stain sections of 4 μm thickness of mouse 
tumors fixed in 4% paraformaldehyde and embedded in paraffin for histological exami-
nation. For immunohistochemical (IHC) staining, 4-μm-thick tissue sections were cut 
from formalin-fixed paraffin-embedded tissue blocks, deparaffinized with xylene, and 
rehydrated with graded ethanol. Antigen retrieval was performed with EDTA antigen 
retrieval buffer (pH 8.0) in a microwave oven. After blocking endogenous peroxides with 
3% hydrogen peroxide solution, normal goat serum was incubated. Afterward, tissue 
slides were incubated overnight at 4 °C with specific primary antibodies. Following incu-
bation with the secondary antibody, the tissue slides were incubated with horseradish 
peroxidase (HRP) conjugates (Zhongshan Goldenbridge, SP9001) with 3,3′-diaminoben-
zidine (DAB) staining for detection. Hematoxylin counterstaining was performed after 
the tissue sections were washed. Two researchers blinded to patients’ clinical informa-
tion at different points in time randomly selected five fields of view to independently 
score the intensity of immunoreactivity under high magnification as 3 (strong), 2 (mod-
erate), 1 (weak), and 0 (no staining), and the percentage of positively stained cells as 0 
(less than 5%), 1 (5–25%), 2 (25–50%), 3 (50–75%), and 4 (> 75%). These two scores were 
multiplied to define the protein level of KIAA1429, and score 6 was used as the cutoff 
point to divide the specimens into “low” and “high” groups. An evaluation of the inte-
grated optical density (IOD) of positive staining for KIAA1429 was performed by ImageJ 
software, and using IOD/area to calculate the mean IOD (MOD). Primary antibodies 
included KIAA1429 (Proteintech, 25712-1-AP), CHST11 (Invitrogen, PA5-103698), and 
Ki67 (Proteintech, 27309-1-AP).

Western blotting analysis

Following the manufacturer’s instructions, protein extractions and western blotting were 
performed. Total protein from DLBCL cells was extracted by RIPA buffer (Pierce), 1× 
protease, and 1× phosphatase inhibitors (PhosSTOP, Roche, Basel, Switzerland). NE-
PER Nuclear and Cytoplasmic Extraction Reagent (Thermo Fisher Scientific, MA, USA) 
was used to extract nuclear and cytoplasmic proteins. Protein concentrations were meas-
ured using a BCA Protein Detection Kit (Shenergy Biocolor). The samples were loaded 
onto SDS-PAGE gels for electrophoresis and then transferred to polyvinylidene fluoride 
membranes (Millipore, MA, USA) for immunoblotting. Afterward, the membranes were 
placed in a blocking solution (Tris-buffered saline containing 5% skim milk and 0.1% 
Tween 20) and incubated for 1 h, followed by overnight incubation at 4 °C with the indi-
cated primary antibodies. After washing the membrane with TBS-T, the membrane was 
incubated with HRP-conjugated secondary antibody (Zhongshan Goldenbridge). Fol-
lowing treatment with a chemiluminescence detection reagent (Merck Millipore, MA, 
USA), the chemiluminescence signal was detected with an Amersham Imager 600 imag-
ing system (General Electric, USA). Band quantification was performed using ImageJ 
software (NIH). The primary antibodies were against KIAA1429 (Proteintech, 25712-1-
AP), CHST11 (Invitrogen, PA5-103698), Caspase-8 (Cell Signaling Technology (CST), 
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4790), Cleaved Caspase-8 (CST, 9748), Caspase-9 (CST, 9508), Cleaved Caspase-9 
(CST, 92873), Caspase-3 (CST, 14220), Cleaved Caspase-3 (CST, 9664), PARP  (CST, 
9542), Cleaved PARP (CST, 5625), Bcl-2 (Abcam, ab32124), P21 (CST, 2947), Cyclin B1 
(CST, 4138), MOB1B (ORIGENE, TA501388S), YAP (Proteintech,13584-1-AP), LATS1 
(CST, 3477), Phospho-LATS1(T1079) (Proteintech, 28998-1-AP), Phospho-YAP(S127) 
(Abcam, ab76252), Smad2(phospho S467) (Abcam, ab280888), Smad3(phospho 
S423 + S425) (Abcam, ab52903), Smad2/3 (Abcam, ab202445), TEAD (Proteintech, 
12418-1-AP), GAPDH (Zhongshan Goldenbridge, TA-08), and Histone H3 (CST, 4499).

Bioinformatic analysis

On the basis of The Cancer Genome Atlas (TCGA) (https:// portal. gdc. cancer. gov/) and 
the Gene Expression Omnibus (GEO) databases (https:// www. ncbi. nlm. nih. gov/ geo/) 
(GEO accession: GSE117556 and GSE56315), gene expression profiles were obtained. 
The clinicopathological information was downloaded from GSE117556 and a previous 
study [22]. Analysis of differentially expressed genes (DEGs) was conducted using the 
Limma package. Weighted gene co-expression network analysis (WGCNA) was carried 
out in R software using the “WGCNA” package. The adjacency matrix, topological over-
lap matrix (1-TOM), and dissimilarity (1-TOM) were constructed. Gene Ontology (GO) 
terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were visual-
ized using the “ggplot2” R package.

In vivo subcutaneous xenograft model

We followed the guidelines of the Shandong Provincial Hospital Animal Care and 
Research Advisory Committee for all animal experiments. Twenty-eight 4-week-old 
female severe combined immunodeficiency (SCID) beige mice (n = 7 per group) were 
purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, 
China) and bred in pathogen-free conditions. A total of 1 ×  107 KIAA1429 stable knock-
down OCI-LY1 cells or CHST11 stable knockdown OCI-LY1 cells were injected sub-
cutaneously into the right armpit of mice. Two investigators who were blinded to the 
mice allocation observed the general condition of mice and tumor growth every 2 days, 
measuring tumor size with a vernier caliper upon the tumor size was higher than the 
skin surface and recording it. Tumor volume was calculated as V = (a × b2)/2, where a 
represents the largest dimension and b represents the vertical diameter. The tumor vol-
ume reached 2000  mm3, whereupon the mice were culled and the remaining mice were 
sacrificed after 4 weeks.

Statistical analysis

Statistical analyses were conducted with R version 3.6.0, SPSS Statistics version 20.0, 
and GraphPad Prism 8.0. Overall survival (OS) was evaluated using the Kaplan–Meier 
method, and comparisons between groups were based on the log-rank test. The effect 
of selected variables on OS was determined through univariate and multivariate Cox 
regression analyses. Pearson’s correlation test was used for correlation analysis. Experi-
mental data are presented as mean ± standard deviation (SD) based on three repetitions. 
Two-tailed Student’s t-tests were used to assess the significance of differences between 
the mean values between groups. An indication of statistical significance was p < 0.05.

https://portal.gdc.cancer.gov/
https://www.ncbi.nlm.nih.gov/geo/
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Results
Integrated analysis of m6A regulators and identification of the prognostic value 

of KIAA1429 in DLBCL

To comprehensively dissect the contribution of m6A regulators in DLBCL, analyses by 
public databases from GEO (GSE56315) were performed, and the results unveiled differ-
ential expression of most of the m6A regulators (Fig. 1A). Subsequently, we speculated 
the variations in the ratio of m6A regulators as an intrinsic signature representing indi-
vidual differences, and the results indeed showed that the proportion of differing m6A 
regulators ranged from weakly to strongly correlated in DLBCL (Additional file 2: Fig. 
S1A). To evaluate the prognostic significance of m6A regulators in DLBCL, 475 patients 
with GCB-DLBCL from GSE117556 were enrolled since it comprised all patients with 
double-hit lymphoma (DHL), who commonly presented poor prognosis in DLBCL [23]. 
Univariate Cox regression analysis revealed that six genes were at high risk and signifi-
cantly associated with prognosis (Additional file 2: Fig. S1B). Additionally, LASSO Cox 
regression was performed to establish an m6A regulator-based risk model in DLBCL 
and calculate the risk score of patients with DLBCL (Additional file 2: Fig. S1C, D). On 
the basis of the median risk score, patients with DLBCL were classified into high-risk 
or low-risk groups, and significantly shorter survival times were found in the high-risk 
group (p < 0.001; Additional file 2: Fig. S1E). Moreover, ROC curves with an AUC value 
of 0.706 validated the reliability of the risk model in prognostic prediction of DLBCL 
(Additional file 2: Fig. S1F). Univariate and multivariate Cox regression analyses unveiled 
the risk score as an independent prognostic indicator in patients with DLBCL (Addi-
tional file 2: Fig. S1G, H). Together, these data suggested that many m6A regulators were 
differentially expressed and correlated with poor prognosis in DLBCL.

To further identify a robust prognostic biomarker based on m6A regulators in patients 
with DLBCL, the relationship between prognosis-related m6A regulators and the clin-
icopathological features of patients with DHL was evaluated. The results indicated that 
KIAA1429 was correlated with the high International Prognostic Index (IPI) score and 
DHL, while the correlation of the others was not remarkably dissimilar (p < 0.05; Addi-
tional file  2: Fig. S1I, J and Additional file  1: Table  S3). Furthermore, survival analysis 
showed better OS in patients with DHL with decreased KIAA1429 expression (p = 0.018; 
Fig. 1B), whereas KIAA1429 expression was not statistically significant for OS in non-
DHL patients (Additional file 2: Fig. S1K). Univariate Cox regression analysis unveiled 
that age, stage, Eastern Cooperative oncology Group  (ECOG) score, lactate dehydroge-
nase (LDH), IPI score, and KIAA1429 expression were substantially related to 5-year OS 
in patients with GCB-DLBCL (Additional file 2: Fig. S1L).

We next verified the expression of KIAA1429 in DLBCL, finding higher levels of 
KIAA1429 mRNA and protein in DLBCL cells than in normal B lymphocytes (p < 0.01; 
Fig. 1C, D). Elevated KIAA1429 protein levels were detected in 83.3% (50/60) of DLBCL 
tissues and 15% (3/20) of RHL tissues by IHC staining (p < 0.05; Fig. 1E, F). The clinical 
implications of KIAA1429 upregulation in patients with DLBCL were further validated 
in our center. Increased expression of KIAA1429 was associated with DLBCL sub-
types (p = 0.034) and elevated Ann Arbor stage (p = 0.007) (Table 1), indicating a posi-
tive correlation between high KIAA1429 expression and DLBCL disease progression. 
Additionally, survival analysis of patients with DLBCL presented shorter survival times 
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in patients with elevated KIAA1429 expression (p = 0.005; Fig. 1G). Thus, these results 
revealed that KIAA1429 was highly expressed and might be an independent prognostic 
indicator for patients with DLBCL.

Fig. 1 Dysregulated expression of m6A regulators and elevated KIAA1429 levels were correlated with disease 
progression in DLBCL. A Heatmap of m6A regulator expression in the healthy tonsil tissues (n = 33) and 
DLBCL tissues (n = 55) from the GEO database (GSE56315), with high and low expression levels shown in red 
and blue, respectively. B Survival curves indicated shorter survival times for patients with DHL with higher 
KIAA1429 expression. C The mRNA level of KIAA1429 in DLBCL cells (n = 3) was increased compared with that 
in  CD19+ B cells (n = 3) as determined by RT-qPCR. Data are represented as mean ± SD of three independent 
experiments. **p < 0.01. D Western blotting indicated enhanced KIAA1429 expression in DLBCL cell lines. 
E Higher expression of KIAA1429 was found in DLBCL tissues (n = 60) than in RHL samples (n = 20). Bar, 
50 μm. F Comparison of MOD values for KIAA1429-positive staining in DLBCL and RHL patients by two-tailed 
Student’s t-test. ****p < 0.0001. G Survival analysis revealed more prolonged survival times of patients with 
DLBCL with decreased KIAA1429 expression than those with increased KIAA1429 expression. The median 
overall survival was assessed by the log-rank test
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KIAA1429 facilitated cell proliferation, inhibited apoptosis, and promoted cell cycle 

progression in DLBCL

To explore the functional role of KIAA1429 in DLBCL, WGCNA was first performed to 
cluster genes into distinct modules based on the similarity of gene expression patterns 
(GSE117556). Using the dynamic tree cut, 26 gene coexpression modules were identi-
fied (Fig. 2A, Additional file 3: Fig. S2A). The top 40 genes associated with KIAA1429 are 
shown in the heatmap (Additional file 3: Fig. S2B). Since genes in coexpressed modules 
generally share similar biological functions, the blue module, including KIAA1429, was 
further analyzed. GO analysis showed that KIAA1429 functioned in cell proliferation, 
cell cycle, apoptosis, etc. (Fig. 2B). KEGG analysis indicated that KIAA1429 was involved 
in cancer-related pathways, including MAPK signaling pathway and pentose phosphate 
pathway (Fig. 2C). We further conducted KEGG enrichment analysis with GSE117556 
database to detect the associated genes and pathways with KIAA1429 expression ele-
vation. As is shown in Additional file  1: Table  S4, pentose phosphate pathway, valine, 
leucine and isoleucine degradation, glutathione metabolism, and DNA replication were 
significantly enriched.

Table 1 Correlation between KIAA1429 expression and clinical features of patients with DLBCL

The bold values mean statistically significant

GCB germinal center B cell-like, LDH lactate dehydrogenase, IPI International Prognostic Index

*p < 0.05, **p < 0.01

Clinical variables No. of patients KIAA1429 expression p value

Positive Negative

Subtype

 GCB 24 17 (70.8%) 7 (29.1%) 0.034*
 Non-GCB 36 33 (91.7%) 3 (8.3%)

Age (years)

  < 60 28 24 (85.7%) 4 (14.3%) 0.643

  ≥ 60 32 26 (81.3%) 6 (18.7%)

Gender

 Male 36 31 (86.1%) 5 (13.9%) 0.48

 Female 24 19 (79.2%) 5 (20.8%)

Ann Arbor stage

 I or II 20 13 (65%) 7 (35%) 0.007**
 III or IV 40 37 (92.5%) 3 (7.5%)

B symptoms

 Present 10 9 (90%) 1 (10%) 0.535

 Absent 50 41 (82%) 9 (18%)

Serum LDH

 Normal 31 23 (72.2%) 8 (27.8%) 0.05

 Elevated 29 27 (93.1%) 2 (6.9%)

Extranodal involvement

 Present 55 46 (83.6%) 9 (16.4%) 0.853

 Absent 5 4 (80%) 1 (20%)

IPI score

 0–2 27 20 (74.1%) 7 (25.9%) 0.082

 3–5 33 30 (90.9%) 3 (9.1%)
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Loss- and gain-of-function assays were performed further to validate the biologi-
cal function of KIAA1429 in DLBCL cells. Effective knockdown of KIAA1429 at both 
mRNA and protein levels was confirmed in DLBCL cells, with shKIAA1429#1 show-
ing higher efficacy in OCI-LY1 and U2932 cells (Fig.  2D, E). DLBCL cell proliferation 
was diminished upon knockdown of KIAA1429 (Fig. 2F). Moreover, KIAA1429 knock-
down was found to increase cell apoptosis rates (Fig. 2G). Further analysis showed that 
KIAA1429 knockdown enhanced the fraction of cells in the G2/M phase (Fig. 2H). Simi-
larly, overexpression of endogenous KIAA1429 was validated at both mRNA and pro-
tein levels (Fig. 2I, J). As expected, overexpression of KIAA1429 facilitated proliferation 
(Fig.  2K) and suppressed apoptosis of DLBCL cells (Fig.  2L). The expression of antia-
poptotic protein Bcl-2 was increased while expression levels of proapoptotic proteins, 
including Cleaved-Caspase 3, Cleaved-Caspase 8, Cleaved-Caspase 9 and Cleaved-PARP, 
were decreased in DLBCL cells overexpressing KIAA1429 (Fig. 2M). Furthermore, over-
expression of KIAA1429 was not accompanied by cell cycle arrest (Fig. 2N). Decreased 
expression of cell-cycle inhibitor P21 was discovered, and Cyclin B1, a marker of late 
G2 and mitosis (G2/M), was elevated (Fig. 2O). Collectively, these findings revealed that 
KIAA1429 might promote DLBCL progression by modulating proliferation, apoptosis, 
and cell cycle.

Targeted deletion of KIAA1429 inhibited DLBCL tumor growth both in vitro and in vivo

To further consolidate our findings above, we targeted KIAA1429 for deletion 
in DLBCL cells by CRISPR/Cas9 technology (Fig.  3A, B). As observed in knock-
down models, knockout of KIAA1429 significantly inhibited DLBCL cell prolifera-
tion (Fig.  3C). Flow cytometry demonstrated that deletion of KIAA1429 markedly 
enhanced cell apoptosis rates (Fig.  3D). After deletion of KIAA1429, antiapoptotic 
protein Bcl-2 was appreciably decreased, and the levels of proapoptotic proteins 
(Cleaved-Caspase 3, Cleaved-Caspase 8, Cleaved-Caspase 9, and Cleaved-PARP) 

(See figure on next page.)
Fig. 2 KIAA1429 promoted cell proliferation, inhibited apoptosis, and facilitated cell cycle progression in 
DLBCL. A Dendrogram showing hierarchical clustering of genes in distinct modules. B, C GO and KEGG 
analyses of genes correlated with KIAA1429 in DLBCL according to the GEO database (GSE117556). D, E 
RT-qPCR and western blotting analyses verified the knockdown effect of KIAA1429 at the mRNA and protein 
levels, respectively. At least three independent experiments were conducted to obtain the data presented 
as mean ± SD. **p < 0.01; ***p < 0.001; ****p < 0.0001. F Knockdown of KIAA1429 inhibited DLBCL cell 
proliferation as determined by CCK-8 assay. Triplicate data are presented as mean ± SD. *p < 0.05; ***p < 0.001; 
****p < 0.0001. G Cell apoptosis was suppressed by knockdown of KIAA1429. Left: representative results; 
Right: statistical data of three independent experiments are shown as mean ± SD. **p < 0.01. H Induction of 
cell cycle arrest in G2/M phase upon KIAA1429 knockdown detected by flow cytometry. Left: representative 
results; Right: as a result of three independent experiments, mean ± SD are shown. ***p < 0.001; 
****p < 0.0001. I, J Endogenous KIAA1429 overexpression by the CRISPR/dCas9-VP64 gene activation system 
was demonstrated at both the mRNA and protein levels. (NTC represents nontarget control; KIAA1429 OE 
represents overexpression of KIAA1429). Mean ± SD is shown for three independent experiments. *p < 0.05; 
**p < 0.01; ***p < 0.001. K The cell proliferation rate was enhanced by overexpression of KIAA1429 as detected 
by CCK8 assay. An average of three independent experiments is represented as mean ± SD. **p < 0.01; 
****p < 0.0001. L, M Overexpression of KIAA1429 reduced cell apoptosis and modulated the expression of 
apoptosis-related proteins. Top: representative results; bottom: data from three independent experiments 
are presented as mean ± SD. **p < 0.01. N, O Cell cycle distribution and the regulation of cell cycle-related 
proteins upon KIAA1429 overexpression are displayed. Top: representative results; bottom: data are 
represented as mean ± SD. *p < 0.05; **p < 0.01
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were significantly enhanced (Fig.  3E). Moreover, the proportion of DLBCL cells in 
the G2/M phase was remarkably elevated upon KIAA1429 deletion (Fig. 3F). Nota-
bly, higher levels of P21 expression and lower levels of Cyclin B1 were observed in 
DLBCL cells with KIAA1429 knockout (Fig.  3G). To further address the contribu-
tion of KIAA1429 deletion on tumorigenicity in vivo, subcutaneous xenograft mouse 
models were established (n = 6 per group). By comparing tumor growth curves and 
tumor volumes between the knockout and control groups, we found that KIAA1429 

Fig. 2 (See legend on previous page.)
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Fig. 3 Deletion of KIAA1429 in DLBCL cells exerted antitumor effects both in vitro and in vivo. A, B Stable 
knockout of KIAA1429 in DLBCL cells by CRISPR/Cas9 was confirmed by RT-qPCR and western blotting. 
(WT represents wild-type cells; KIAA1429 KO represents CRISPR/CAS9 knockout cells). Three independent 
experiments were performed to obtain the data presented as mean ± SD. **p < 0.01; ****p < 0.0001. C 
Knockout of KIAA1429 dramatically suppressed the proliferation of DLBCL cells as determined by CCK8 assay. 
Three independent experiments are presented as mean ± SD. ***p < 0.001; ****p < 0.0001. D, E KIAA1429 
deletion facilitated apoptosis and affected the expression of apoptosis-related proteins. Top: representative 
results; bottom: data from three independent experiments are represented as mean ± SD. **p < 0.01; 
***p < 0.001. F, G The cell cycle was arrested in G2/M phase followed by alterations in cell cycle-associated 
proteins upon KIAA1429 knockout. Top: representative results; bottom: statistical results from three 
independent experiments are represented as mean ± SD. *p < 0.05; **p < 0.01. H, I SCID beige mice were 
subcutaneously injected with OCI-LY1 cells with or without KIAA1429 deletion (n = 6), and tumor sizes and 
volumes were decreased in KIAA1429 knockout cells. **p < 0.01. J Histological analysis of excised tumors by 
hematoxylin/eosin (HE) staining and Ki67. Bar, 50 μm
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deletion markedly decreased tumor growth in  vivo (Fig.  3H, I). IHC staining of 
proliferation-related protein Ki67 indicated that cell proliferation was appreciably 
suppressed upon KIAA1429 knockout (Fig.  3J). These findings demonstrated an 
antitumor effect in vitro and in vivo with KIAA1429 knockout in DLBCL cells.

Identification of CHST11 as a downstream target of KIAA1429‑mediated m6A modification

Since KIAA1429 is an m6A methyltransferase [24], we explored the regulatory effect of 
KIAA1429 on m6A levels in DLBCL cells. As expected, KIAA1429 knockdown remark-
ably reduced the global m6A levels of DLBCL cells, whereas KIAA1429 overexpres-
sion elevated it (Fig. 4A). To dissect the involved mechanism of KIAA1429 function in 
DLBCL progression, RNA-seq and MeRIP-seq in DLBCL cells with stable KIAA1429 
knockdown were performed. RNA-seq showed the differential expression of 609 
genes after KIAA1429 knockdown, of which 336 were downregulated and 273 were 
upregulated (Additional file 4: Fig. S3A). MeRIP-seq indicated that m6A peaks of 9806 
transcripts presented differential abundance, with 1276 upregulated and 8530 downreg-
ulated (Additional file 4: Fig. S3B). Consistent with previous studies [25, 26], our MeRIP-
seq revealed that both control and KIAA1429 knockdown cells exhibited high levels of 
consensus m6A sequence “RRACH” (R = G or A; H = A, C, or U) (Fig. 4B). Moreover, 
pie charts and metagene analysis of m6A-peak distribution showed that m6A peaks 
were most prevalent in coding sequences (CDSs) and 3′ untranslated regions (UTRs) of 
mRNA, with the highest enrichment surrounding the 3′ UTR (Fig. 4C, D).

To further identify the target transcripts of KIAA1429, the differential peaks from 
MeRIP-seq were further analyzed. In control and KIAA1429 knockdown cells, 23,779 
and 22,273 m6A peaks were identified from 14,243 and 12,593 m6A-modified tran-
scripts, respectively (Fig.  4E). A total of 5886 peaks disappeared, 3283 new peaks 
appeared in DLBCL cells with KIAA1429 knockdown, and the other 19,090 peaks were 
observed in both control and knockdown cells (Fig. 4E). Given that KIAA1429 is an m6A 
methyltransferase, we speculated that genuine targets might be contained in the unique 

(See figure on next page.)
Fig. 4 CHST11 was identified as a downstream target of KIAA1429-mediated m6A modification on DLBCL. 
A A colorimetric quantification assay was used to detect the m6A levels of total RNA in OCI-LY1 and U2932 
cells with KIAA1429 knockdown or overexpression. Triplicate data are presented as mean ± SD. ***p < 0.001; 
****p < 0.0001. B HOMER with MeRIP-seq identified the top consensus motif of m6A peaks in OCI-LY1 cells 
with or without knockdown of KIAA1429. C, D The percentage of total m6A peak distribution in the specified 
regions was determined in cells with control and KIAA1429 knockdown. E The number of m6A peaks in 
control and KIAA1429-deficient cells was determined by MeRIP-seq. F The number of m6A-modified genes 
was revealed by MeRIP-seq, where at least one common m6A was present in the common m6A genes, 
whereas unique m6A genes did not contain common m6A peaks. G Venn diagram exhibiting overlap among 
differentially expressed genes (DEGs) from MeRIP-seq and RNA-seq and genes associated with KIAA1429 from 
TCGA and GEO databases. H Pearson correlations between expression of KIAA1429 and the top three genes. 
I RT-qPCR was used to detect the mRNA levels of the top three genes in cells with or without KIAA1429 
knockdown. Results are expressed as mean ± SD from three independent experiments. *p < 0.05; **p < 0.01; 
***p < 0.001. J A diminished level of CHST11 in DLBCL cells was found by RT-qPCR, compared with normal 
B cells. Statistical analyses are based on at least three independent experiments with mean ± SD. *p < 0.05. 
K The protein expression of KIAA1429 and CHST11 was negatively correlated as confirmed by western 
blotting. L RIP-qPCR showed direct binding between KIAA1429 and CHST11 mRNA in DLBCL cells. Data are 
represented as mean ± SD from three independent experiments. ***p < 0.001; ****p < 0.0001. M In vitro 
binding of CHST11 probes with KIAA1429 protein was demonstrated by RNA pulldown followed by western 
blotting
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peaks of 5886 with 4359 unique genes (Fig. 4F). The correlation between these peaks and 
DEGs obtained from our RNA-seq was explored. A total of 135 genes were identified by 
filtering the 5886 unique m6A peaks with the 437 DEGs whose expression changed by 
at least twofold (Additional file 4: Fig. S3C). Subsequently, correlation analysis between 
KIAA1429 expression and the above genes was performed on samples from patients 
with DLBCL in TCGA and GEO (GSE117556) datasets, finding remarkable associations 
between expression of KIAA1429 and 56 genes (Fig. 4G). The top correlated genes, car-
bohydrate sulfotransferase 11 (CHST11), ubiquitin-specific peptidase 31 (USP31), and 
DIRAS family GTPase 1 (DIRAS1), were further visualized, where KIAA1429 expres-
sion was positively associated with DIRAS1 and negatively correlated with CHST11 

Fig. 4 (See legend on previous page.)
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and USP31 (Fig.  4H). We verified these results by RT-qPCR, and the mRNA levels of 
CHST11 were found to be remarkably elevated upon KIAA1429 knockdown compared 
with the other two genes (Fig. 4I). Interestingly, the mRNA level of CHST11 was nota-
bly decreased in DLBCL cells (Fig. 4J), whereas the expression of USP31 and DIRAS1 
was not remarkably distinct between DLBCL cells and normal B cells (Additional file 4: 
Fig. S3D, E), indicating that CHST11 may contribute most to the regulation of DLBCL 
progression. Moreover, knockout of KIAA1429 enhanced the protein level of CHST11, 
whereas overexpression of KIAA1429 reduced it, suggesting a regulatory relationship of 
KIAA1429 on CHST11 expression (Fig.  4K). RIP with an antibody against KIAA1429 
followed by RT-qPCR indicated that KIAA1429 bound to CHST11 mRNA (Fig. 4L). The 
direct binding interaction between CHST11 RNA and KIAA1429 was further validated 
by immunoblotting after pulldown of biotin-labeled CHST11 RNA on KIAA1429 pro-
tein (Fig. 4M). Therefore, our results revealed that KIAA1429 modulated the mRNA and 
protein levels of CHST11 in DLBCL, which was identified as its direct target.

KIAA1429 reduced the stability of CHST11 mRNA via an m6A‑YTHDF2‑dependent 

mechanism

KIAA1429 was found to target the 3′ UTR of CHST11 mRNA, which presented a sta-
tistically diminished m6A peak in KIAA1429 knockdown cells compared with control 
(Fig.  5A). This result prompted us to speculate that KIAA1429 directly regulates the 
m6A modification in 3′ UTR of CHST11 mRNA, thereby interfering with its expression. 
Subsequently, luciferase reporters harboring either the wild-type or mutant CHST11 3′ 
UTR was constructed, where the adenosine in the mutant reporter was substituted by 
thymine to abolish m6A modification (Fig. 5B). As expected, a luciferase reporter con-
taining wild-type CHST11 3′ UTR upon KIAA1429 deletion exhibited a clear increase 
in luciferase activity, whereas mutation at the m6A sites abrogated this enhancement 
(Fig.  5C). Conversely, overexpression of KIAA1429 diminished the luciferase activity 
of wild-type CHST11 3′ UTR but failed to interfere with the expression of the mutant 
CHST11-fused reporter, indicating that m6A modification mediated by KIAA1429 
regulated CHST11 expression (Fig.  5D). To address whether KIAA1429 modulated 
the stability of CHST11 mRNA, we treated DLBCL cells with KIAA1429 knockdown 
or overexpression with actinomycin D at indicated timepoints. A significant increase 
in CHST11 mRNA stability was found in KIAA1429 knockout cells in the presence of 
actinomycin D, while KIAA1429 overexpression decreased it, revealing that KIAA1429 
was necessary for decreasing the stabilization of CHST11 (Fig. 5E, F).

The readers of m6A are considered essential to function in modulating gene expression 
[27, 28]. To explore how m6A modification regulates CHST11 expression, the interaction 
between CHST11 and m6A binding proteins, including YTH domain family (YTHDF) 
proteins, IGF2BPs, and hnRNP proteins, was analyzed. RNA interference experiments 
targeting CHST11 were conducted in DLBCL cells, with shCHST11#3 presenting higher 
efficiency at mRNA and protein levels (Fig.  5G, H). Interestingly, after knockdown of 
CHST11, YTHDF2 was most significantly differentially expressed compared with 
other binding proteins (Fig.  5I). Moreover, the transcript level of CHST11 was mark-
edly increased in YTHDF2 knockdown cells but reduced in YTHDF2-overexpressing 
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Fig. 5 KIAA1429 reduced the stability of CHST11 mRNA in an m6A-YTHDF2-dependent manner. A 
Visualization of m6A peak in CHST11 transcripts based on MeRIP-seq, and reduction of m6A levels of CHST11 
by knockdown of KIAA1429. B Construction of a luciferase reporter containing wild-type CHST11 3′ UTR 
and CHST11 3′ UTR with a mutation at the m6A consensus sequence. C, D An analysis of relative luciferase 
activity was conducted in DLBCL cells with or without KIAA1429 knockdown or KIAA1429 overexpression. 
Triplicate data are shown as mean ± SD. **p < 0.01; ***p < 0.001. E, F RT-qPCR was used to detect the 
expression of CHST11 after treatment with actinomycin D (5 μg/ml) at the indicated timepoints in KIAA1429 
knockdown, KIAA1429-overexpressing, and corresponding control DLBCL cells. Result are presented as 
mean ± SD from three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. G, H 
Knockdown efficiency of CHST11 in DLBCL cells was verified at mRNA and protein levels. As a result of 
three independent experiments, mean ± SD is presented. *p < 0.05; ***p < 0.001. I RT-qPCR was utilized to 
determine the alterations in expression of m6A-binding proteins upon CHST11 knockdown. The results are 
shown as mean ± SD from three independent experiments. **p < 0.01; ****p < 0.0001. J The relative mRNA 
levels of CHST11 were detected in DLBCL cells with YTHDF2 overexpression or knockdown. Data from three 
independent experiments are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001. K Validation of direct 
binding between YTHDF2 and CHST11 mRNA was performed by RIP-qPCR. Data are expressed as mean ± SD 
from three independent experiments. **p < 0.01; ***p < 0.001; ****p < 0.0001
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cells (Fig. 5J). Furthermore, RIP analysis with an antibody against YTHDF2 followed by 
RT-qPCR suggested that YTHDF2 bound to CHST11 mRNA, and the amount of bind-
ing was decreased by KIAA1429 deletion (Fig. 5K). Collectively, these results revealed 
that KIAA1429-mediated m6A modification in DLBCL cells diminished the stability of 
CHST11 mRNA and suppressed its expression in a YTHDF2-dependent manner.

CHST11 knockdown exerted tumor‑promoting effects and abolished tumor suppression 

induced by KIAA1429 knockdown

CHST11, a member of the HNK1 family of Golgi-associated sulfotransferases, is primar-
ily expressed in the hematopoietic cells [29, 30]. The expression of CHST11 in B-cell 
chronic lymphocytic leukemia was reported to be dysregulated [30]. We next explored 
the functional involvement of CHST11 in DLBCL. Enhanced cell proliferation rates 
and decreased cell apoptosis were found in stable CHST11 knockdown cells (Fig.  6A, 
B). In addition, the distribution of cell-cycle phases exhibited no significant alteration 
upon CHST11 knockdown (Fig. 6C). We next constructed xenograft mouse models to 
evaluate the functional role of CHST11 in DLBCL in vivo (n = 7 per group). Knockdown 
of CHST11 resulted in remarkable enhancement in tumor volumes and acceleration 
of tumor growth rates (Fig.  6D, E). Moreover, the expression of Ki67 was elevated in 
CHST11-deficient cells, further suggesting CHST11 as a tumor suppressor in DLBCL 
(Fig. 6F).

Since KIAA1429 induced downregulation of CHST11 expression, we explored 
whether this regulation involved the tumor-promoting role of KIAA1429 in DLBCL. 
Consistent with expectations, the reduction in cell proliferation and increase in apop-
tosis caused by KIAA1429 knockdown were considerably abrogated by CHST11 deple-
tion in these cells (Fig.  6G, H). KIAA1429 knockdown-elicited elevated expression of 
cleaved pro-apoptotic proteins and reduced anti-apoptotic proteins were reversed by 
CHST11 depletion (Fig.  6I). Notably, knockdown of CHST11 diminished the pheno-
type of G2/M phase cell cycle arrest caused by KIAA1429 depletion (Fig. 6J). Similarly, 
KIAA1429 depletion elicited high P21 expression and low Cyclin B1 expression, which 
was reversed by knockdown of CHST11 (Fig.  6K). Together, these data revealed that 

(See figure on next page.)
Fig. 6 CHST11 functioned as a tumor suppressor in DLBCL. A Knockdown of CHST11 promoted cell 
proliferation in DLBCL. Mean ± SD is presented for three independent experiments. **p < 0.01; ***p < 0.001; 
****p < 0.0001. B The apoptosis rate was reduced in CHST11 knockdown cells compared to control cells. 
Left: representative results; right: statistical data are presented as mean ± SD based on three independent 
experiments. ****p < 0.0001. C Cell cycle distribution of control and CHST11-deficient DLBCL cells was 
determined by flow cytometry. Left: representative results; right: data are expressed as mean ± SD from 
three independent experiments. *p < 0.05. D, E OCI-LY1 cells with or without CHST11 depletion were 
injected subcutaneously into SCID beige mice (n = 7), and CHST11 knockdown cells presented increased 
tumor size and tumor volume. F Histological analysis of resected tumors was performed by hematoxylin/
eosin (HE) staining and Ki67 staining. Bar, 50 μm. G Cell proliferation was assessed in DLBCL cells with or 
without KIAA1429 knockdown or combined KIAA1429 knockdown and CHST11 knockdown. Data from 
three independent experiments are presented as mean ± SD. **p < 0.01; ***p < 0.001; ****p < 0.0001. H, I 
Examination of apoptosis and the expression of apoptosis-related proteins in DLBCL cells with or without 
KIAA1429 knockdown or in combination with KIAA1429 knockdown and CHST11 knockdown. Left: 
representative results; Right: data from three independent experiments are represented as mean ± SD. 
***p < 0.001; ****p < 0.0001. J, K Flow cytometry was used to detect the distribution of cell cycle in DLBCL 
cells with or without KIAA1429 knockdown or combined KIAA1429 knockdown and CHST11 knockdown. 
Left: representative results; Right: data are shown as mean ± SD from three independent experiments. 
*p < 0.05; **p < 0.01; ***p < 0.001
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CHST11 suppressed tumor growth, and KIAA1429 exerted a tumor-promoting effect by 
inhibiting expression of CHST11 in DLBCL.

KIAA1429 regulated Hippo–YAP signaling by interacting with CHST11

We next further analyzed the data from our RNA-seq and MeRIP-seq to gain mechanis-
tic insight into how KIAA1429 functioned in DLBCL progression following induction 
of CHST11 downregulation. GO and KEGG enrichment analyses based on MeRIP-
seq indicated that gene expression, cell cycle, apoptosis, and metabolic pathways were 
enriched (Additional file 5: Fig. S4A, B). KEGG enrichment analysis by RNA-seq showed 

Fig. 6 (See legend on previous page.)
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Fig. 7 KIAA1429 inactivated Hippo–YAP signaling by interacting with CHST11. A GO enrichment analysis 
showed high enrichment of the Hippo signaling pathway based on RNA-seq. B A positive correlation 
between CHST11 and MOB1B was found in Pearson correlation analysis. C The binding between CHST11 
and MOB1B proteins was confirmed by co-IP in OCI-LY1 and U2932 cells. D Colocalization of CHST11 and 
MOB1B protein in OCI-LY1 and U2932 cells was exhibited in confocal immunofluorescent images. Bar, 
20 μm. E The protein level of MOB1B was detected in DLBCL cells with or without KIAA1429 knockdown or 
with combined KIAA1429 knockdown and CHST11 knockdown. F Expression of core proteins in the Hippo 
pathway was examined in DLBCL cells with or without KIAA1429 knockdown or with combined KIAA1429 
knockdown and CHST11 knockdown. G Knockdown of CHST11 suppressed MOB1B protein expression and 
LATS1 phosphorylation. H YAP expression was detected by western blotting after isolation and extraction of 
cytoplasmic and nuclear proteins. I Endogenous expression and subcellular localization of YAP were assessed 
by immunofluorescence staining. Bar = 20 μm. Data were obtained from three independent experiments. J 
Western blotting showed that knockdown of CHST11 rescued the KIAA1429 knockdown-induced decrease in 
YAP and TEAD4 expression and increase in YAP phosphorylation
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significant enrichment of DEGs in the Hippo signaling pathway (Fig.  7A). The Hippo 
pathway is crucial for controlling organ size and suppressing tumor growth, and accu-
mulating evidence also suggests its involvement in metabolic regulation [31, 32]. To 
determine whether KIAA1429 acted as a regulator in Hippo–YAP signaling by modu-
lating CHST11, we analyzed the correlation between CHST11 and Hippo–YAP path-
way core components using data from GSE117556. The related genes including MOB1B, 
NF2, LATS2, LATS1, and MOB1A are shown (p < 0.05, Additional file  5: Fig. S4C). 
Among them, MOB1B, a core kinase of the Hippo–YAP pathway, ranked first and was 
positively correlated with CHST11 (p < 0.0001, Fig.  7B). Physical interaction between 
endogenous CHST11 protein and MOB1B protein was determined by coimmunoprecip-
itation (co-IP) and western blotting (Fig. 7C). In addition, immunofluorescent confocal 
imaging analysis of OCI-LY1 and U2932 cells revealed colocalization of CHST11 protein 
and MOB1B protein (Fig. 7D).

Furthermore, the expression of Hippo–YAP pathway core components correlated with 
CHST11, including MOB1B, LATS1, phosphorylated (p) LATS1, YAP, and P-YAP ser-
ine 127 [P-YAP (S127)], was detected in DLBCL cells with KIAA1429 knockdown alone 
or simultaneous knockdown of KIAA1429 and CHST11. We found that knockdown of 
KIAA1429 enhanced CHST11 protein expression and resulted in elevated expression 
of MOB1B protein (Fig. 7E). The phosphorylation of Hippo–YAP pathway core compo-
nents, including LATS1 and YAP (S127), was increased upon KIAA1429 knockdown, 
suggesting activation of Hippo–YAP signaling, while it was abrogated by CHST11 
depletion in these cells (Fig. 7F). Interestingly, total YAP was diminished in KIAA1429-
deficient cells, which was reversed by knockdown of CHST11, yet total LATS1 was unaf-
fected in these cells (Fig. 7F).

Activation of Hippo signaling results in phosphorylation of YAP at the S127 site by 
LATS1 to promote its cytoplasmic translocation and subsequent degradation. Moreover, 
MOB1B is required for the complete activation of LATS1 [33]. These findings prompted 
us to verify whether LATS1 was activated by CHST11 binding to MOB1B and whether 
KIAA1429 through regulation of CHST11 expression altered YAP activity to modulate 
the Hippo–YAP signaling. We found that MOB1B expression and LATS1 phosphoryla-
tion were decreased in DLBCL cells with CHST11 knockdown, suggesting that CHST11 
might inhibit MOB1B expression to diminish LATS1 activation (Fig.  7G). Consist-
ent with the preceding results [34], the total level of YAP was diminished in both the 
nucleus and cytoplasm upon KIAA1429 depletion, while the decreased level of YAP in 
the nucleus was reversed by CHST11 knockdown (Fig. 7H). Knockdown of KIAA1429 
retained YAP in the cytoplasm, and further knockdown of CHST11 enhanced YAP 
expression in the nucleus (Fig.  7H). Furthermore, by immunofluorescence confocal 
imaging analysis, KIAA1429-deficient cells displayed reduced levels and nuclear local-
ization of YAP, suggesting elevated inactivation and degradation of YAP, whereas this 
reduction in YAP expression induced by KIAA1429 depletion was largely abolished 
by CHST11 knockdown in these cells (Fig. 7I). Since dysregulation of the Hippo–YAP 
pathway ultimately triggers transcriptional activation of the YAP–TEAD4 complex and 
initiates the expression of downstream target genes, we explored whether TEAD4 tran-
scription factor was responsible for the YAP activity regulated by KIAA1429. We found 
that the increase in YAP phosphorylation levels and decrease in protein levels induced 
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by KIAA1429 knockdown were accompanied by the reduction in TEAD4 expression, 
whereas the increase in YAP expression induced by inhibition of CHST11 in these cells 
promoted TEAD4 expression (Fig. 7J). These results indicated that TEAD4 transcription 
factors might be a mediator of the YAP activity in DLBCL. Previous studies revealed 
KIAA1429 as a regulator of the TGFβ pathway. To investigate whether Smad2/3, the cru-
cial downstream effector of TGF-β signaling, could involve in YAP transcriptional regu-
lation, we treated DLBCL cells with ITD-1, which blocked pSmad2/3 induced by TGFβ2. 
Western blotting showed that the phosphorylation of Smad2 and Smad3 was inhibited 
upon treatment with ITD-1, whereas the expression of KIAA1429, YAP, and pYAP was 
not changed, indicating that Smad2/3 was not the mediator of the YAP activity regulated 
by KIAA1429 (Additional file  5: Fig. S4D). Taken together, our findings demonstrated 
that KIAA1429 knockdown contributed to the regulation of Hippo–YAP signaling by 
facilitating CHST11 expression in DLBCL (Additional file 6).

KIAA1429 promotes tumorigenesis in DLBCL by inactivating YAP

Since KIAA1429 negatively regulated CHST11 and activation of YAP, we further 
explored whether this regulation was responsible for the tumor-promoting effects of 
KIAA1429 in DLBCL. The mRNA level of YAP was first determined by GSE56315 data-
set, and the elevated YAP mRNA level was found in DLBCL sample compared with the 
normal B cells (Fig. 8A). Subsequently, lentivirus-mediated YAP shRNA to inhibit YAP 
expression was performed to investigate the functional significance of YAP in KIAA1429 
effect, and the knockdown efficacy was validated by western blotting (Additional file 5: 
Fig. S4E). As expected, knockdown of YAP reversed the proliferation promotion induced 
by KIAA1429 overexpression (Fig.  8B). Additionally, YAP knockdown rescued the 
effects of KIAA1429 overexpression on apoptosis (Fig.  8C) and cell cycle progression 
(Fig.  8D), thereby exerting tumor-suppressive effects in DLBCL. Overall, these results 
indicated that KIAA1429 played a role in promoting DLCBL tumorigenesis by inhibiting 
YAP activation.

Discussion
In the current study, dysregulated expression levels of m6A regulators were demon-
strated and correlated with poor outcomes in DLBCL. Moreover, the m6A methyltrans-
ferase KIAA1429 was identified to be upregulated in patients with DLBCL for the first 
time, and its elevated expression suggested a worse clinical outcome, especially in the 
GCB subtype. Targeting KIAA1429 in DLBCL presented potential antitumor effects 
in repression of cell proliferation and induction of cell cycle arrest and apoptosis. 
KIAA1429 stimulated the m6A modification of CHST11 mRNA, which then recruited 
YTHDF2 to bind to the m6A site and inhibited CHST11 stability and expression to 
interfere with the interaction between CHST11 and MOB1B, resulting in inhibited acti-
vation of Hippo–YAP signaling, thereby reprogramming the expression of Hippo target 
genes that regulate cell proliferation, cell cycle, and apoptosis. Our study uncovered a 
novel dimension of epigenetic alteration that results in the progression of DLBCL and 
affects its prognosis.

As the most abundant RNA modification, m6A modification displays vital and differ-
ent biological functions in multiple tumor progression [26, 35–37]. Although studies 
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revealed that the m6A methyltransferase exhibits oncogenic activity in DLBCL [20, 38], 
there is little direct evidence showing other modulators as oncogenic or tumor sup-
pressive effects. Since m6A regulators are highly heterogeneous in their genetic and 
expression profiles in different cancer contexts [39–41], we explored whether aberrant 

Fig. 8 KIAA1429 inactivated Hippo–YAP signaling by interacting with CHST11. A YAP was highly expressed 
in DLBCL tissues (n = 55) compared with healthy tonsil tissues (n = 33) based on the GSE56315 dataset. B–D 
Knockdown of YAP inhibited cell proliferation promotion, apoptosis reduction, and cell cycle progression 
acceleration induced by KIAA1429 overexpression. Mean ± SD is presented for three independent 
experiments. *p < 0.05, **p < 0.01; ***p < 0.001; ****p < 0.0001. E Model of KIAA1429-mediated m6A 
modification regulating DLBCL progression through the Hippo–YAP pathway
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methylation of m6A was associated with DLBCL progression and prognosis. Our study 
observed significant differences in m6A regulator expression in DLBCL. A novel risk-
prediction model based on the m6A regulators with prognostic value was constructed, 
and we found that, in the GCB subtype of DLBCL, high-risk scores were relevant to 
poor prognosis. Additionally, highly expressed KIAA1429 showed worse clinical out-
comes in patients with DLBCL with DHL, who exhibited a limited response to standard 
R-CHOP chemoimmunotherapy and tended to present poor prognosis [23], suggesting 
that KIAA1429 may be a predictor to guide the prognosis of DLBCL. Previous studies 
have demonstrated the oncogenic role of KIAA1429 in various human cancers, includ-
ing gastric cancer [42], non-small cell lung cancer [43], breast cancer [44], and liver 
cancer [45], but not in DLBCL. Our results revealed that KIAA1429 expression was 
observed at high levels in DLBCL patient specimens and correlated with the clinical fea-
tures and poor prognosis. Furthermore, knockout of KIAA1429 remarkably suppressed 
cell proliferation, induced cell cycle arrest in the G2/M phase, facilitated cell apoptosis 
in vitro, and repressed tumor growth in vivo, which verified the tumorigenic effects of 
KIAA1429 in DLBCL. Our findings not only revealed the potential value of m6A regula-
tors in predicting the poor prognosis of patients with DLBCL but also provided evidence 
for KIAA1429 as a prognostic biomarker and therapeutic target in DLBCL.

KIAA1429 acts as an essential element of m6A methyltransferase complex and com-
monly catalyzes m6A modification near the 3′ UTR and stop codon of target mRNA [24, 
46]. Indeed, higher levels of m6A were observed upon KIAA1429 overexpression in our 
study, highlighting the indispensable effect of KIAA1429 on m6A modification. On the 
basis of MeRIP-seq and RNA-seq, we found CHST11 to be a crucial downstream target 
of KIAA1429 in DLBCL. Suppression of KIAA1429 decreased the m6A level of CHST11, 
resulting in elevated expression of CHST11. Additionally, we identified an epigenetically 
mediated mechanism whereby KIAA1429 repressed CHST11 expression in an m6A-
YTHDF2-dependent manner. Direct interaction between YTHDF2 and CHST11 was 
observed, and the expression of CHST11 was negatively associated with YTHDF2. As an 
enzyme regulating cartilage proteoglycan, CHST11 plays a critical role in development 
of mammalian chondrocytes and has not received much attention in cancer initiation 
and development. Limited studies have indicated that CHST11 expression is enhanced 
in aggressive breast cancers [47, 48], multiple myeloma [49], and ovarian cancer [50]. 
However, other research revealed that CHST11 expression was decreased with increas-
ing colorectal cancer stage [51], and expression of CHST11 diminished in hepatocellular 
carcinoma correlated positively with malignancy [52]. Here, our study was the first to 
reveal the in  vitro and in  vivo anti-tumor roles of CHST11 in DLBCL. Moreover, we 
observed that CHST11 inhibition exerted opposing effects on cell proliferation suppres-
sion, cell cycle arrest, and apoptosis activation induced by KIAA1429 depletion. Our 
results provide a novel regulatory model of KIAA1429 in DLBCL progression.

Our previous study demonstrated the critical role of Hippo–YAP signaling 
in DLBCL progression [53]. Disruption of Hippo–YAP signaling has been con-
firmed to promote tumorigenesis in breast cancer [54, 55], ovarian cancer [56, 57], 
neurofibroma [58], and prostate cancer [59, 60]. In this study, we observed that 
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KIAA1429-mediated Hippo–YAP pathway dysregulation also contributed to the ini-
tiation and progression of DLBCL. CHST11 has been reported to be positively modu-
lated by activating the TGFβ signaling cascade in a cell type-specific manner through 
multiple cis-regulatory elements [61]. Suppression of oncogenic HRAS signaling in 
Costello syndrome fibroblasts increases CHST11 expression [62]. In addition, the 
activity of the MAPK pathway in HCC cells is enhanced upon CHST11 inhibition 
[52]. These studies indicated that CHST11 might exert crucial roles in cancer pro-
gression by functioning as an upstream regulator or downstream target in signaling 
pathways. Our study demonstrated that KIAA1429 might facilitate DLBCL progres-
sion by inhibiting CHST11 expression and attenuating the activation of Hippo–YAP 
signaling caused by the interaction of CHST11 with MOB1B. MOB1B is identified as 
a tumor suppressor, and it interacts with and activates LATS1/2 kinase, which is criti-
cal for fully activating LATS1 [33]. YAP is phosphorylated by the MOB1/LATS kinase 
complex resulting in its retention in the cytoplasm and subsequent degradation [34]. 
In our study, we found that direct interaction of CHST11 and MOB1B and KIAA1429 
knockdown facilitated the activation of the Hippo pathway and cytosol retention or 
degradation of YAP, which was reversed by CHST11 knockdown. Further elucidation 
of how CHST11 regulates MOB1B expression is needed to provide insight into the 
unique regulatory mechanism of KIAA1429 on the Hippo–YAP pathway in DLBCL.

Conclusions
Our study demonstrated that YTHDF2 bound KIAA1429-mediated m6A modifica-
tion of CHST11 mRNA and diminished expression of CHST11, identifying a pre-
viously unknown mechanism in which the Hippo–YAP pathway inactivation is 
epigenetically regulated in DLBCL. Furthermore, patients with DLBCL with elevated 
KIAA1429 expression presented reduced CHST11 levels and a poor prognosis. Tar-
geting KIAA1429 to the critical regulation of CHST11 by YTHDF2-coupled m6A 
modification may provide a promising therapeutic strategy for patients with DLBCL.
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