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Abstract Chemoresistance to 5-fluorouracil (5-FU) is a significant challenge in treating colorectal can-

cer (CRC). Novel combined regimens to thwart chemoresistance are therefore urgently needed. Herein,

we demonstrated that the combination of Avenanthramide A (AVN A) and 5-FU has significant therapeu-

tic advantages against CRC. Mechanistically, AVN A directly binds to the S198 site of the histone lysine

demethylase KDM4C to promote its degradation, which subsequently fosters H3K9me3 occupancy on

the MIR17HG promoter to block its transcription and derepress Bim expression. AVN A enhanced the

therapeutic efficacy of 5-FU via impairing the KDM4C/MIR17HG/GSK-3b negative feedback loop.

Importantly, the clinical correlation of the KDM4C/MIR17HG/Bim signaling axis with 5-FU response

was validated in the refractory CRC patients. We provide evidence for the enhanced effectiveness of

5-FU when combined with AVN A in chemoresistant xenografts, CRC organoids, and ApcMin/þ mouse

model. Additionally, AVN A mitigated the systemic adverse effects of 5-FU. Overall, our findings
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demonstrate that combinatorial therapy with AVN A and 5-FU represents an appealing opportunity and

highlights KDM4C/MIR17HG/GSK-3b negative feedback loop which confers therapeutically exploitable

vulnerability to chemo-refractory CRC patients.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Colorectal cancer (CRC) is one of the most prevalent cancer types
globally1,2. 5-Fluorouracil (5-FU) remains the first-line therapy for
advanced-stage CRC patients3. Despite the fact that 5-FU-based
chemotherapies show a considerable initial response in CRC pa-
tients, the overall clinical outcome of CRC remains drastically
poor, which is primarily attributed to an inevitable relapse with
chemotherapy-resistant characteristics of cancer4. In addition,
5-FU also causes systemic adverse effects including gastrointes-
tinal toxicity, immunosuppression, and liver and kidney damage,
which confine its use in clinical practices. The mechanisms un-
derlying 5-FU resistance are complex, including drug metabolism,
imbalance of apoptosis-related proteins, miRNA dysregulation,
and abnormal epigenetic regulation5,6. Therefore, establishing
new therapeutic strategies to circumvent the chemoresistance and
minimize treatment-associated toxicities is imperative.

Avenanthramide A (AVN A) belongs to the exclusive alkaloids
of oats, and is one of the most abundant ingredients in avenan-
thramides (AVNs). AVN A displays better stability and bioavail-
ability in plasma than other compounds after intake of AVNs-
enriched food7. It exerts pleiotropic pharmacological activities
such as antioxidation, anti-inflammation, antiatherosclerosis,
immunomodulation, and anti-tumor. Our previous studies
demonstrated that AVN A acts as a potential anticarcinogenic
agent via causing an appreciable lethal induction of the already-
elevated levels of ROS in CRC cells or activating the miR-129-
3p/pirh2/p53 pathway to trigger CRC cell senescence specif-
ically8,9. The pronounced features of AVN A such as lower
toxicity, minimal side effects, and better bioavailability make it a
promising candidate for adjuvant therapy to improve the overall
therapeutic efficacy of certain first-line drugs synergistically. For
this purpose, we focus on investigating the impact of AVN A on 5-
FU-mediated therapeutic response in CRC.

miR-17-92 has been recognized as the first ‘oncomir’ encoded
by MIR17HG, which contains six mature miRNAs: miR-17, miR-
18a, miR-19a, miR-20a, miR-19b-1, and miR-92a-110,11. Notably,
the primary transcript of MIR17HG can undergo alternative
splicing to produce three lncRNAs and among them, MIR17HG-
202 and MIR17HG-203 generate miR-17-92. As an oncogenic
cluster, miR-17-92 has been shown elevated in various cancer
types including CRC. Indeed, several tumor suppressors are potent
targets of miR-17-92, such as the proapoptotic factor Bim and
tumor suppressor PTEN11-14. Notably, emerging evidence
revealed the excessive expression of miR-17-92 in chemoresistant
cells15. Accumulated evidence suggested that the epigenetic
modifications are critical for regulating MIR17HG expression16,17.
However, the regulatory relationship between Histone lysine
demethylases (KDMs) and MIR17HG is still unclear.

KDMs execute a critical role in regulating transcriptional
reprogramming by catalyzing the demethylation of histone
lysine18. In general, histone H3 lysine 9 trimethylation
(H3K9me3) is a mark typical of heterochromatin, which leads to
transcriptional repression19. KDM4C is a histone demethylase that
directly demethylates H3K9me3. Accumulating evidence have
indicated elevated KDM4C level in various tumors which
contribute to malignant transformation, genomic instability, DNA
damage repair, tumor metastasis, and stemness maintenance20,21.

Herein, we demonstrated a combinatorial anti-CRC activity of
AVNA and 5-FU. AVNA treatment causesKDM4Cdegradation and
thus reconfigures the occupation ofH3K9me3 atMIR17HG promoter
region. Subsequently, AVN A restrains the biogenesis of oncogenic
miR-17-92 to liberate Bim expression. KDM4C/MIR17HG/GSK-3b
negative feedback loop is critical for AVN A-mediated chemo-
sensitization. Clinical specimens further confirm that the KDM4C/
MIR17HG/GSK-3b negative feedback loop represents a crucial
determinant of 5-FU response. Thus, our study proposes a promising
alternative strategy to improve 5-FU efficacy towards chemoresistant
CRC patients and provides novel therapeutic avenues that may be
exploited to impinge on KDM4C/MIR17HG/GSK-3b negative
feedback loop to circumvent chemoresistance.

2. Materials and methods

2.1. Chemicals and antibodies

AVN A was from Topharman (Shanghai, China). Cycloheximide
(CHX) was from Solarbio (Beijing, China). The antibodies against
Bim, Ubiquitin, GFP, and GSK-3b were purchased from Cell
Signaling Technology (Beverly, MA, USA). Antibody for
KDM4C was provided by Novus Biologicals (Littleton, CO,
USA). Antibodies for H3K9me3 and GAPDH were obtained from
Abcam (Cambridge, MA, USA). The antibodies against Bcl-2,
Bcl-xL, Mcl-1, USP9X, Bik, PTEN, and LKB1 were purchased
from Proteintech (Wuhan, China). The flag antibody was from
Boster Biological Technology Co., Ltd. (Wuhan, China). PUMA
antibody was bought from Bioss (Beijing, China).

2.2. Immunoblotting and ubiquitylation

The protein samples were subjected to SDS-PAGE and immuno-
blotting as described previously8. Following 24 h treatment with
AVNA, cells were then incubated with 20 mmol/L MG-132 for 6 h
to detect endogenous ubiquitination of KDM4C. Cell lysates were
incubated with Protein A/G beads and KDM4C antibody over-
night. KDM4C ubiquitination was determined by Western blot.

2.3. miRNA array

The miProfile TM human colorectal cancer miRNA array
(GeneCopoeia, MD, USA) was applied for the characterization of
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AVN A-mediated miRNA expression. The miRNA expression was
normalized and analyzed by the 2‒DDCT method.

2.4. Chromatin immunoprecipitation (ChIP) assay

ChIP assays were conducted with a Kit from Millipore (Burling-
ton, MA, USA) following the manufacturer’s guidelines. After
treatment, cross-linking of the cells was achieved with 1%
formaldehyde, followed by sonication for generating DNA frag-
ments with 150e900 bp. Antibodies for KDM4C, H3K9me3, and
IgG were conducted for immunoprecipitation. Bound DNA frag-
ments were subjected to PCR using the specific primers shown in
Supporting Information Table S1.

2.5. Fluorescence in situ hybridization (FISH)

The FISH assay was conducted as previously reported22. Briefly,
slices were dewaxed, rehydrated, pre-treated with hydrogen
peroxide, and incubated with proteinase K. The digoxygenin (DIG)-
labeled MIR17HG probe was synthesized by servicebio (Wuhan,
China) and hybridization was carried out overnight at 37 �C. After
washing, an anti-DIG-488 antibody (Servicebio, Wuhan, China)
was used to react with the bound probe. DAPI was then used for
counterstaining the nuclei. The signals were detected and analyzed
with the DeltaVision Elite imaging system (GE, USA).

2.6. In vivo subcutaneous xenograft model and ApcMin/þ mouse
model

HCT-8 or HCT-8/FU (2 � 106 cells) were injected subcutaneously
into the right flank of 4-week-old female nude mice. Upon reaching
100 mm3, four groups of mice were randomly assigned: control,
AVN A (15 mg/kg, 15 days, p.o.), 5-FU (20 mg/kg, 5 days, i.p.), or
the AVN A/5-FU group. Calculating tumor volume was accom-
plished by: volume Z length � width2/2. Upon completion of the
experiment, tumors were excised and weighted. Blood samples and
tissues were collected for further examination. These animal ex-
periments conformed to all relevant standards and were carried out
upon approval of the Laboratory Animal Center & Nephrology,
Shanxi Provincial People’s Hospital (Shanxi, China).

The ApcMin/þ mice (C57BL/6J-ApcMin/J) were conducted with
the approval of the Animal Ethics Committee of the Anhui Medical
University. The ApcMin/þ mice at 10 weeks of age were adminis-
tered with 5-FU (20 mg/kg, i.p., for 5 consecutive days followed by
9 days of rest), AVN A (15 mg/kg, p.o., every day), or in combi-
nation for 14 weeks. After treatment, mice were euthanized and
polyps in the small intestine were counted under a stereomicro-
scope. The colon tumor number and tumor load were calculated.
All animal care was in accordance with institutional guidelines.

2.7. Streptavidinebiotin affinity pull-down assay

HCT-8 cell lysates were incubated with streptavidin agarose beads
(Yeasen Biotech, Shanghai, China) for 1 h at 4 �C. Then, free
biotin or 10 mmol/L biotin-labeled AVN A (biotin-AVN A) was
added and incubated with rotation overnight. Proteins bound to
biotin-AVN A were pulled down with streptavidin agarose beads.
After washing and boiling, the separation of denatured proteins
was carried out using SDS-PAGE and staining by PAGE Gel
Silver Staining Kit (Solarbio, Beijing, China). Differential protein
bands were subjected to LC‒MS/MS SHOTGUN assay by
Shanghai Bioprofile Technology Company Ltd.
2.8. Cellular thermal shift assay (CETSA)

CETSA assay was performed as reported previously23. Cells were
exposed to AVN A or an equal volume of vehicle. Then, cells were
incubated in PBS which was supplied with Protease Inhibitor
Cocktail (Seven Biotech, Beijing, China). The cells were aliquoted
into tubes and heated at indicated temperatures for 3 min. Then,
cells were frozen and thawed for three cycles in liquid nitrogen.
After centrifugation, cell lysates were isolated by Western blot.

2.9. Microscale thermophoresis (MST) assay

His-KDM4C and His-KDM4CeS198M were purified and dyed
with NT-647 via a kit of NanoTemper Technologies. The binding
of AVN A to His-KDM4C, His-KDM4CeS198M was detected by
Monolith NT.115 reader as reported24.

2.10. Patient samples and establishment of patient-derived CRC
organoids

Human CRC tissue specimens were sourced from the First Hos-
pital of Shanxi Medical University (Taiyuan, China). All experi-
ments using these specimens were approved by the ethics
committee and informed consent was obtained from all patients.
CRC tumor organoids were established according to previous
reports25. Briefly, the freshly dissected tumor tissues were finely
minced and dissociated into single-cell suspensions. The isolated
CRC organoids were resuspended in Matrigel (BD Biosciences)
and seeded in a 24-well plate and refreshed at 2e3 days intervals.
After 6 days of incubation, 5-FU and AVN Awere treated alone or
together for 48 h on organoids. The relative number and size of
tumor organoids were calculated.

2.11. Statistical analysis

The data were obtained from three independent experiments and
analyzed by GraphPad Prism Software. Multiple comparisons
were analyzed by One-way ANOVA followed by Tukey’s post-
test. The values were shown as the mean � standard deviation
(SD) or mean � standard error of mean (SEM).

3. Results

3.1. AVN A synergizes with 5-FU in CRC cells

Given the fact that the dismal long-term clinical effects of indi-
vidual therapy due to the inevitable cell resistance, we sought to
investigate the therapeutic efficacy of combined treatment with
AVN A and 5-FU in CRC cells. A substantial decline in cell
viability was observed in the combined treatment group as
compared to each AVN A or 5-FU treatment alone (Fig. 1A). The
combination index (CI) was calculated by Calcusyn software26

using a range of different concentrations of AVN A and 5-FU at
a fixed ratio (about 4:3). The CI values at different effective
concentration (EC) were all below 0.8 which strongly supporting
that the combination of AVN A and 5-FU exhibited a synergistic
effect (Fig. 1B and C). Furthermore, the synergy scores are
calculated via SynergyFinder, combined treatment of AVN A and
5-FU exhibited a synergistic inhibitory effect (Supporting
Information Fig. S1A). The combinatorial dose of AVN A
(10 mmol/L) and 5-FU (7.5 mmol/L) with a death rate of over 50%
was selected for follow-up experiments. In addition, compared to



Figure 1 Combination of AVN A and 5-FU results in synergistic suppression of CRC cell growth. (A) Growth-inhibitory curves of CRC cells

exposed to 5-FU and AVN A alone or together for 24 h. The black asterisk reveals the statistical significance between combo (refer to the

combination of AVN A and 5-FU) and AVN A; the red asterisk reveals the statistical significance between combo and 5-FU, n Z 3. (B) CI values

for the entire fraction affected (Fa). (C) CI values at indicated points. (D) CRC cells were exposed to 5-FU (7.5 mmol/L) and AVN A (10 mmol/L)

alone or together for 48 h, then analyzed by colony formation assay after 10 days (top panel). Relative colony numbers were presented as

mean � SEM (bottom panel), n Z 3. (E) The combined effects of AVN A (10 mmol/L) and 5-FU (7.5 mmol/L) on the apoptotic CRC cells. (F)

Schematic diagram showing the effect of AVN A, 5-FU, and the combination on tumor growth. (GeI) After subcutaneous inoculation with HCT-

8 cells, nude mice were treated with 20 mg/kg of 5-FU, 15 mg/kg of AVN A, or both. The xenograft tumor growth curve (G) and tumor images

(H) are shown. (I) Bar graph showing tumor weight. (JeM) Effects of combination strategies on body weight (J), AST and ALT (K), intestinal

damage (L), NE counts (M). Data in (G)‒(K), (M) are shown as mean � SD, n Z 6 per group; *P < 0.05; **P < 0.01; ***P < 0.001.
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AVN A or 5-FU treatment alone, a combination of AVN A and 5-
FU significantly suppressed CRC cell growth and induced cell
apoptosis as demonstrated by colony formation (Fig. 1D) and
annexin V/PI staining (Fig. 1E), respectively. The synergy of AVN
A with other chemotherapeutic agents such as oxaliplatin or
cisplatin (Fig. S1B and S1C) was also observed, albeit to a lesser
extent than in combination with 5-FU.

To confirm the efficacy of AVN A on chemotherapy sensiti-
zation in vivo, BALB/c nude mice xenograft model was utilized
(Fig. 1F). The data showed that the combined treatment provoked
a remarkable retard on tumor growth than AVN A or 5-FU alone
(Fig. 1G‒I). Systemic adverse effects are still a major dilemma in
the clinical application of 5-FU3,27. Subsequently, we asked
whether AVN A could mitigate 5-FU-induced side effects. The
combined dose was well tolerated and no weight loss was
observed (Fig. 1J). Furthermore, the elevated liver enzyme activ-
ities of AST and ALT in the 5-FU treated group were partially
reversed by AVN A treatment (Fig. 1K). H&E staining showed
that 5-FU-induced intestinal injuries were improved by AVN A
administration (Fig. 1L). In addition, 5-FU treatment significantly
reduced neutrophil (NE) counts, whereas combination therapy
could prevent neutropenia (Fig. 1M). Together, these data indi-
cated that AVN A potentiates 5-FU therapeutic efficacy and al-
leviates systemic adverse effects of 5-FU in CRC.

3.2. AVN A unleashes Bim by repressing the miR-17-92 cluster
to enhance 5-FU efficacy in CRC cells

Compelling evidence has indicated that dysregulation of apoptotic
machinery determines the therapeutic responsiveness to 5-FU28.
Our data showed that compared to other apoptosis-associated
proteins, pro-apoptotic protein Bim was remarkably induced
upon the combined treatment with AVN A and 5-FU (Fig. 2A and
B). Research has shown that BIM-EL, BIM-L, and BIM-S are the
three main subtypes that exert different pro-apoptotic potentials,
and BIM-S is the most effective isoform in triggering cell
apoptosis29. An obvious increase in all three forms of BIM was
observed upon AVN A treatment (Fig. 2A and B). Actinomycin
chase assay revealed that the degradation of Bim mRNA was
blunted upon AVN A treatment compared to the control cells
(Fig. 2C), suggesting that Bim mRNA underwent post-
transcriptional regulation upon AVN A treatment.

MicroRNAs (miRNAs) are now recognized as key factors
affecting mRNA stability30. A volcano plot from a small-scale
miRNA array for 84 human CRC-related miRNAs showed three
miRNAs (miR-17, miR-18a, and miR-20a) downregulated and
two miRNAs (miR-183 and miR-451a) upregulated (Fig. 2D,
Supporting Information Table S2). Importantly, these down-
regulated miRNAs belong to the miR-17-92 cluster, which was
dramatically reduced upon AVN A treatment (Fig. 2E). Mounting
evidence highlights a link between the miR-17-92 cluster and
tumor progression11. Thus, we next interrogated whether the miR-
17-92 cluster is significantly differentially expressed in CRC. As
expected, the upregulations of miR-17-92 cluster members were
confirmed by analyzing the TCGA database (Fig. 2F and G).

Moreover, miR-17-92 cluster members share a substantial
fraction of target genes including Bim11. MiR-92a was chosen
randomly to verify whether Bim is a direct target of miR-17-92 as
reported. We further confirmed that AVN A indeed attenuated
miR-92a expression (Supporting Information Fig. S2A).
TargetScan was performed to predict the putative binding sites for
miR-92a. As shown in Fig. S2B, miR-92a mimics markedly
reduced the luciferase activity of the wild-type Bim reporter rather
than the mutant constructs. Moreover, AVN A enhanced 5-FU-
induced upregulation of Bim expression, and CRC cell growth
inhibition was partly abrogated by miR-92a overexpression (Fig.
S2C and S2D). Notably, the expression of MIR17HG was
decreased by AVN A treatment, indicating that AVN A impaired
miR-17-92 expression at the transcriptional level (Supporting
Information Fig. S3A). To elucidate the role of MIR17HG in
CRC progression, TCGA data were analyzed by the online tool
UALCAN. Strikingly, MIR17HG expression in CRC tissues was
much higher than adjacent counterparts and displayed certain
positive correlations with CRC clinical stages (Fig. 2H, Fig. S3B).
Furthermore, the knockdown of MIR17HG resulted in a decrease
of miR-17-92 cluster expression and an increase in Bim expres-
sion (Fig. 2I, Fig. S3C). AVN A increased the expression of PTEN
and LKB1, which are validated targets of miR-17-92 (Fig. S3D).
More importantly, treatment with 5-FU in MIR17HG-silenced
CRC cells strongly potentiated chemotherapeutic response
mimicking the synergistic effects of AVN A and 5-FU (Fig. 2J and
K). Collectively, these findings indicated that AVN A restrains the
transcription of MIR17HG to derepress Bim level which subse-
quently exacerbated 5-FU-induced apoptosis.

3.3. AVN A directly binds to KDM4C to determine
chemotherapeutic response in CRC

To gain insights into how AVN A modulates the therapeutic
response of CRC cells, we next identified directly targeted pro-
teins of AVN A by purifying biotin-AVN A binding proteins from
CRC cell lysates (Fig. 3A and B, Supporting Information
Fig. S4A). Biotin-AVN A exhibited a similar activity as AVN A
to enhance 5-FU sensitivity (Fig. S4B). The specific AVN
A-bound proteins were analyzed and identified by SDS-PAGE and
LC‒MS/MS SHOTGUN assay, respectively (Fig. 3C and D). The
results revealed that KDM4C and DDX3 were specifically
retained by biotin-AVN A (Fig. 3C and D). Our previous work has
shown that AVN A (50 mmol/L) directly binds to DDX3 to trigger
ROS-mediated CRC cell apoptosis7. Considering the epigenetic
role of histone demethylases KDM4C in target genes regulation31,
we showed via molecular dynamic (MD) simulations that AVN A
could bind to KDM4C stably (Fig. 3E). CETSA results showed the
thermal stability of KDM4C was enhanced with increasing tem-
peratures upon AVN A treatment compared to the vehicle-treated
group, which implied that AVN A bound to KDM4C (Fig. 3F).
Moreover, the binding of AVN A to KDM4C was competed by
free excess AVN A (Fig. 3G), and the ectopic expression of
KDM4C rather than DDX3 abrogated AVN A-mediated chemo-
sensitization (Fig. 3H, Fig. S4C). To decipher whether miR-129-
3p is correlated to AVN A mediated 5-FU sensitization, HCT-
8 cells were transfected with miR-129-3p mimics. We observed
that overexpression of miR-129-3p did not significantly affect
response to 5-FU in CRC cells (Fig. S4D). To further validate the
direct binding of AVN Awith KDM4C, the full-length of KDM4C
was constructed and purified (Fig. 3I). As shown in Fig. 3J, sur-
face plasmon resonance (SPR) analysis demonstrated a specific
binding of AVN A to KDM4C with high binding affinity [affinity
constant (KD) Z 7.985 mmol/L]. The results of TCGA database
showed more pronounced KDM4C expression in CRCs compared
to normal tissues (Fig. 3K). In agreement, the online LinkedOmics
database further indicated that KDM4C level was negatively
correlated with an overall survival rate of CRC patients (n Z 376)
(Fig. 3L). Importantly, AVN A exacerbated proapoptotic activity



Figure 2 AVN A suppresses the miR-17-92 cluster to derepress Bim level. (A, B) HCT116 (A) and HCT-8 (B) cells were treated with 5-FU,

AVN A, or combination for 24 h. Western blot was utilized for the levels of Bim, Mcl-1, Bcl-xL, Bcl-2, PUMA, and Bik. (C) CRC cells were

exposed to 5-FU treatment alone and the combination and cultured with 1 mg/mL of actinomycin D for the indicated time. The mRNA

stability of Bim was assessed using qPCR assay. (D) HCT-8 cells were treated with 5-FU and AVN A alone or together for 24 h and applied to

qPCR analysis by miRNA array. Volcano plot demonstrates differentially expressed miRNAs via the combination of P values (cutoff Z 0.05)

and relative fold change (cutoff Z 1.5). The downregulated miRNAs are shown in blue circles, whereas upregulated miRNAs are represented

in red circles. (E) Following treatment with AVN A for 24 h, miR-17-92 cluster levels in CRC cells were analyzed by qPCR. (F) Heatmap of

miR-17-92 cluster in the TCGA CRC database. (G) The differentially expressed miRNAs in 537 CRC samples and 9 adjacent normal tissues

derived from TCGA are visualized in a volcano plot. The blue and red colors indicate low and high expression (|log2(fold change) | > 1, FDR

<0.05), respectively. (H) The expression of MIR17HG in COAD based on individual cancer stage in TCGA CRC database. (I) Expression of

Bim in CRC cells which transduced with two different si-MIR17HG (50 nmol/L) and then exposed to 5-FU for 24 h was detected by Western

blot. (J, K) si-MIR17HG (50 nmol/L) was transferred into HCT116 (J) and HCT-8 (K) cells and then exposed to 5-FU for 24 h, and MTT assay

was utilized to assess the relative cell viability. Data in (C)‒(E), (J), (K) are shown as mean � SD, n Z 3; *P < 0.05; **P < 0.01;

***P < 0.001.
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Figure 3 AVN A directly targets KDM4C and thereby critically mediates 5-FU response. (A) The chemical structure of biotin-AVN A was

characterized. (B) A flowchart depicting the pulldown assay workflow with biotin-AVN A. (C) Representative silver-stained gel image of

pulldown assay with biotin-AVN A in HCT-8 cells. (D) The top 10 proteins with the highest scores identified via LC‒MS/MS SHOTGUN assay

were listed. (E) Molecular dynamics simulation of AVN A binding to wild type of KDM4C. (F) Western bot analysis of CETSA of HCT-8 lysates

that were incubated with AVN A (10 mmol/L) or an equal volume of the vehicle at the indicated temperature (bottom panel). The band intensity of

KDM4C was derived from the Western blot results (upper panel). (G) Biotin or biotin-AVNAwere added into HCT-8 cell lysates with free AVNA

for 1 h, and then pulled down with streptavidin-agarose and analyzed by Western blot of the indicated protein. (H) The plasmids expressing

KDM4C were transferred into HCT-8 cells and cell viabilities were assessed by MTT assay with 5-FU and AVN A alone or together for 24 h. (I)

The full-length KDM4C was purified and determined by SDS-PAGE. (J) The binding affinities of KDM4C to AVN A were measured by SPR

assay. (K) The expression of KDM4C in normal (n Z 40) and primary tumor (n Z 286) in the TCGA CRC database. (L) KaplaneMeier survival

analysis was performed to analyze CRC patients with low vs high levels of KDM4C (n Z 367). (M) CRC cells were exposed to AVN A or OE-

KDM4C in the presence of 5-FU (7.5 mmol/L). The apoptosis was determined by Annexin V/PI staining. Data in (F), (H) are shown as

mean � SD, n Z 3; *P < 0.05; **P < 0.01.
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Figure 4 AVN A facilitates the enrichment of H3K9me3 at the MIR17HG promoter to derepress Bim expression via degrading KDM4C. (A)

Scatter plots showing the correlations between KDM4C and MIR17HG in TCGA of CRC (n Z 473). The Pearson correlation coefficients (r) and

P values are shown. (B) KDM4C level in CRC cells treated with AVN A (10 mmol/L) was analyzed via Western blot. (C) KDM4C shRNAs or

scramble shRNAwas transferred into HCT-8 cells for 48 h. Then, the KDM4C level was detected by Western blot. (D) qPCR analysis of miR-17-

92 cluster in HCT-8 cells after transfected with KDM4C shRNAs or scramble shRNA. (E) Bim level in CRC cells exposed to KDM4C shRNA or

5328 Rong Fu et al.
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of 5-FU was abrogated by KDM4C overexpression (Fig. 3M).
Together, our results suggest that AVN A directly binds to
KDM4C, which is an indispensable determinant for chemothera-
peutic response in CRC.

3.4. AVN A fosters H3K9me3 occupancy on MIR17HG promoter
to restrain its transcription via suppressing KDM4C

TCGA database analysis of the CRC cohort revealed a positive
correlation between KDM4C and MIR17HG mRNA levels
(Fig. 4A). As shown in Fig. 4B, KDM4C expression was sup-
pressed upon AVN A treatment in CRC cells. To clarify whether
miR-17-92 transcription was driven by KDM4C, we thus knocked
down KDM4C expression in HCT-8 cells. The depletion of
KDM4C remarkably attenuated the levels of miR-17-92 cluster
members (Fig. 4C and D). Consistently, the protein level of Bim
was elevated by KDM4C knockdown (Fig. 4E). Furthermore, the
depletion of KDM4C phenocopied AVN A-mediated chemo-
sensitization effects and AVN A-mediated chemosensitization was
weakened by KDM4C silencing (Fig. 4F, Fig. S4E). Subsequently,
we showed that knocking down KDM4C but not KDM4A abol-
ished the AVN A-mediated upregulation of H3K9me3 in CRC
cells (Fig. 4G).

To decipher the KDM4 subfamily member responsible for
AVNA-mediated chemotherapy sensitization, we transfected CRC
cells respectively with KDM4A, KDM4B, KDM4C, and KDM4D
overexpression vectors (Fig. S4F). The cell death assay demon-
strated that the overexpression of KDM4C rather than other
KDM4 subfamily members abrogated AVN A-mediated chemo-
sensitization (Fig. 4H). These data were further corroborated by
the enhanced transcription level of MIR17HG in KDM4C over-
expression CRC cells (Fig. 4I). To further explore whether
KDM4C directly affected the transcription level of MIR17HG,
luciferase reporters containing MIR17HG promoter region were
constructed. As shown in Fig. 4J, AVN A impaired MIR17HG
promoter luciferase activity was completely reinstated following
the ectopic KDM4C expression. Additionally, the ChIP-qPCR
assay revealed that the enrichment of KDM4C on the MIR17HG
promoter was blunted by AVN A treatment (Fig. 4K). To deter-
mine whether the repressive mark H3K9me3 was enriched on
MIR17HG promoter, ChIP-qPCR assay revealed a significant
enrichment of H3K9me3 onMIR17HG promoter by either AVN A
treatment or KDM4C silencing (Fig. 4L). Collectively, these
findings demonstrate that AVN A remodels H3K9me3 occupancy
on the MIR17HG promoter by suppressing KDM4C expression,
which prevents biogenesis of oncogenic miR-17-92 cluster and
leads to unleash Bim expression.
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3.5. AVN A directly binds to S198 residue of KDM4C to
abrogate MIR17HG transcription and dictate response to
chemotherapy

To decipher the binding site of AVN A on KDM4C, the most
favorable binding free energies, and top-ranked conformations
were analyzed by molecular docking. The predicted result indi-
cated that AVN A could form hydrogen bond with Ser198 and
Asn200, and form salt bridge with Lys208 and His278 (Fig. 5A).
Available studies have shown that S198 is essential for the
demethylase activity of KDM4C, and the methionine substitution
of Ser198 (S198M) is a catalytically inactive mutant of
KDM4C18. To determine the responsible residue for AVN
A-mediated chemosensitization effect, the above residues in the
binding pocket of KDM4C were mutated (S198M, N200A,
K208A, and H278A) and transfected into HCT-8 cells. Western
blot analysis showed that AVN A mediated reduction in KDM4C
expression in N200A, K208A, and H278A mutants rather than
S198M mutant (Fig. 5B, Supporting Information Fig. S5A).
Similar to the responses of HCT-8 cells in Fig. 4E, N200A,
K208A, and H278A mutants, but not the S198M mutant, reacted
to the combination of AVN A and 5-FU and shared a similar
pattern of reduced cell viability and elevated cell death upon the
combination treatment (Fig. 5C and D, Fig. S5B and S5C).
Moreover, AVN A-mediated reduced levels of miR-17-92 cluster
members were abrogated by S198M mutant overexpression rather
than other mutants (Fig. 5E, Fig. S5D). Furthermore, pulldown
assay on Streptavidin beads with wild type or KDM4C mutant
constructs demonstrated that AVN A abundantly bound to
KDM4C, N200A, K208A, and H278A mutants, but barely to the
S198M mutant (Fig. 5F). Subsequently, the cellular MST assay
reveals the interaction between AVN A and wild type or
KDM4CeS198M mutant. As expected, the KD value of the
S198M mutant was much higher than that of wild type, indicating
that the interaction of S198M mutant and AVN Awas disappeared
(Fig. 5G and H). In addition, AVN A resulted in the reduction of
wildtype KDM4C protein rather than the mutant
KDM4CeS198M protein. Increased KDM4C protein levels were
observed followed by proteasome inhibitor MG-132 treatment in
wildtype rather than mutant KDM4CeS198M cells (Fig. 5I). The
CHX assay demonstrated that AVN A treatment facilitated the
degradation rate of the endogenous KDM4C (Fig. 5J). Indeed, our
findings indicated that AVN A treatment resulted in increased
ubiquitination in wildtype KDM4C protein rather than the mutant
KDM4CeS198M protein, suggesting that AVN A-mediated
KDM4C degradation relies on the ubiquitin/proteasome pathway
and KDM4CeS198M resist these effects of AVN A (Fig. 5K).
A or scramble shRNAwas transferred into CRC cells and exposed to

y MTT assay. (G) CRC cells were transfected with KDM4A shRNA or
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Figure 5 AVN A directly targets KDM4C at S198 to restrain MIR17HG transcription to improve 5-FU sensitivity. (A) Molecular docking was

utilized to decipher the interaction of AVN A and KDM4C. (B) The four KDM4C site mutants were transferred into HCT-8 cells and then exposed

to AVN A and 5-FU alone or together for 24 h KDM4C level was evaluated via Western blot. (C, D) Cells were exposed to AVN A and 5-FU for

24 h and cell viability (C) and cell death (D) were analyzed via MTT assay and trypan blue staining. (E) The four KDM4C site mutants were

transferred into HCT-8 cells with AVN A treatment for 24 h miR-17-92 cluster levels were determined via qPCR. (F) The flag-tagged wild type or
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Notably, AVN A-mediated expression of Bim and H3K9me3 can
be reverted by KDM4C overexpression rather than
KDM4CeS198M (Fig. 5L). In addition, the suppressive effect of
AVN A on miR-17-92 cluster biogenesis depends on the deme-
thylase activity of KDM4C, since KDM4CeS198M was unable to
abrogate AVN A-mediated transcriptional repression of miR-17-
92 cluster (Fig. 5M). We further explored the role of KDM4C
demethylase activity in AVN A-mediated chemotherapy response.
The synergistic effect of combination therapy on CRC cells was
compromised by KDM4C overexpression but not
KDM4CeS198M (Fig. 5N and O). These data collectively suggest
that AVN A exerts its chemosensitizing effect by directly targeting
S198 of KDM4C to block MIR17HG transcription and derepress
Bim expression.
3.6. AVN A improved the therapeutic efficacy of 5-FU via
impairing KDM4C/MIR17HG/GSK-3b negative feedback loop

Our mechanistic studies revealed that AVN A-mediated KDM4C
degradation mainly via ubiquitin/proteasome pathway (Fig. 5I‒
K). Available studies have shown that the deubiquitinase USP9X
facilitates KDM4C expression by mediating the deubiquitination
of KDM4C to accentuate the malignant progression of lung can-
cer32. Recent studies have also revealed that the activation of
glycogen synthase kinase 3b (GSK-3b) promotes the interaction
of the ubiquitin ligase b-TrCP and KDM4C to induce KDM4C
degradation21. Accordingly, our results demonstrated that AVN A
treatment obviously promoted GSK-3b level and hardly influ-
enced the expression of USP9X (Fig. 6A and B). Moreover, the
knockdown of GSK-3b in CRC cells significantly revoked the
reduced KDM4C and increased GSK-3b caused by AVN A
treatment (Fig. 6C and D). Numerous studies have demonstrated
that miR-19a and miR-20a can directly target and inhibit GSK-3b
expression33,34. It prompted us to speculate that MIR17HG can
directly suppress the levels of GSK-3b. The results showed that
AVN A-mediated upregulation of GSK-3b was reversed in
MIR17HG overexpressing CRC cells (Fig. 6E, Fig. S4G), and
overexpression of KDM4C rather than S198M mutant abrogated
AVN A-mediated the upregulation of GSK-3b level (Fig. 6F). The
co-immunoprecipitation results further revealed that AVN A
treatment significantly promoted the interaction between KDM4C,
but not the S198M mutant, and b-TrCP, and subsequently pro-
moted the ubiquitination of KDM4C (Fig. 6G). In addition, the
knockdown of GSK-3b reduced AVN A-mediated chemo-
sensitization, which was fully rescued by silencing of KDM4C or
MIR17HG (Fig. 6H and I). Collectively, these findings demon-
strate that AVN A directly targets S198 of KDM4C to exert
indicated mutant of KDM4C constructs was transferred into HCT-8 cells. C

H) The high-affinity interactions of AVN A and wild-type (WT) KDM4C (

transfection of wild type or mutant of KDM4C constructs that were expos

24 h KDM4C was detected via Western blot. (J) Western blot analysis of

various times. (K) The WT KDM4C or S198M vectors were transferred int

ubiquitination analysis. (L) HCT-8 cells were transfected with plasmids exp

levels of H3K9me3 and Bim were determined. (M) The plasmids express

AVN A treatment for 24 h. The miR-17-92 cluster levels were determi

transferred into HCT-8 (N) and HCT116 cells (O) and exposed to 5-FU and

MTT assay. Data in (C)‒(E), (M)‒(O) are shown as mean � SD, n Z 3;
chemosensitization effects via suppressing the KDM4C/
MIR17HG/GSK-3b negative feedback loop (Fig. 6J).

3.7. AVN A reversed 5-FU resistance in HCT-8/FU cells-derived
xenografts

The AOM/DSSmouse model used in our previous study was applied
to evaluate the effect of AVNA on KDM4C/MIR17HG expression8.
As shown in Supporting Information Fig. S6A, KDM4C level was
significantly reduced whereas Bim expression was notably increased
upon AVNA treatment.Moreover, the FISH assay revealed thatmice
administrated with AVNA typically accompanied by the attenuation
ofMIR17HG compared to theAOM/DSS group (Fig. S6B). To verify
whether AVNA could overcome 5-FU resistance in vivo, the HCT-8/
FU-derived xenografts model was utilized for further investigations.
Although 5-FU or AVN A alone only slightly suppressed tumor
growth, the combined treatment resulted in complete inhibition of
tumor growth (Fig. 7A‒C). The results revealed that KDM4C and
MIR17HG levels were significantly reduced, Bim andGSK-3b levels
were notably increased compared to 5-FU or AVNA treatment alone
(Fig. 7D). Moreover, in the combinatorial treatment group, good
tolerance, and no appreciable weight loss was observed (Fig. 7E). In
addition, no major pathological changes in the cellular morphology
of the normal tissues and organs (liver, spleen, lungs, kidneys) were
detected (Fig. 7F). The data was further supported by H&E staining
demonstrated that 5-FU mediated liver injury can be alleviated by
combined treatment (Fig. 7F). These findings thus suggested that
improved efficacy of AVN A and 5-FU combined treatment in che-
moresistant xenograft tumors in vivo.

3.8. AVN A bolsters the chemotherapy response in ApcMin/þ

mice and CRC organoid model

To further confirm AVN A-sensitized CRC to 5-FU, an ApcMin/þ

mouse model, which predominantly spontaneously develops intes-
tinal adenomas, was utilized. ApcMin/þ mice were administered with
5-FU, AVN A, or in combination for 14 weeks and evaluated by
tumor number and tumor load (Fig. 8A and B). Representative H&E
staining and macroscopic results revealed that the 5-FU and AVNA
combined treatment developed fewer and smaller intestinal polyps, a
noticeable reduction of tumor number and tumor burden compared to
the 5-FU group or AVNA group (Fig. 8C‒E). Furthermore, the CRC
patient-derived organoid (PDO) model exhibited more robust re-
sponses to the combined treatment compared to the treatment with
either 5-FU orAVNAalone (Fig. 8F‒I). Altogether, our data provide
evidence for improving 5-FU efficacy in CRC with the combination
of AVN A in CRC organoid and ApcMin/þ mice model.
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Figure 6 AVN A enhances 5-FU efficacy via targeting the KDM4C/MIR17HG/GSK-3b negative feedback loop. (A, B) Levels of USP9X

(A) and GSK-3b (B) in CRC cells upon AVN A (10 mmol/L) treatment were determined via Western blot. (C) The siRNA against GSK-3b was

transferred into HCT-8 cells for 48 h and GSK-3b levels were determined by qPCR. (D) CRC cells which transfected with si-CTRL or si-GSK-3b

with 10 mmol/L AVN A for 24 h and analyzed via Western blot. (E) The plasmids of OE-NC or OE-MIR17HG were transferred into HCT-8 cells

with 10 mmol/L AVN A for 24 h. GSK-3b levels were determined by Western blot. (F) The WT KDM4C or S198M constructs were transferred

into HCT-8 cells and exposed to 10 mmol/L AVN A for 24 h. GSK-3b levels were determined by Western blot. (G) The WT KDM4C or S198M

vectors were transferred into HCT-8 cells and exposed to 10 mmol/L AVN A for 24 h with MG-132 (20 mmol/L). Immunoprecipitation was

conducted using a flag antibody. (H, I) HCT-8 cells expressing si-GSK-3b with shKDM4C or si-MIR17HG were exposed to 10 mmol/L AVN A

and 7.5 mmol/L 5-FU for 24 h. MTT assay and the trypan blue staining were performed to detect cell viabilities (H) and cell death (I). (J) A model

illustrating the KDM4C/MIR17HG/GSK-3b negative feedback loop mediated by AVN A. Data in (C), (H), (I) are shown as mean � SD, n Z 3;

*P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 7 AVNA reversed 5-FU resistance inHCT-8/FU cells-derived xenografts. (AeC)Nudemice subcutaneously inoculatedwithHCT-8/FUcells

were administered with the vehicle, 5-FU (20 mg/kg), AVNA (15 mg/kg), or both. The representative photos of HCT-8/FU xenografts (A), xenograft

tumorvolume (B), and tumorweight (C) are shown. (D) IHC staining results forKDM4C,GSK-3b, andBim staining in tumor samples from the indicated

groups (top panel). Representative FISH images ofMIR17HG in tumor samples (bottom panel). Scale bars, 50 mm (main) and 500 mm (inset). Scale bars

for FISH, 10mm. (E) The bodyweight was evaluated during the treatment. (F) H&E staining analysis of the liver, spleen, kidney, and heart of HCT-8/FU

cells-derived xenografts. Scale bars represent 50 mm. Data in (B), (C), (E) are shown as mean � SD, nZ 6; *P < 0.05; **P < 0.01.
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3.9. The KDM4C/MIR17HG/GSK-3b negative feedback loop
serves as predictive biomarkers of 5-FU response

To further clarify the clinical relevance of KDM4C/MIR17HG and
5-FU resistance, a cohort of 31 CRC patients who received 5-FU-
based therapy were evaluated by IHC and FISH (Fig. 9A). All the
patients were grouped according to the response to 5-FU, where
patients 1e17 with recurrence were considered as “resistant” and
patients 18e31 who remained free of disease since the initial
treatment were considered as “sensitive” (Table 1). Based on the
homology region of human and mouse MIR17HG, a specific
oligonucleotide probe with shared transcribed region on



Figure 8 The efficacy of 5-FU is enhanced by AVNA in ApcMin/þ mice and the CRC organoid model. (A) Schematic diagram of 5-FU, AVNA,

or combination on tumorigenesis of ApcMin/þ mice. (B) Macroscopic images of small intestines from ApcMin/þ mice exposed to 5-FU, AVN A, or

combination for 14 weeks. (C) H&E staining of ApcMin/þ mice colons. Scale bars, 50 mm. (D, E) Tumor number (D) and tumor load (E) from

ApcMin/þ mice exposed to 5-FU, AVN A, or combination were analyzed. (F) Workflow of CRC organoids-based drug evaluation. (G) CRC

organoids after 6 days of culture were treated with 5-FU (7.5 mmol/L) and AVNA (10 mmol/L) alone or their combination for 48 h. Representative

images were recorded by microscope. Scale bars, 500 mm. (H, I) The relative number of tumor organoids (H) and relative size of tumor organoids

(I) were calculated from (G). Data in (D), (E) are shown as mean � SD, n Z 6. Data in (H) are shown as mean � SD, n Z 3; *P < 0.05;

**P < 0.01; ***P < 0.001.
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MIR17HG-202 and MIR17HG-203 was designed to detect
MIR17HG expression. The levels of KDM4C and MIR17HG were
significantly higher in patients who progressed on 5-FU compared
with the sensitive group (Fig. 9B and D). Conversely, the
decreased Bim and GSK-3b expression was observed in tumors
that advanced on 5-FU-based therapy (Fig. 9B, C and E) Of note,
MIR17HG expression showed respectively a positive correlation
with KDM4C expression, and inverse correlations with Bim
expression and GSK-3b expression, respectively (Fig. 9F‒H).
CRCs with microsatellite instability (MSI) status have been re-
ported to respond poorly to FU-based chemotherapy35. The Ge-
nomics of Drug Sensitivity in Cancer Project datasets (GDSC)
was conducted to evaluate the effect of KDM4C on the chemo-
therapeutic response of CRC cells. As shown in Fig. 9I, KDM4C
levels exhibited a significant positive correlation with the IC50 to
5-FU in MSI CRC cells, indicating that KDM4Chigh CRC patients
did not benefit from 5-FU-based adjuvant chemotherapy. The re-
sults of KaplaneMeier Plotter showed that a high level of GSK-3b
was correlated with a shorter overall survival (Fig. S6C). Addi-
tionally, KaplaneMeier curves demonstrated that the subgroup
with KDM4Chigh/MIR17HGhigh was correlated with a poor prog-
nosis for CRC patients in the TCGA cohort (Fig. 9J). Collectively,
these data potentially link the KDM4C/MIR17HG/GSK-3b
negative feedback loop to 5-FU response in CRC patients.

4. Discussion

Epidemiological reports indicated that daily consumption of oats
can reduce the risk of cancer36. As a unique phytochemical in
oats, AVNs have attracted substantial attention from academic
research and pharmaceutical companies due to their numerous
health benefits. Structural analogs of AVNs such as tranilast have
been approved for allergic disease treatment37. The compensatory
features such as low toxicity, good safety, and high bioavailability
make AVN A as a promising adjuvant component to improve the
efficacy of first-line chemotherapy drugs. Here, we evaluated the
effect of AVN A on chemotherapy response and revealed the
underlying molecular mechanisms.

Resistance to anticancer drugs is a major obstacle to achieving
effective cancer therapy. Dysregulation of apoptosis-related pro-
teins expression is regarded as an important tumor resistance
mechanism38. Available studies have shown that combining phy-
tochemicals with first-line chemotherapeutics will eliminate can-
cer cells via elevating apoptosis and subsequently blunt the
emergence of drug resistance, representing a more effective anti-
cancer strategy39. Notably, the pro-apoptotic protein Bim was
significantly upregulated after AVN A treatment, which strongly
potentiates the 5-FU therapeutic efficacy (Fig. 2A and B). We
found that the combination of AVN A and 5-FU is a potential
strategy to maximize the induction of Bim, which is a proapo-
ptotic sentinel that mediates Bax/Bak-dependent apoptosis. More
importantly, the combination of AVN A with oxaliplatin or
cisplatin is still effective in CRC cells (Fig. S1B and S1C), indi-
cating the broad applicability of this combined strategy to a va-
riety of first-line regimens for CRC.

The miR-17-92 cluster is highly expressed in various tumors
and exerts oncogenic potential40,41. Most targets of miR-17-92
cluster members are “tumor killers”. For example, Bim is tar-
geted by all individual members of the cluster; PTEN is the target
of miR-19; and LKB1 tumor suppressor is negatively regulated by
miR-17 and miR-2042. Together, the miR-17-92 network exacer-
bated tumor progress in multiple aspects primarily attributed to
their targets. Additionally, the miR-17-92 cluster members share
most target genes. Obviously, blocking one cluster member might
initiate compensatory mechanisms by other miRNAs. A previous
report developed a novel locked nucleic acid (LNA) gapmeRs
called MIR17PTi to globally inhibit the miR-17-92 cluster and
found that the miR-17-92-based therapeutic strategy has clinical
translational value in multiple myeloma11. Unlike LNAs that are
limited by delivery efficiency challenges, we found that AVN A
impaired miR-17-92 cluster at 24 h via impeding MIR17HG
transcription rather than inhibiting its individual member, which
destroyed the compensatory pathway (Fig. 2E). Consequently,
AVN A enabled depression of the shared target protein Bim of
MIR17HG, thus achieving the lethal effect in combination with 5-
FU (Fig. 2I‒K). This study proposes that targeting MIR17HG as
the Achilles heel of CRC, which could be a key feasible strategy
to improve the response to chemotherapy in CRC.

Natural products are an important source of new drug develop-
ment, and the identification of their targets is crucial for elucidating
the mechanism of drug action. Here, we demonstrated that AVN A
directly bound to KDM4C by biotin affinity pulldown, CETSA, and
SPR (Fig. 3B, C, F, and J). As a H3K9 demethylase, KDM4C is
highly expressed in various tumors and regulates gene transcription
by remodeling chromatin and altering histone methylation levels26.
To our knowledge, no study has reported the regulatory role of
KDM4C on MIR17HG. Our data showed that KDM4C plays a
critical role in AVN A-mediated transcriptional repression of
MIR17HG (Fig. 4D), and thus ascertained a novel proto-oncogenic
role of KDM4C. KDM4C could be recruited to the MIR17HG pro-
moter region to facilitate MIR17HG transcription in a histone
demethylase-dependent manner, thereby attenuating its downstream
tumor suppressor gene expression (Fig. 4G‒J). This raised an
interesting question of interaction mechanisms by which AVN A
specifically acts on KDM4C. We uncovered that AVN A directly
binds to the S198 site of the methylase activity of KDM4C, which
sequentially attenuated its demethylase activity and induced
KDM4C degradation (Fig. 5A‒E). AVN A-mediated repression of
KDM4C upregulates the occupancy of H3K9me3 in the promoter
region ofMIR17HG, thereby repressingMIR17HG transcription and
derepressing its target protein Bim. Our findings illustrate the po-
tential druggability of KDM4C and provide a molecular basis for
targeting KDM4C with natural compounds. Accumulating evidence
have demonstrated that some small molecules can directly bind to a
specific protein to induce its degradation43,44. It has been reported
that USP9X-mediated KDM4C deubiquitination facilitates lung
cancer progression32. In addition, GSK-3b facilitates the interaction
of the ubiquitin ligase b-TrCP and KDM4C to trigger KDM4C
ubiquitination and degradation19. High expression and activation of
tumor suppressor GSK-3b has been reported to diminish anti-
apoptotic protein MCL-1 levels to induce tumor cell death and
attenuate tumor growth45. Our findings uncovered that AVN A en-
hances Bim-mediated chemosensitization of CRC via targeting
KDM4C/MIR17HG/GSK-3b negative feedback loop (Fig. 10).
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Table 1 Clinic-pathological characteristics of 5-FU-treated CRC patients.

No. Sex Age Stage Tumor size Recurrence site Differentiation

1 Male 82 pT3N1M1 4.5 cm � 3.0 cm Liver G2

2 Male 79 pT3N1cMx 3.5 cm � 5.0 cm Small intestine G2-G3

3 Female 73 T3N2bM1a 5.0 cm � 4.8 cm Liver G2

4 Male 56 pT4bN0M1 5.0 cm � 4.5 cm Lymph nodes G1eG2

5 Male 51 pT3N2bMx 3.0 cm � 3.0 cm Lymph nodes G3

6 Male 74 pT3N1bMx 3.0 cm � 2.0 cm Lymph nodes G1eG2
7 Female 76 pT3N2aMx 5.0 cm � 4.0 cm Lymph nodes G2eG3

8 Female 60 pT4bN0M1 4.2 cm � 3.5 cm Liver G2eG3

9 Female 61 pT3N1aMx 5.5 cm � 4.0 cm Lymph nodes G2eG3
10 Female 67 pT3N1cMx 9.0 cm � 8.0 cm Lymph nodes G2eG3

11 Female 79 pT3N1bMx 5.5 cm � 4.0 cm Lymph nodes G2eG3

12 Male 56 pT3N1cMx 4.5 cm � 4.5 cm Small intestine G2eG3

13 Female 63 pT3N2aMx 2.7 cm � 2.0 cm Lymph nodes G2

14 Female 78 pT3N1aMx 6.5 cm � 4.5 cm Lymph nodes G2

15 Female 61 pT4bN0M1 4.2 cm � 1.5 cm Lymph nodes G2eG3

16 Female 68 pT3N1bMx 5.5 cm � 3.5 cm Lymph nodes G2

17 Male 68 pT3N1bMx 3.5 cm � 3.5 cm Lymph nodes G2

18 Male 73 pT3N1bMx 5.0 cm � 4.0 cm No recurrence G2eG3

19 Male 35 pT4N0Mx 10.0 cm � 10.0 cm No recurrence G2

20 Male 65 pT2N0Mx 4.0 cm � 3.0 cm No recurrence G2

21 Female 72 pT3N0Mx 7.5 cm � 6.0 cm No recurrence G2

22 Male 46 pT3N0Mx 4.0 cm � 2.5 cm No recurrence G2eG3

23 Male 65 pT3N0Mx 3.5 cm � 2.5 cm No recurrence G2

24 Male 71 pT2N0Mx 4.0 cm � 3.0 cm No recurrence G2

25 Female 23 pT3N0Mx 6.0 cm � 4.0 cm No recurrence G2

26 Female 63 pT3N0Mx 4.0 cm � 2.0 cm No recurrence G2

27 Female 73 pT4N1cM1 6.0 cm � 4.5 cm No recurrence G2

28 Male 73 pT4N0Mx 5.0 cm � 4.0 cm No recurrence G2

29 Male 55 pT3N0Mx 5.0 cm � 3.0 cm No recurrence G2

30 Male 64 pT3N0Mx 4.5 cm � 1.3 cm No recurrence G2

31 Female 51 pT3N0Mx 6.0 cm � 1.5 cm No recurrence G2
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The discovery of novel biomarkers predicting response to
cancer chemotherapy could aid in patient stratification and enable
more effective use of existing chemotherapy and avoid unnec-
essary toxicity for those patients who would not benefit46. Clinical
samples grouped as “5-FU-sensitive” or “5-FU resistant” patients
were analyzed and found that resistant patients had significantly
higher expression of KDM4C and MIR17HG and lower expres-
sion of Bim and GSK-3b (Fig. 9B and C). Consistently, correla-
tion analysis indicated that MIR17HG and KDM4C expression
were positively correlated, and MIR17HG was inversely corre-
lated with Bim and GSK-3b expression (Fig. 9F‒H). Our findings
support that the KDM4C/MIR17HG/GSK-3b negative feedback
loop can serve as a predictive marker for 5-FU response and as a
promising therapeutic target for CRC chemoresistance. Expanded
clinical samples are needed to further validate the predictive and
therapeutic role of the KDM4C/MIR17HG/GSK-3b negative
feedback loop in CRC chemotherapy response. Additionally, a
Figure 9 The KDM4C/MIR17HG/Bim signaling axis is identified as a

tumor specimens and recurrent or metastatic specimens collected from th

FISH images of MIR17HG and corresponding IHC images of KDM4C, G

(main) and 500 mm (inset). (CeE) Z-scores of Bim (C), KDM4C (D), an

n Z 14; 5-FU resistant group, n Z 17. (FeH) Scatter plots showing the co

KDM4C expression (G), andMIR17HG and GSK-3b expression (H) in CRC

and KDM4C levels in MSI CRC cell lines was analyzed by the GDSC dat

CRC patients with indicated tumor genotype in TCGA. *P < 0.05; **P <
primary cause of chemotherapy failure in CRC is the inevitable
toxic side effects such as gastrointestinal toxicity, immunosup-
pression, and liver and kidney damage27, thus explaining the
importance of combinational therapy of front-line drug and novel
natural compounds in tumor treatment, which may achieve better
outcome and limit adverse effects. The present study systemati-
cally evaluated the safety of the combination of AVN A and 5-FU
in vivo.

Together, there are two benefits of combination therapy of 5-
FU and AVN A. Firstly, the dose of 5-FU in co-treatment was
much lower than that of 5-FU alone in inducing cancer cell death,
thereby alleviating the 5-FU-related toxicity. Secondly, AVN A
plays a key role in ameliorating immunosuppression and organ
damage. The aforementioned advantages are critical in deter-
mining the optimal treatment regimen and point out that 5-FU and
AVN A in combination as a promising candidate for CRC clinical
trials.
predictor of 5-FU response. (A) Schematic representation of primary

e same patient who received 5-FU-based therapy. (B) Representative

SK-3b, and Bim in 5-FU-based CRC specimens. Scale bars, 50 mm

d GSK-3b (E) in CRC tissues were analyzed. 5-FU sensitive group,

rrelations between MIR17HG and Bim expression (F), MIR17HG and

samples, respectively. nZ 31. (I) The correlation of 5-FU sensitivity

aset. (J) KaplaneMeier survival analysis shows the overall survival of

0.01; ***P < 0.001.



Figure 10 A schematic illustration of the proposed mechanism of AVN A sensitizes CRC to chemotherapeutic response.
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5. Conclusions

Our findings highlight that AVN A combined with 5-FU confers a
remarkable synergetic and selective anti-tumor activity in CRC
cells and xenograft models. The KDM4C/MIR17HG/Bim axis is
shown to be critical for AVN A-potentiated therapeutic response
based on clinical samples, TCGA database, and functional ex-
periments. AVN A directly binds to the S198 residue of KDM4C
to block MIR17HG transcription, thus driving CRC cells toward a
proapoptotic state and making CRC cells more vulnerable to 5-
FU. AVN A improved the therapeutic efficacy of 5-FU via
impairing the KDM4C/MIR17HG/GSK-3b negative feedback
loop. Our data identified KDM4C/MIR17HG/GSK-3b negative
feedback loop as a predictor of therapy response and vulnerability
and proposed a novel treatment option that AVN A could be a
promising adjuvant for 5-FU-centric therapy on CRC.
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