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Graphical Abstract

1. AF9 depletion facilitated colorectal cancer progression.
2. The miR-145/AF9 axis holds promise as a potential therapeutic target.
3. AF9 modulated glycolysis by modifying the expression of phosphoenolpyru-
vate carboxykinase 2 (PCK2) and fructose 1,6-bisphosphatase 1 (FBP1).
4. AF9 interacts with PCK2 and FBP1 through its recognition of H3K9ac.
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Abstract
Background: The tumourigenesis of various cancers is influenced by epigenetic
deregulation. Among 591 epigenetic regulator factors (ERFs) examined, AF9
showed significant inhibition of malignancy in colorectal cancer (CRC) based
on our wound healing assays. However, the precise role of AF9 in CRC remains
to be explored.
Methods: To investigate the function of AF9 in CRC, we utilised small interfer-
ing RNAs (siRNAs) to knock down the expression of 591 ERFs. Subsequently, we
performed wound healing assays to evaluate cell proliferation and migration. In
vitro and in vivo assays were conducted to elucidate the potential impact of AF9
in CRC. Clinical samples were analysed to assess the association between AF9
expression andCRC prognosis. Additionally, anAzoxymethane-Dextran Sodium
Sulfate (AOM/DSS) induced CRC AF9IEC-/- mouse model was employed to con-
firm the role of AF9 in CRC. To identify the target gene of AF9, RNA-seq and
coimmunoprecipitation analyses were performed. Furthermore, bioinformatics
prediction was applied to identify potential miRNAs that target AF9.
Results:Among the 591 ERFs examined, AF9 exhibited downregulation in CRC
and showed a positive correlation with prolonged survival in CRC patients.
In vitro and in vivo assays proved that depletion of AF9 could promote cell
proliferation, migration as well as glycolysis. Specifically, knockout of MLLT3
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(AF9) in intestinal epithelial cells significantly increased tumour formation
induced by AOM/DSS. We also identified miR-145 could target 3′untranslated
region of AF9 to suppress AF9 expression. Loss of AF9 led to decreased expres-
sion of gluconeogenic genes, including phosphoenolpyruvate carboxykinase
2 (PCK2) and fructose 1,6-bisphosphatase 1 (FBP1), subsequently promoting
glucose consumption and tumourigenesis.
Conclusions: AF9 is essential for the upregulation of PCK2 and FBP1, and
the disruption of the miR-145/AF9 axis may serve as a potential target for the
development of CRC therapeutics.
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AF9, colorectal cancer, glucogenesis, miR-145

1 BACKGROUND

Colorectal cancer (CRC) is a common malignancy world-
wide, ranking third in incidence and second in mortality
among cancers.1 Metabolic reprogramming is a hallmark
of CRC, with glycolysis being the predominant metabolic
pathway providing energy and intermediates for tumour
cell survival.2–4 Gluconeogenesis, the reverse process of
glycolysis, represents a quiescent metabolic pathway in
tumour cells.5,6
The dysregulation of epigenetic processes, such as gene

mutations and gene silencing, has been demonstrated
to be critical in tumourigenesis and serves as potential
targets for cancer therapies.7,8 The identification of nat-
ural tumour suppressors is of paramount importance in
counteracting uncontrolled tumour growth and inhibit-
ing cancer progression. In the context of protein sequence
alignment, a conserved domain called YEATS was dis-
covered at the N terminus of and named after the five
proteins: Yaf9, Eleven-Nineteen Lysine-rich Leukemia
(ENL),ALL1-fused gene fromchromosome 9 (AF9), TATA-
binding protein-associated factor 14 (Taf14) and Something
about silencing protein 5 (Sas5).9 These YEATS domain-
containing proteins exhibit evolutionary conservation,
with four identified in humans and three in Saccharomyces
cerevisiae. These proteins are associated with various com-
plexes involved in histone acetyltransferase activity, chro-
matin remodelling and transcription regulation.10 While
the chromo (chromatin organisation modifier) domain
and the plant homeodomain domain are known as histone
lysinemethylation ‘readers’, the bromodomain specifically
recognises histone lysine acetylation18.11 Studies utilising
modified histone peptide arrays and co-crystallisation of
YEATS-acetylatedH3peptides have shown that theYEATS
domain exhibits a high affinity for acetylated histone
H3, specifically favouring H3K9 acetylation (H3K9ac).12

Notably, in childhood acute myeloid leukaemia, ENL
utilises its YEATS domain to interact with acetylated
histones, particularly H3K9ac and H3K27ac, thereby mod-
ulating the expression of oncogenic genes involved in the
disease, whereas the involvement of AF9 (also known
as MLLT3) in solid tumour progression, including CRC,
remains unknown.13
Fructose 1,6-bisphosphatase 1 (FBP1) plays a critical

role as an enzyme in the process of gluconeogenesis,
where it catalyzes the conversion of FBP1 into fructose 6-
phosphate and inorganic phosphate. Importantly, FBP1 is
well-established as a tumour suppressor, exerting its sup-
pressive effects on tumourigenesis. Intriguingly, aberrant
DNA methylation has been observed to cause the loss of
FBP1 expression in liver, colon, and gastric cancers.14,15
It has been reported that FBP1 could target HIF1a and
inhibits its transactivation independent of its enzymatic
properties in kidney cancer.16 And our previous report
revealed that FBP1 could be regulated by Forkhead Box C1
thus promoting CRC progression in CRC.17 Another signif-
icant enzyme in gluconeogenesis is phosphoenolpyruvate
carboxykinase (PEPCK), which exists in two isoforms:
the cytoplasmic form (PCK1) and the mitochondrial iso-
form (phosphoenolpyruvate carboxykinase 2 [PCK2]).18
PCK2 has been found to be overexpressed in various can-
cers, including lung, prostate, thyroid, bladder, breast, and
cervix.19 However, in gluconeogenic tissues like the liver
andmelanoma, PCK2 acts as a tumour suppressor by facil-
itating significant cataplerosis to generate glucose, thus
impeding glucose metabolism.20,21 Additionally, methy-
lation of the PCK2 promoter region has been linked to
reduced PCK2 expression in renal cell carcinoma (RCC)
and consequently inhibiting RCC progression. Therefore,
these observations suggested a critical role of epigenetic
regulation of FBP1 and PCK2 in modulating glucose
metabolism in cancers. However, their downregulation in
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the regulation of CRC still needs further investigation.
Discovering the mechanism of downregulating FBP1 and
PCK2 could curb tumours and bring new hope for tumour
treatments.
In this study, we discovered a novel tumour suppressor

AF9, and its low expression could inhibit the expression of
gluconeogenic genes, FBP1 and PCK2. Meanwhile, miR-
145 specifically targets the 3′ untranslated region (UTR) of
AF9mRNA to downregulate its expression. Therefore, dis-
rupting the miR-145/AF9 axis could be a potential strategy
to maintain glucogenesis in normal tissues.

2 MATERIALS ANDMETHODS

Antibodies: Anti-PCK2 (#6924) and anti-FBP1 (#52804)
antibodies (Cell Signaling Technology); Anti-AF9 anti-
body (NBP2-15303) and anti-H3K18ac antibody (NBP2-
43535; Novus Biologicals); chromatin immunoprecipita-
tion (ChIP) antibodies H3K9ac (07-352) and H3K18ac
(07-354; Merck); β-actin (66009-1-Ig; Proteintech).
Note: Antibodies were used at the following dilutions:

1:1000 for immunoblotting (IB), 5 μg per sample for IP or
ChIP, and 1:100 or 1:200 for immunofluorescence (IF) or
immunohistochemistry (IHC).

2.1 Cultivation of human CRC cell lines

The humanCRC cell lines HEK293T, HT29, HCT116, DLD-
1, RKO, SW480, SW620, Ls174T and HCT8 were obtained
from the American Type Culture Collection. Cells were
cultured in Dulbecco’s Modified Eagle Medium, Thermo
supplemented with 2 mM glutamine, .1 mM nonessen-
tial amino acids, 1 mM sodium pyruvate and 10% fetal
bovine serum (FBS). They were maintained at 5% CO2 at
37◦C.

2.2 siRNA screening with wound
healing assay

siRNA screen with wound healing assay was described
as in a previous report.22 A comprehensive list of small
interferingRNAs (siRNAs) targeting the 591 epigenetic reg-
ulatory genes was obtained from Dharmacon (Thermo) as
described in a previous publication.23 HT-29 cells of 2× 104
were seeded in 96-well plates per well with black-walled
(Nunc) to grow for about 12 h. Then, transfections were
performed using a robotic SX15 Handler workstation. The
siRNAs transfection was performed using Lipofectamine
RNAiMAX reagent (Thermo) according to the operation
manual. Upon reaching 90% confluence post transfec-

tion, a stainless-steel pin (Seiko) was used to create the
scratch wounds, with a scratch of dimensions .75 × 4 mm.
After scratching, the cells were gently washed with 1%
FBS-containing medium and grew for another 36 h. Real-
time monitoring of gap distances was measured with an
IncuCyte high-throughput screening system, allowing for
continuous measurement and analysis of wound closure.

2.3 Plasmids, lentivirus package and
infection

The cloning process involved the utilisation of HCT116
cDNA library for amplifying all open reading frames
(ORFs) using KOD FX Neo DNA polymerase (KFX2, TOY-
OBO). The amplified ORFs were subsequently subcloned
into different vectors. For AF9, it was subcloned into
pCDH-3′SFB vectors to generate FlAG-AF9. Mutations
in FlAG-AF9 were introduced using the QuickChange
site-directed mutagenesis kit (#20051, Stratagene). The
construction of FBP1 and PCK2 followed the same proce-
dure as that of AF9. To generate shRNA-resistant clones,
Polymerase Chain Reaction (PCR) products containing
four synonymous mutations in the middle of the shRNA
target sequence were created. These PCR products were
then subcloned into pCDH-hygromycin vectors without
any tags. The oligonucleotides for the construction of
pGIPZ-associated vectors can be seen in the Supporting
Information Table.

2.4 Lentivirus package and infection

Standard procedures were employed for the amplification
of lentivirus in subconfluent HEK293T cells. To infect CRC
cell lines, polybrene (TR1003G,Merck)was added at a final
concentration of 8 μgmL−1. The cells were incubated with
the lentivirusmixture for 72 h. Subsequently, the cells were
subjected to trypsin digestion and transferred to a fresh
medium. The stable cell lines establishment was cultured
from the cells sorted by their green fluorescence, with the
desired expression or knockdown.

2.5 Cell proliferation and transwell
migration assay

The cell proliferation assay was performed using the Cell
Counting Kit-8 (CCK-8, CK04, Dojindo) according to the
manual instruction. As for the transwell migration assay,
the overexpression or knockdown cells were seeded in the
upper chamber using the transwell filter inserts with 8 μm
pores (#3422, Corning). After incubation for about 24 h, the
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number of cells that migrated to the lower surface of the
chamber was calculated in five random fields (magnifica-
tion, ×100). The experiments were conducted in duplicate
and replicated three times to ensure reliable and consis-
tent outcomes. The details of both assays can be referred to
a previous report.24

2.6 Subcutaneous xenograft tumours

Animal experiments followed ethical guidelines provided
by the Experimental Animal Center of Fudan Univer-
sity Shanghai Cancer Center (FUSCC). Female nude mice
(BALB/c, SPF grade, 4−5 weeks old) were subcutaneously
injected with 2 × 106 cells per group. Tumour sizes
were measured every 4 days using the formula: volume
(mm3) = width2 (mm2) × length (mm)/2. After 8 weeks,
mice were euthanised, and tumours were excised, fixed
and sectioned for hematoxylin and eosin (H&E) staining
and microscopic observations. The experimental proce-
dures were approved by the Committee on the Ethics
of FUSCC, following the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health.

2.7 Transient transfection and
quantitative real-time PCR (qRT-PCR)

For DNA transfection, a ratio of 1:3 (mg/mL) of DNA to
Lipofectamine 3000 reagent (Invitrogen) was used. For
siRNA and antigomiR transfection (Guangzhou Ruibo
Biological Co. Ltd.), a ratio of 10:1 (nM/mL) of siRNA
or antigomiR to RNAiMax was employed. The qRT-PCR
was carried out by total RNA extraction (NucleoZOL,
Macherey-Nagel), reverse transcription (ABScript II RT
Mix, ABclonal), and real-time quantification by using TB
Green Premix Ex Taq II (TaKaRa). The quantification
of miRNA by qRT-PCR followed a previously reported
method.25 The data were normalised to the reference gene
β-actin expression. The primer pairs can be found in the
Supporting Information Table.

2.8 Western blotting

The cells were lysis by RIPA (Thermo) with protease
inhibitor (Bimake), and the protein content was measured
by Bicinchoninic Acid Assay kit, Thermo. Immunoblot-
tingwas applied to analyse the protein samples. Briefly, the
protein samples were running on Sodium dodecyl sulfate-
polyacrylamide gel, Epizyme Biomedical Technology fol-
lowed by transferring to .2 μm immobilon Polyvinylidene
Fluoridemembranes,Millipore Sigma. The acquiredmem-

branes with protein were then incubated with Quick
blocking buffer (QuickBlock, Beyotime) for 30 min at
room temperature, primary antibodies at 4◦C overnight
and finally themembranes were incubated with secondary
antibodies at room temperature for about 1 h. Electro-
chemiluminescence (ECL) system (Share-bio) was applied
to detect the protein bands.

2.9 Collection of clinical CRC samples

This study was conducted in accordance with the approval
of the Ethics Committee of FUSCC. Each patient partic-
ipating in the study has received informed consent. The
CRC samples were pathologically diagnosed and verified.
Patients underwent standard chemotherapy after surgery.
Tissue material usage complied with approved guidelines.
CRC staging ranges from I to IV: Stages I–III represent
nonmetastatic cancer, while stage IV indicates metastatic
cancer, often involving the liver.

2.10 IHC analysis

The use of tissue samples for IHC analysis in this studywas
approved by the Ethics Committee of FFUSC. The tissue
slices underwent deparaffinisation and rehydration using
xylene and graded ethanol. Antigen retrieval involved
autoclaving at pH 8.0 and 120◦C for about 10 min. Endoge-
nous peroxidase activity was blocked by incubating the
slices in a solution of 3% H2O2 diluted in methanol. Pri-
mary antibodieswere incubated overnight at 4◦C, followed
by the application of the secondary antibody at room tem-
perature for 45 min. Staining with 3,3 -diaminobenzidine
was performed for an appropriate duration, and counter-
staining was done using Mayer’s Hematoxylin solution.
Magnification images of 20× were acquired, and pos-
itive cell counts were obtained from five random
fields.

2.11 The construction of mouse model
and IF staining

The Villin-cre and AF9 genetic mouse model used in
this study was obtained as a gift from Prof. Wang’s lab-
oratory, and the detailed method can be found in their
publication.23 The AF9IEC-/− (AF9fl/fl:villin-Cre) mouse
linewas generated by breedingAF9fl/flmicewith villin-Cre
transgenic mice to delete the ninth exon. To confirm the
recombination of AF9IEC-/− (Figure 3C), a pair of primers
was designed to detect the deleted allele as follows:
Forward primer: 5′-ATCCCTGTCCTTATCACCATCGCT
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T-3′, reverse primer: 5′-GAACTACAAAGCACAGCA
ATGAAGA-3′. The length of the floxed AF9 allele is
544 bp, and the deleted AF9 allele is 411 bp.
Male mice aged 6−32 weeks were used for all animal

studies. Mice were group-housed, typically with 4−5 mice
per cage, except for cases where less than 5% of mice
required single housing due to the loss of cage mates. They
were maintained under a 12-h light/dark cycle and pro-
vided with ad libitum access to water and standard mouse
chow. Humane care was provided to all mice through-
out the study. All animal experiments were conducted in
accordance with the guidelines and regulations approved
by the Institutional Animal Care and Use Committee.
In this study, the impact of dietary administration on

AF9IEC-/ mice and control wild-type mice was assessed
using a DSS-induced inflammation model. On Day 1, the
mice were given 2% DSS (w/v) in their drinking water
for a duration of 5 days, followed by a period of 8 days
with regular drinking water only. This DSS-to-water cycle
was repeated a total of three times. On Day 36, all mice
were euthanised, and a thorough necropsy was conducted.
H&E staining or Zonula Occluden-1 (ZO-1) staining of
paraffin-embedded tissue sections was performed for the
histopathological examination.
Following the instruction of standard protocols, the

fixed tissues were stained with primary antibodies and
then incubated with secondary antibodies conjugated to
Alexa Fluor dyes and DAPI. Cell imaging was captured by
Leica TCS SP8 WLL confocal laser microscope.

2.12 Prediction of miRNA target

The miRNA database (www.microrna.org) was used to
predict potential miRNAs that may regulate AF9 gene
expression. This database utilises support vector machines
and high-throughput training data to predict numerous
miRNA-target interactions. Using this approach, we
obtained a list of miRNAs with the potential to target
AF9 mRNA. To prioritise miRNAs with strong bind-
ing potential, we selected those with prediction scores
above .6.

2.13 RNA sequencing and KEGG
analysis

Total RNA underwent RNA sequencing on an Illumina
HiSeq 2500 system. BaseSpace Sequence Hub was applied
to analyse the resulting sequencing data. The clusterPro-
filer was used to perform Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis, and the gener-
ated plot was visualised by ggplot2 in R (version 4.3.1).

The comparisons made were shAF9 versus shNT in the
HT29 cell line and AF9 overexpression versus control (vec-
tor) in the HCT116 cell line. The co-changed genes in both
cell lines were identified. The RNA-seq data have been
uploaded, and the accession number for the SRA data is
PRJNA944549.

2.14 Dual-luciferase report assay

Dual-luciferase activity was measured in HT29 and
HCT116 cell lines by introducing the promoter of AF9
of tumour and normal tissue into pGL3B plasmid into
above cells, according to the Operation Manual (Promega,
E1910).

2.15 Measurement of metabolites,
extracellular acidification rate assay
(ECAR) and patients standardised uptake
value (SUV)max

Cells with geneticmanipulationwere harvested, and intra-
cellular metabolites were extracted using an aqueous
solution of 80% (v/v) methanol. The extracted samples
were subjected to metabolomic analysis using gas chro-
matography mass spectrometry (GC-MS). The loading of
samples and analysis of glycolytic metabolites from GC-
MS were performed following the protocols described in
a previous study.26
Additionally, a total of 40 patients who underwent

fluoro2-D-deoxyglucose F18 (18F-FDG) Positron emission
tomography (PET)/computed tomography (CT) examina-
tions at FUSCC between 2019 and 2020 were included
in the study. The imaging diagnoses were independently
reviewed and analysed by two radiologists.

2.16 AF9-Y78A cell line construction

To endogenously mutate homo sapiens AF9 Y78 to A78,
we used the following primers, including sgRNA and
donor ssDNA, which were transiently transfected into the
indicated CRC cells.
sgRNA: 5′-CTTACAAAGTAGAAGAATCT-3′; Donor

ssDNA: 5′-TTTTGTCTATTATTCTCATCTTACCTATTTTC
TTTTTTAATGTTGCAGTGTGCAAAGATCCACCATATA
AGGTTGAAGAATCTGGAGCTGCTGGTTTCATTTTGCC
AATTGAAGTTTATTTTAAAAACAAGGTATGTAATCTT
TACCCATTAATCTTTCA-3′. The picked monoclonal cells
were expanded in 48 well-plate, and genomic DNA was
extracted for sequencing to ascertain themutation of Y78A
in indicated CRC cells.

http://www.microrna.org
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2.17 Co-immuno-precipitation assay

The cell lysate from FLAG-AF9 cells was incubated with
FLAG mouse monoclonal antibody-coated beads (Sigma)
for 4 h. The purified FLAG-AF9 protein and complexes
were then denatured by boiling at 95◦C for 8 min. The
samples were loaded onto an SDS-PAGE gel to sepa-
rate FLAG-AF9 and its associated proteins. The separated
proteins were detected by western blot using specific
antibodies as indicated.

2.18 ChIP assay

For the ChIP assays, mouse monoclonal anti-FLAG anti-
body (Sigma) at a dilution of 1:2000 and rabbit monoclonal
anti-H3K9ac antibody (Millipore) at a dilution of 1:500 was
used. As a negative control, rabbit monoclonal IgG anti-
body (Cell Signaling) at a dilution of 1:500 was included.
The presence of binding regions targeted by the specific
antibodies was estimated by PCR. Parts of the DNA were
reserved as an input control before antibody addition to
serve as a normalisation reference for the ChIP assay. The
PCR primer sequences that target DNA fragments within
the promoters of interest were listed in Supporting Infor-
mation Table. The experimental groups were normalised
relative to their respective controls, of which the signals
were deemed as 1.00.

2.19 Clinical samples

A total of 282 patients diagnosed with colorectal adeno-
carcinoma at FUSCC between 2008 and 2009, without
prior preoperative therapy, were enrolled in this study.
The patients were followed up for a median duration of
81 months, with a maximum follow-up of 97 months.
Informed consent was obtained from all participants, and
the study was approved by the institutional review board
of Shanghai Cancer Center.

2.20 Statistical analysis

Statistical data analysis was performed using appropriate
tests based on the distribution of the variables. Unpaired
Student’s t-tests were used for normally distributed vari-
ables when comparing two groups, while Mann–Whitney
U tests were used for non-normally distributed variables.
For comparisons involvingmore than two groups, one-way
Analysis of Variance and Kruskal–Wallis tests were used
as parametric and nonparametric methods, respectively.
The linear relationship between two variables was deter-
mined using Pearson’s or Spearman’s correlation analysis.

R software (version 4.3.1) and SPSS software (version 26.0)
were used for all statistical analyses. Experimental data
were typically presented as mean ± standard deviation,
and three repetitions were set up to ensure the robustness
of the results and conclusions. The level of statistical
significance is indicated in the respective figure legends.

3 RESULTS

3.1 siRNA screening of epigenetic
regulator factors (ERFs) discovers AF9
plays a suppressive role of CRC

Dysregulation of ERFs plays important roles in the pro-
gression of tumours.27 To identify which ERF contributes
to suppress tumour cell proliferation or migration in CRC,
we adopted siRNAs to knock down 591 genes encoding
ERFs in HT29 cells, followed by wound healing assays
to examine tumour cell migration using IncuCyte high-
throughput screening system (Figure 1A). Among those
ERFs, the knock down of AF9 with four independent siR-
NAs in HT29 cells significantly promoted the capacity of
wound healing. Zinc-finger transcription factor protein
(SNAIL) was used as a positive control in this screen-
ing system (Figure 1B). We successfully repeated wound
healing assays for HT29 cells with or without AF9 deple-
tion (Figure 1C). As wound healing assay needs time span
up to 48 h, the impact of AF9 on tumour cells has two
aspects: proliferation and migration. We separated these
two aspects by using transwell assay and CCK-8 assay. To
select the suitable cell lines for depleting AF9 or forced
expression of AF9, we tested AF9 expression in 8 CRC cell
lines (Supporting Information Figure S1A,B). We depleted
AF9 in HT29 and DLD-1 cells while forcing expression of
AF9 in HCTT16 and RKO cells (Supporting Information
Figure S1C). In Figure 1D, depletion of AF9 promoted cell
migration while forced expression of AF9 impaired cell
migration (Figures 1D and S1D). Meanwhile, CCK-8 assay
showed that depletion of AF9 in HT29 cells promoted cell
proliferation while forced expression of AF9 in HCTT16
impaired cell proliferation (Figures 1E and S1E). The deple-
tion of AF9 in HT29 cells significantly drives cell cycle
progression after releasing for 24 h from cell synchronisa-
tion, while overexpression of AF9 in HCT116 cells induced
cell cycle arrest after releasing 16 h from cell synchro-
nisation, further verifying the role of AF9 in dampening
cell proliferation (Supporting Information Figure S1G).
We then performed a subcutaneous xenograft implanta-
tion experiment to assess the suppressive role of AF9 for
CRC cells in vivo. Results showed HT29 cells with AF9
knockdown enlarged the volumes of solid tumour, com-
pared to control groups, and Ki67 staining identified the
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F IGURE 1 siRNA screening of epigenetic regulator factors (ERFs) discovers AF9 plays a suppressive role of colorectal cancer (CRC).
(A and B) HT29 cells were transfected with individual siRNA targeting 591 ERFs (four siRNA for each gene) or siRNA targeting SNAI1 as the
positive control or non-targeting control siRNA (siNC) as the negative control, respectively. Scratch wound healing assays were performed.
Real-time gap distances were measured using IncuCyte high-throughput screening system for 48 h. Schematic diagram of screening strategy
was presented (A). Data presented as volcano plot of two independent experiments (B, top panel). The small interfering RNAs (siRNAs) with
p value < .01 and migration distance (normalised to siNC) < .25 or > 4 was considered to be effective siRNAs that significantly influence
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enhanced tumourigenic capacity of HT29 cells without
AF9 (Figure 1F). Reversely, a decreased tumour size was
found when HCT116 cells with forced expression of AF9
and Ki67 staining showed a consistent result (Figure 1G).
Therefore, AF9 plays a suppressive role in the xenograft
formation of human CRC cells.

3.2 AF9 expression negatively associates
with CRC progression

To understand whether AF9 expression associates with
CRC progression, we first tested AF9 expression using
qRT-PCR in 60 paired CRC samples. Results showed AF9
expression in tumours was dramatically downregulated,
compared to adjacent normal tissues (Figure 2A).We iden-
tified AF9 protein level and distribution in the tumour
and adjacent tissue and consistently, in tumour, AF9 was
decreased. Otherwise, AF9 was high expression in normal
tissue and localised in nuclear (Figure 2B). Further, we
examine the association between AF9 expression and CRC
progression. As shown in Figure 2C–E, as the CRC grade
rises, AF9 expression is gradually lost or silenced, indi-
cating AF9 could be used as a biomarker for monitoring
CRC progression (Figure 2C,E). The recurrence of CRC is
the major risky factor in patients’ survival duration. So, we
examined AF9 expression in CRC primary samples with or
without recurrence. In samples of patientswithout relapse,
the expression level of AF9 is significantly higher than that
of patients with relapse (Figure 2F). And the survival dura-
tion of CRC patients with high or low expression of AF9
also showed a negative correlation between AF9 expres-
sion and the prognosis of patients (Figure 2G). Hence, in
CRC, the reduction of AF9 expression could be used as a
progressive marker of CRC.

3.3 AF9 suppresses cancer initiation
and progression in AOM/DSS-induced CRC
model

To identify the suppressive role of AF9 in CRC, we
further applied AOM/DSS-induced CRC model to test

whether depletion of AF9 in intestine epithelial cells
could block or delay CRC initiation or progression. The
method of AOM/DSS-induced mouse model was pre-
viously described in our own work.28 The strategy of
knockout (KO) AF9 in intestine epithelial cells is shown
in Figure 3A. The successful KO mice of AF9 in intes-
tine epithelial cells (called AF9IEC-/−) was confirmed by
PCR, western blot and IHC (Figure 3C,D). We recorded
the body weight of mice after DSS treatment and observed
that AF9IEC-/- mice lost weight faster, suggesting AF9
could confer tolerance to DSS (Figure 3E). We sacri-
ficed AOM/DSS-treated mice and stripped the colorectum
and found that AF9IEC-/- mice had a shorter colorectal
length, which may be caused by stronger inflammation
(Figure 3F). Also, AF9IEC-/- mice had much more tumours
in the intestines (Figure 3G).
As the CRC progression would form solid tumours and

destroy the basement membrane, we use H&E staining
to identify the solid tumour and ZO-129,30 staining to
prove the destruction of the basement membrane. Data
showed loss ofAF9would accelerate the tumour formation
(Figure 3H,I). The survival duration of mice with or with-
out AF9 in IEC presented a big difference: AF9IEC-/- mice
had a short life after AOM/DSS/ (Figure 3J). Thus, we pre-
liminarily conclude AF9 suppresses cancer initiation and
progression in AOM/DSS-induced CRC model.

3.4 miR-145 targets AF9 3′UTR and
silences AF9 mRNA

We examined the promoter activity of AF9 gene by intro-
ducing its promoter from a tumour or normal tissue
into pGL3B and found that the promoter activity of the
AF9 gene in tumour or normal tissue has no difference
(Figure 4A). It is predicted that miRNA accounts for
1%−5% of the human genome and regulate sat least 30%
of mRNA mature.31 To understand how AF9 is silenced
in tumours, we predicted the potential miRNAs that
could target AF9 mRNA as shown in Figure 4B; six miR-
NAs may be involved in regulating AF9 mRNA. Overall,
these 6 miRNAs expressed high in HCT116, but low in
HT29 (Figure 4B). We selected two miRNAs: miR-145 and

tumour cell activities. ERFs targeted by more than two effective siRNAs were selected as candidate ERFs required for tumour cell activities
(B). (C) Representative images of wound healing assays performed in HT29 cells with or without shAF9 were shown at indicated time point
(scale bar represents 400 μm). (D) Cell proliferation of HT29 cells with or without shAF9, or HCT116 cells with or without AF9 overexpression
was measured by CCK-8. (E) Representative images of transwell assays performed in HT29 cells with or without shAF9 or in HCT116 cells
with or without AF9 overexpression were shown (scale bar represents 60 μm). (F and G) Xenograft formation. HT29 cells with or without AF9
or HCT116 cells with or without AF9 overexpression were implanted into left groin of nude mice (n = 6 for each group). The tumour volume
was measured at the end of the experiment. Ki67 staining was performed to test the in vivo proliferation (*p < .05, **p < .01, ***p < .001,
****p < .0001).
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F IGURE 2 AF9 expression negatively associates with CRC progression. (A) AF9 mRNA levels in tumour tissues and adjacent tissues.
(B) Representative images of immunohistochemistry (IHC) using antibody against AF9 in tumour tissue and paired adjacent tissues. (C) AF9
mRNA levels in tissues from patients with different stages of CRC. (D and E) Representative images of IHC using antibody against AF9 in
tissues from different stages of CRC. (F) AF9 mRNA levels in tissues from patients with or without recurrence. (G) Survival curve. CRC
patients in our hospital were divided into two groups according to AF9 expression levels in CRC tissues by IHC (*p < .05, ***p < .001).
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F IGURE 3 AF9 suppresses cancer initiation and progression in AOM/DSS induced CRC model. (A) Scheme of the Af9 gene locus and
related alleles. The Af9-floxed alleles have two loxP sites (red triangles) flanking the ninth exon (grey boxes). Mice with Af9-floxed alleles were
crossed with a Cre line to generate the deleted Af9 allele. (B) Western blot analysis of colon tissues from AF9IEC+/+ and AF9IEC-/− mice using
indicated antibodies. (C) Genotypes were determined by PCR using genomic DNA from intestinal epithelial cells. (D) AF9IEC-/− was identified
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miR-449b for further research due to their greater dif-
ference in HT29 and HCT116 cells. When we forced the
expression of miR-145 or miR-449b in HT29 or DLD-1
cells, only miR-145 dramatically reduced AF9 expression
(Figure 4C). We showed the predicted region of AF9
3′UTR targeted by miR-145 and then mutated this region
from AGGUCAA to AGCGCAA. After mutating, miR-145
could not affect AF9 3′UTR any more, proving that miR-
145 regulates AF9 mRNA stability by targeting its 3′UTR
(Figure 4D). In order to investigate the effect of miR-
145 on CRC cells, we overexpressed miR-145 in HT29 and
DLD-1 cells, and based on this, forced expression of AF9
through the Cytomegalovirus (CMV) promoter (Support-
ing Information Figure S2A). As shown in Figure 4E,F,
miR-145 overexpression in HT29 increased cell migration
and proliferation, which could be impaired by exogenous
expression of AF9 (Figures 4E,F and S2B,C). Consistently,
using the xenograft model, the enhanced capacity of cell
proliferation acquired from miR-145 overexpression could
be hampered by the forced expression of AF9 (Figure 4G).
Further, miR-145 mimic was transiently introduced into
CRC cells to inhibit AF9 mRNA expression. A consis-
tent result with Figure 4E,F was observed that miR-145
mimics impaired AF9 expression (Supporting Information
Figure S2D) and promoted cell proliferation andmigration
(Figures 4H,I and S2E,F). Hence, AF9mRNAwas silenced
by miR-145 in CRC cells.

3.5 AF9 positively regulates the
expression of PCK2 and FBP1

To understand how AF9 could inhibit tumourigenesis, we
use RNA-seq to profile the genes regulated by AF9. As
shown in Figure 5A, the knockdown of AF9 in HT29 leads
to the downregulation of 1138 genes and upregulation of
355. Forced expression of AF9 in HCT116 leads to an upreg-
ulation of 571 and a downregulation of 198 (Figure 5A).
We analysed AF9-regulated genes in HT29 and HCT116
cells and found that 360 genes were regulated by AF9 in
both cells (Figure 5B). KEGG results indicated that these
genes were mainly enriched in Hypoxia-induced factor
1 (HIF-1) signalling pathway, glycolysis/gluconeogenesis,
taurine and hypotaurine metabolism (Supporting Infor-
mation Figure S3A). Among these genes, we found PCK2
and FBP1, the two glucogenic genes, were listed in the

TOP10 genes regulated by AF9 (Figure 5C). Next, we tested
the expression of PCK2 and FBP1 in the cells express-
ing shNT and shAF9 or Vec and AF9. Generally, the
loss of AF9 reduced the expression of PCK2 and FBP1,
while forced expression of AF9 could reinforce PCK2 and
FBP1 (Figures 5D and S3B). The consequent protein level
showed the consistent correlation betweenAF9 and PCK2,
FBP1 (Figures 5E and S3C). As AF9 could upregulate or
maintain glucogenesis, we determined the inner concen-
tration of Glc, 6PG, 3PG, 3PP, pyruvate and lactate in
the above cells. Overall, loss of AF9 reduced the concen-
tration of Glc and 6PG but increased the concentration
of the other four metabolites, while forced expression
enhanced the concentration of Glc and 6PG but decreased
the concentration of the other four metabolites, indicating
tumour cells have the suppressed glycolysis after restored
AF9 expression (Figure 5F and S3D). Through ECAR, we
observed that the level of glycolysis in HT29 and DLD-1
cells increased accompanying the depletion of AF9, while
the level of glycolysis decreased when AF9 was reinforced
in HCT116 and RKO cells (Figures 5G and S3E). These
indicate that in CRC cells, PCK2 and FBP1 could be regu-
lated by AF9 to promote the glycolysis metabolism in CRC.
Furthermore, we analysed the 18F-FDG PET/CT results
in 40 CRLM patients, and we found that the SUVmax
values in the AF9-low group (19.1 ± 1.021, n = 20) were
significantly higher than those in the AF9-high group
(13.27 ± .9347, n = 20), indicating enhanced glucose
metabolism in tumour tissues with AF9 downregulation
(Figure 5H).

3.6 AF9 targets PCK2 and FBP1 by
recognising H3K9ac but not H3K18ac

Histonemark reader proteins function as adaptors for gene
expression.32,33 Histone acetylation at lysine residues was
well-established to promote gene expression. AF9 recog-
nises H3K9ac and H3K18ac meanwhile.34 To understand
the association of AF9 with H3K9ac and H3K18ac in CRC,
we first knocked a FLAG into the C terminal of AF9
to construct a cell line: HT29-AF9-FLAG. We used anti-
body against FLAG to perform ChIP. We performed a
co-immuno-precipitation assay. As shown in Figure 6A,
AF9 tights with H3K9ac, but not H3K18ac, indicating in
CRC, AF9 could activate gene expression by recognising

by IHC using antibody against AF9. (E) Body weight of AF9IEC+/+ and AF9IEC-/− mice was measured after treatment with DSS. Body weight
changes in the mice during three cycles of 3% DSS treatment. (F and G) The mice were euthanised to measure colon length (n = 6) and
tumour burden (n = 6) on Day 36. (H) Hematoxylin and eosin (H&E)-stained sections of middle–distal colon tissue. Arrows, infiltration of
immune cell and epithelial cell damage. (I) Representative images of ZO-1 staining in colon sections of mice treated with DSS. (J)
Kaplan–Meier plot showing the survival of AF9IEC+/+ and AF9IEC-/− mice after AMO/DSS treatment (*p < .05, **p < .01).
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F IGURE 4 miR-145 targets AF9 3′ untranslated region (3′UTR) and silences AF9 mRNA. (A) Dual-luciferase reporter assay was
performed to test the AF9 promoter activity. (B) microRNA.ORG and Targetscan were used to predict the potential miRNA, which could
target 3′UTR of homo sapiens AF9. The green represents low expression of miRNAs, while the red represents high expression of miRNAs.
And the deeper the colour is, the higher or lower expression of miRNAs is. (C) miR145 or miR449b was transfected into HT29 or DLD-1 cells.
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H3K9ac (Figure 6A). To confirm the specificity of antibody
applied in ChIP assay, we depleted AF9 in HT29-AF9-
FLAG cells (Supporting Information Figure S4A). qPCR
identified AF9 could bind the promoter of PCK2 and FBP1
meanwhile, which could explain that AF9 maintains the
expression of PCK2 and FBP1(Figure 6B). As shown in
Supporting Information Figure S6B, the loss of AF9 heav-
ily reduced the AF9 targeting the promoter of PCK2 and
FBP1 (Supporting Information Figure S4B). AF9 YEATS
domain recognises H3K9ac using a hydro-bond net and
mutating Y78 to A78 could abolish the binding of YEATS
to H3K9ac.35 In this study, Y78A mutant lost the associa-
tion with H3K9ac (Figure 6C,D). As a result, Y78A mutant
impaired the expression of PCK2 and FBP1 in CRC cells
(Figure 6E).

3.7 PCK2 and FBP1 restore the
suppressive capacity of AF9

To confirm PCK2 and FBP1 work as the downstream
genes of AF9, we resumed PCK2 and FBP1 expression
in HT29 and DLD-1 cells with the knocking down of
AF9 (Figure 7A). As expected, when we forced expression
of PCK2 and FBP1 meanwhile, CRC cells restrained the
proliferation and migration that was released by loss of
AF9 (Figure 7B,C). To test whether forced expression of
PCK2 and FBP1 in cells with AF9 depletion was associ-
ated with alterations in cellular metabolism, we measured
their ECAR and found the burst glycolysis by deple-
tion of AF9 was partially inhibited by PCK2 and FBP1
(Figure 7D). Xenograft implantation showed the acceler-
ated formation of solid tumours after AF9 depletion could
be dampened by restored expression of PCK2 and FBP1
meanwhile (Figure 7E, left panel). The proliferation rate
of tumour cells was measured by Ki67, and a consistent
result with in vitro cell proliferation assay in Figure 7B
was observed (Figure 7E, right panel). Clinically, we found
that AF9 expression was negatively associated with the
expression of miR145 but positively with FBP1 and PCK2.
High expression of AF9 was correlated to low level of
miR145 and high level of FBP1 and PCK2, and vice versa
(Figure 8).

4 DISCUSSION

Epigenetic deregulation, especially mutagenesis or the
abnormal expression of ERFs, is known to play a signifi-
cant role in the development and progression of malignant
tumours.36 ERFs are a diverse group of molecules that
control the activity of genes by modifying the structure
of chromatin, the complex of DNA and proteins in the
nucleus. By modifying the chromatin structure, ERFs can
either promote or suppress the expression of specific genes,
thereby influencing critical cellular processes involved in
cancer progression, such as cell growth, differentiation
and metastasis. Aberrant alterations in ERFs can disrupt
the normal epigenetic landscape and lead to widespread
changes in gene expression patterns, contributing to the
initiation and maintenance of cancer cells. Understand-
ing the role of ERFs in cancer progression is crucial for
uncovering potential therapeutic targets and developing
strategies to restore normal epigenetic regulation in cancer
cells.37,38 Through our siRNA library screening in 591 ERFs
coding genes, we found that the deletion of AF9 could
promote the progression of CRC cells. In our study, we
revealed that AF9 served as a tumour suppressor in CRC,
and its downregulation was negatively associated with the
prognosis of CRC patients.
Usually, cancer-associated genes are divided into onco-

genes or tumour suppressor genes depending on their
pro- or anti-function in the progression of the tumour.39
However, it is not a novelty that many genes have a dual
role in the progression of different cancers and so as
AF9. The most well-known pro-tumour effect of AF9 is
its involvement in chromosomal translocations with the
MLL gene, leading to fusion oncogenes. These fusion pro-
teins, such as MLL-AF9, have potent oncogenic properties
and contribute to the development of leukaemia. They dis-
rupt normal gene regulation, promote uncontrolled cell
proliferation, impair differentiation and drive leukaemic
transformation.40 Also, in liver cancer, AF9 was proved
to be an oncogene whose expression increased as the
tumour stage progressed.23 However, a previous study has
also revealed that AF9 acted as a tumour suppressor in
breast cancer to negatively regulate the proliferation of
breast cancer by inhibiting cell cycle progression, and its

Western blot analysis was used to detect AF9 protein level by indicated antibodies. (D) Dual-luciferase reporter assay was performed to test
the activity of wild type or mutant 3′UTR by co-transfection with miR-145. E, Representative images of transwell assays performed in HT29
cells (including Vec, miR-145 or miR-145+AF9) are shown (scale bar represents 60 μm). (F) Cell proliferation of HT29 cells (including Vec,
miR-145 or miR-145+AF9) was measured by CCK-8. (G) Xenograft formation. HT29 cells (including Vec, miR-145 or miR-145+AF9) were
implanted into left groin of nude mice (n = 6 for each group). The tumour volume was measured at the end of the experiment. Ki67 staining
was performed to test the in vivo proliferation. (H) Representative images of transwell assays performed in HT29 cells transfected with or
without miR-145 mimic are shown (scale bar represents 60 μm). (I) Cell proliferation of HT29 cells transfected with or without miR-145 mimic
was measured by CCK-8 (**p < .01).
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F IGURE 5 AF9 positively regulates the expressions of phosphoenolpyruvate carboxykinase 2 (PCK2) and FBP1, then hampers glycolysis.
(A) RNA-seq analysis of HT29 cells with or without depleting AF9 or HCT116 cells with or without forced expression of AF9. (B) AF9
positively regulated genes were found in HT29 and HCT116 cells. (C) The name and ratio value of TOP10 genes positively regulated by AF9
were listed. (D and E) quantitative real-time PCR and western blot verified the expression of PCK2 and FBP1 in HT29 cells with or without
depleting AF9 or HCT116 cells with or without forced expression of AF9. (F) The key metabolites in the glycolytic pathway were quantified by
mass in HT29 cells with or without depleting AF9 or HCT116 cells with or without forced expression of AF9. (G) The cells were cultured with
the cell density reaching 50%, and extracellular acidification rate (ECAR) was measured by the XF glycolysis stress test. (H) Representative
fluoro2-D-deoxyglucose F18 (18F-FDG) PET/computed tomography images of CRC patients with low or high AF9 expression; difference
analysis of standardised uptake value (SUV)max in the AF9-high and AF9-low groups (*p < .05, **p < .01, ***p < .001, ****p < .0001).
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F IGURE 6 AF9 targets PCK2 and FBP1 through H3K9 acetylation (H3K9ac) but not H3K18ac. (A) Co-immunoprecipitation (IP) was
performed to test the association between AF9 and H3K9ac, H3K18ac in HT29 and HCT116 cells. (B) Chip assay was performed to test AF9
targeting the regions of PCK2 and FBP1 promoters. (C) Co-IP was performed to test the association between AF9 and H3K9ac in HCT116 and
RKO cells expressing wild type or mutant AF9. AF9 mutant: Y78A mutation. (D) In HCT116 and RKO cells, ChIP assay was performed to test
wild type or mutant AF9 targeting the promoter of PCK2 and FBP1. (E) PCK2 and FBP1 expressed in HCT116 and RKO cells expressing wild
type or mutant AF9. Vec was used as an empty control (**p < .01, ***p < .001).
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F IGURE 7 Forced expression of PCK2 and FBP1 restored the suppressive capacity of AF9. (A) Successful restored expression of PCK2
and FBP1 meanwhile in HT29 and RKO cell with depletion of AF9. PF: PCK2+FBP1. (B) Representative images of transwell assays performed
in HT29 and DLD-1 cells (including shNT, shAF9 and shAF9+PF) are shown (scale bar represents 60 μm). (C) Cell proliferation of HT29 and
DLD-1 cells (including shNT, shAF9 and shAF9+PF) was measured by CCK-8. (D) The HT29 and DLD-1 cells (including shNT, shAF9 and
shAF9+PF) were cultured with the cell density reaching 50%, and ECAR was measured by the XF glycolysis stress test. (E) Xenograft
formation. HT29 cells (including shNT, shAF9 and shAF9+PF) were implanted into left groin of nude mice (n = 6 for each group). The
tumour weight was measured at the end of the experiment. Ki67 staining was performed to test the in vivo proliferation (*p < .05, **p < .01,
***p < .001).
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F IGURE 8 The AF9 expression was significantly associated with miR145, FBP1 and PCK2. (A, B and C) Pearson correlation analysis
showing the correlation between miR-145 and AF9, miR-145 and FBP1, miR-145 and PCK2. (D and E) Representative IHC images of FBP1 and
PCK2 with high AF9 expression. (F and G) Representative IHC images of FBP1 and PCK2 with low AF9 expression.

signalling pathway miR-5694/AF9/Snail could be applied
as a therapeutic target.41 Therefore, it is not unusual to find
that AF9 functioned as a tumour suppressor in CRC.
The increased rate of glycolysis is a common metabolic

alteration observed in cancer. In CRC, it has been noted
that active glycolysis is achieved through the upregu-
lation of glycolytic enzymes and transporters.42 Certain
glycolytic enzymes and transporters have been shown to
contribute to the proliferation and metastasis of CRC.43 In
general, most steps of gluconeogenesis can be considered
the reverse process of glycolysis, involving multiple steps
from glucose phosphorylation to pyruvate generation.44
In normal tissues, cells can utilise pyruvate as a precur-
sor and undergo the exact opposite process of glycolysis
to produce glucose.45–47 Thus, gluconeogenesis is regarded
as a natural metabolic pathway capable of counteract-
ing the rapid progression and deterioration of tumours.44

Unfortunately, in tumour cells, the expression levels of
enzymes involved in the gluconeogenesis pathway, such as
FBP1/2 andPCK1/2, are lowor even silenced. Targeting key
enzymes involved in gluconeogenesis holds promise as a
therapeutic strategy to impair CRC cell survival and inhibit
tumour growth.5 Discovering the mechanisms responsible
for the silencing of metabolic enzymes in the gluconeo-
genesis pathway is a crucial prerequisite for restoring
gluconeogenesis to combat glycolysis in CRC. In our study,
the low expression of AF9 could inhibit the expression of
gluconeogenic genes, FBP1 and PCK2.
Recent studies have revealed intriguing insights into the

molecular mechanisms underlying the function of AF9 in
CRC.AF9has been shown to exhibit a selective recognition
of histone modifications in CRC cells. Specifically, AF9
demonstrates a strong affinity for H3K9ac, while its associ-
ation with H3K18ac is absent.42 This finding suggests that
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the YEATS domain of AF9 plays a critical role in determin-
ing its target specificity by forming complexes with other
proteins within the cellular environment. Furthermore,
it has been observed that AF9’s interaction with H3K9ac
is closely linked to the regulation of gene expression in
CRC. Notably, AF9 relies on its recognition of H3K9ac
in the promoter region to facilitate the upregulation of
key genes such as PCK2 and FBP1. Through this mech-
anism, AF9 exerts its ability to activate gene expression
and contribute to cellular processes associated with CRC
progression. Interestingly, the regulatory function of AF9
extends beyond its YEATS domain. It has been proposed
that AF9 requires the involvement of chaperone proteins
to exert specific regulation and orchestrate its gene regula-
tory activities effectively. These chaperone proteins likely
facilitate the assembly of protein complexes, enabling AF9
to achieve precise and context-dependent gene regulation.
The intricate interplay between AF9, histone modifi-

cations and chaperone proteins in CRC cells highlights
the complexity of AF9-mediated transcriptional regula-
tion. Further investigations are warranted to elucidate
the precise mechanisms by which AF9 forms complexes,
recruits chaperones and orchestrates gene expression pro-
grams in CRC. Understanding these mechanisms will not
only deepen our knowledge of AF9’s role in CRC patho-
genesis butmay also pave the way for potential therapeutic
interventions targeting AF9-associated dysregulation in
CRC.

5 CONCLUSION

The current study revealed a novel tumour suppressor,
AF9, whichwas significantly downregulated in CRC tissue
and was negatively associated with the prognosis of CRC
patients. Downregulation of AF9 inhibited the expres-
sion of gluconeogenic genes, FBP1 and PCK2, through
recognising H3K9ac, thus suppressing CRC proliferation,
migration and glucogenesis. Meanwhile, miR-145 targeted
AF9mRNA to downregulate its expression. These observa-
tions indicated that disrupting themiR-145/AF9 axis could
be a potential strategy to maintain glucogenesis in normal
tissues.

CONFL ICT OF INTEREST STATEMENT
The authors declare no potential conflicts of interest.

FUNDING INFORMATION
The National Natural Science Foundation of China
(81972185, 81972293); ‘Dawn’ Program of Shanghai Educa-
tion Commission, China (21SG09); Shanghai Rising-Star
Program (19QA1402200); Shanghai Science and Tech-

nology Innovation Action Plan ‘Outstanding Academic
Leader Program’ (22XD1420500).

DATA AVAILAB IL ITY STATEMENT
The datasets used and/or analysed during the current
study are available from the corresponding author on
reasonable request.

ORCID
YiFang https://orcid.org/0000-0002-4340-4967
Dawei Li https://orcid.org/0000-0002-5642-4000
PingWei https://orcid.org/0000-0002-9805-6330

REFERENCES
1. Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020:

GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer J Clin. 2021;71(3):209-
249.

2. Hanahan D. Hallmarks of cancer: new dimensions. Cancer
Discov. 2022;12(1):31-46.

3. Vander Heiden MG, Cantley LC, Thompson CB. Understand-
ing the Warburg effect: the metabolic requirements of cell
proliferation. Science. 2009;324(5930):1029-1033.

4. DeBerardinis RJ, Lum JJ, Hatzivassiliou G, Thompson CB. The
biology of cancer: metabolic reprogramming fuels cell growth
and proliferation. Cell Metab. 2008;7(1):11-20.

5. Grasmann G, Smolle E, Olschewski H, Leithner K. Glu-
coneogenesis in cancer cells—repurposing of a starvation-
induced metabolic pathway? Biochim Biophys Acta Rev Cancer.
2019;1872(1):24-36.

6. Exton JH. Gluconeogenesis.Metabolism. 1972;21(10):945-990.
7. Feinberg AP, Koldobskiy MA, Gondor A. Epigenetic modula-

tors, modifiers and mediators in cancer aetiology and progres-
sion. Nat Rev Genet. 2016;17(5):284-299.

8. Vicente-Duenas C, Hauer J, Cobaleda C, Borkhardt A, Sanchez-
Garcia I. Epigenetic Priming in cancer initiation. Trends Cancer.
2018;4(6):408-417.

9. Trainor K, Broom A, Meiering EM. Exploring the relationships
between protein sequence, structure and solubility. Curr Opin
Struct Biol. 2017;42:136-146.

10. Zhao D, Li Y, Xiong X, Chen Z, Li H. YEATS domain-a
histone acylation reader in health and disease. J Mol Biol.
2017;429(13):1994-2002.

11. Lorzadeh A, Romero-Wolf M, Goel A, Jadhav U. Epigenetic
regulation of intestinal stem cells and disease: a balanc-
ing act of DNA and histone methylation. Gastroenterology.
2021;160(7):2267-2282.

12. Testillano PS. Microspore embryogenesis: targeting the deter-
minant factors of stress-induced cell reprogramming for crop
improvement. J Exp Bot. 2019;70(11):2965-2978.

13. Deshpande AJ, Bradner J, Armstrong SA. Chromatin modifica-
tions as therapeutic targets inMLL-rearranged leukemia.Trends
Immunol. 2012;33(11):563-570.

14. Chen M, Zhang J, Li N, Qian Z, et al. Promoter hypermethyla-
tionmediated downregulation of FBP1 in human hepatocellular
carcinoma and colon cancer. PLoS One. 2011;6(10):e25564.

https://orcid.org/0000-0002-4340-4967
https://orcid.org/0000-0002-4340-4967
https://orcid.org/0000-0002-5642-4000
https://orcid.org/0000-0002-5642-4000
https://orcid.org/0000-0002-9805-6330
https://orcid.org/0000-0002-9805-6330


HE et al. 19 of 19

15. Liu X, Wang X, Zhang J, et al. Warburg effect revisited: an
epigenetic link between glycolysis and gastric carcinogenesis.
Oncogene. 2010;29(3):442-450.

16. Alderton GK. Tumorigenesis: FBP1 is suppressed in kidney
tumours. Nat Rev Cancer. 2014;14(9):575.

17. Li Q, Wei P, Wu J, et al. The FOXC1/FBP1 signaling axis pro-
motes colorectal cancer proliferation by enhancing theWarburg
effect. Oncogene. 2019;38(4):483-496.

18. Xiong Y, Lei QY, Zhao S, Guan KL. Regulation of glycolysis and
gluconeogenesis by acetylation of PKMand PEPCK.Cold Spring
Harb Symp Quant Biol. 2011;76:285-289.

19. Yu S, Meng S, Xiang M, Ma H. Phosphoenolpyruvate car-
boxykinase in cell metabolism: roles and mechanisms beyond
gluconeogenesis.Mol Metab. 2021;53:101257.

20. Fuhr L, El-Athman R, Scrima R, et al. The circadian clock
regulates metabolic phenotype rewiring via HKDC1 and modu-
lates tumor progression and drug response in colorectal cancer.
EBioMedicine. 2018;33:105-121.

21. Luo S, Li Y, Ma R, et al. Downregulation of PCK2 remodels tri-
carboxylic acid cycle in tumor-repopulating cells of melanoma.
Oncogene. 2017;36(25):3609-3617.

22. Wang X, Liu R, Zhu W, et al. UDP-glucose accelerates SNAI1
mRNA decay and impairs lung cancer metastasis. Nature.
2019;571(7763):127-131.

23. Yu H, He J, Liu W, et al. The transcriptional coactivator,
ALL1-fused gene from chromosome 9, simultaneously sustains
hypoxia tolerance and metabolic advantages in liver cancer.
Hepatology. 2021;74(4):1952-1970. .

24. He X, Chen H, Zhong X, et al. BST2 induced macrophage M2
polarization to promote the progression of colorectal cancer. Int
J Biol Sci. 2023;19(1):331-345.

25. Chen C, Tan R, Wong L, Fekete R, Halsey J. Quantita-
tion of microRNAs by real-time RT-qPCR. Methods Mol Biol.
2011;687:113-134.

26. Wang X, Liu R, Qu X, et al. Alpha-ketoglutarate-activated NF-
kappaB signaling promotes compensatory glucose uptake and
brain tumor development.Mol Cell. 2019;76(1):148-162.e7.

27. Rubio A, Garland GD, Sfakianos A, Harvey RF, Willis AE.
Aberrant protein synthesis and cancer development: the role of
canonical eukaryotic initiation, elongation and termination fac-
tors in tumorigenesis. Semin Cancer Biol. 2022;86(Pt3):151-165.

28. Zhang M, Zhao S, Tan C, et al. RNA-binding protein IMP3 is
a novel regulator of MEK1/ERK signaling pathway in the pro-
gression of colorectal cancer through the stabilization ofMEKK1
mRNA. J Exp Clin Cancer Res. 2021;40(1):200.

29. Schwayer C, Shamipour S, Pranjic-Ferscha K, et al.
Mechanosensation of tight junctions depends on ZO-1 phase
separation and flow. Cell. 2019;179(4):937-952.e18.

30. Musch MW, Walsh-Reitz MM, Chang EB. Roles of ZO-1,
occludin, and actin in oxidant-induced barrier disruption. Am
J Physiol Gastrointest Liver Physiol. 2006;290(2):G222-31.

31. Macfarlane LA, Murphy PR. MicroRNA: biogenesis, function
and role in cancer. Curr Genomics. 2010;11(7):537-561.

32. MusselmanCA, LalondeME,Cote J, Kutateladze TG. Perceiving
the epigenetic landscape throughhistone readers.Nat StructMol
Biol. 2012;19(12):1218-1227.

33. Yun M, Wu J, Workman JL, Li B. Readers of histone modifica-
tions. Cell Res. 2011;21(4):564-578.

34. Li Y, Sabari BR, Panchenko T, et al. Molecular coupling of
histone crotonylation and active transcription by AF9 YEATS
domain.Mol Cell. 2016;62(2):181-193.

35. Li Y, Wen H, Xi Y, et al. AF9 YEATS domain links his-
tone acetylation to DOT1L-mediated H3K79 methylation. Cell.
2014;159(3):558-571.

36. Dawson MA, Kouzarides T. Cancer epigenetics: from mecha-
nism to therapy. Cell. 2012;150(1):12-27.

37. Chen QW, Zhu XY, Li YY, Meng ZQ. Epigenetic regulation and
cancer (Review). Oncol Rep. 2014;31(2):523-532.

38. Cheng Y, He C, Wang M, et al. Targeting epigenetic regulators
for cancer therapy: mechanisms and advances in clinical trials.
Signal Transduct Target Ther. 2019;4:62.

39. Harris H, Miller OJ, Klein G,Worst P, Tachibana T. Suppression
of malignancy by cell fusion. Nature. 1969;223(5204):363-368.

40. Stavropoulou V, Kaspar S, Brault L, Sanders MA, Juge S,
Morettini S, et al. MLL-AF9 expression in hematopoietic stem
cells drives a highly invasiveAMLexpressingEMT-related genes
linked to poor outcome. Cancer Cell. 2016;30(1):43-58.

41. Tian X, Yu H, Li D, et al. The miR-5694/AF9/Snail axis provides
metastatic advantages and a therapeutic target in basal-like
breast cancer.Mol Ther. 2021;29(3):1239-1257.

42. Lunt SY, Vander Heiden MG. Aerobic glycolysis: meeting the
metabolic requirements of cell proliferation. Annu Rev Cell Dev
Biol. 2011;27:441-464.

43. Zhong X, He X, Wang Y, et al. Warburg effect in colorectal
cancer: the emerging roles in tumor microenvironment and
therapeutic implications. J Hematol Oncol. 2022;15(1):160.

44. Wang Z, Dong C. Gluconeogenesis in cancer: function and
regulation of PEPCK, FBPase, and G6Pase. Trends Cancer.
2019;5(1):30-45.

45. Ganapathy-Kanniappan S, Geschwind JF. Tumor glycolysis as a
target for cancer therapy: progress and prospects. Mol Cancer.
2013;12:152.

46. Vaupel P, Multhoff G. Revisiting the Warburg effect: historical
dogma versus current understanding. J Physiol. 2021;599(6):1745-
1757.

47. Martinez-Reyes I, Chandel NS. Cancer metabolism: looking
forward. Nat Rev Cancer. 2021;21(10):669-680.

SUPPORT ING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: He X, Zhong X, Fang Y,
et al. AF9 sustains glycolysis in colorectal cancer
via H3K9ac-mediated PCK2 and FBP1
transcription. Clin Transl Med. 2023;13:e1352.
https://doi.org/10.1002/ctm2.1352

https://doi.org/10.1002/ctm2.1352

	AF9 sustains glycolysis in colorectal cancer via H3K9ac-mediated PCK2 and FBP1 transcription
	Abstract
	1 | BACKGROUND
	2 | MATERIALS AND METHODS
	2.1 | Cultivation of human CRC cell lines
	2.2 | siRNA screening with wound healing assay
	2.3 | Plasmids, lentivirus package and infection
	2.4 | Lentivirus package and infection
	2.5 | Cell proliferation and transwell migration assay
	2.6 | Subcutaneous xenograft tumours
	2.7 | Transient transfection and quantitative real-time PCR (qRT-PCR)
	2.8 | Western blotting
	2.9 | Collection of clinical CRC samples
	2.10 | IHC analysis
	2.11 | The construction of mouse model and IF staining
	2.12 | Prediction of miRNA target
	2.13 | RNA sequencing and KEGG analysis
	2.14 | Dual-luciferase report assay
	2.15 | Measurement of metabolites, extracellular acidification rate assay (ECAR) and patients standardised uptake value (SUV)max
	2.16 | AF9-Y78A cell line construction
	2.17 | Co-immuno-precipitation assay
	2.18 | ChIP assay
	2.19 | Clinical samples
	2.20 | Statistical analysis

	3 | RESULTS
	3.1 | siRNA screening of epigenetic regulator factors (ERFs) discovers AF9 plays a suppressive role of CRC
	3.2 | AF9 expression negatively associates with CRC progression
	3.3 | AF9 suppresses cancer initiation and progression in AOM/DSS-induced CRC model
	3.4 | miR-145 targets AF9 3UTR and silences AF9 mRNA
	3.5 | AF9 positively regulates the expression of PCK2 and FBP1
	3.6 | AF9 targets PCK2 and FBP1 by recognising H3K9ac but not H3K18ac
	3.7 | PCK2 and FBP1 restore the suppressive capacity of AF9

	4 | DISCUSSION
	5 | CONCLUSION
	CONFLICT OF INTEREST STATEMENT
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


