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Abstract DNMT3A encodes a DNA methyltransferase involved in development, cell differentiation,

and gene transcription, which is mutated and aberrant-expressed in cancers. Here, we revealed that loss

of DNMT3A promotes malignant phenotypes in lung cancer. Based on the epigenetic inhibitor library

synthetic lethal screening, we found that small-molecule HDAC6 inhibitors selectively killed

DNMT3A-defective NSCLC cells. Knockdown of HDAC6 by siRNAs reduced cell growth and induced

apoptosis in DNMT3A-defective NSCLC cells. However, sensitive cells became resistant when DNMT3A

was rescued. Furthermore, the selectivity to HDAC6 inhibition was recapitulated in mice, where an

HDAC6 inhibitor retarded tumor growth established from DNMT3A-defective but not DNMT3A parental

NSCLC cells. Mechanistically, DNMT3A loss resulted in the upregulation of HDAC6 through decreasing

its promoter CpG methylation and enhancing transcription factor RUNX1 binding. Notably, our results

indicated that HIF-1 pathway was activated in DNMT3A-defective cells whereas inactivated by

HDAC6 inhibition. Knockout of HIF-1 contributed to the elimination of synthetic lethality between

DNMT3A and HDAC6. Interestingly, HIF-1 pathway inhibitors could mimic the selective efficacy of
(Lihui Wang).

s to this work.
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HDAC6 inhibition in DNMT3A-defective cells. These results demonstrated HDAC6 as a HIF-1-dependent

vulnerability of DNMT3A-defective cancers. Together, our findings identify HDAC6 as a potential HIF-1-

dependent therapeutic target for the treatment of DNMT3A-defective cancers like NSCLC.

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

Cancer is considered as a genetic disease1. Gene mutations,
including oncogenes and tumor suppressor genes (TSGs), play
essential roles in the development and progression of cancer2.
Driven mutation in oncogenes, such as KRAS and EGFR, would
contribute to the malignant phenotype3,4. Similarly, the mutation
in TSGs, such as TP53 and VHL, usually results in the loss of their
function, which would lead to the imbalance between oncogenes
and TSGs, and further promote tumorigenesis5,6. In parallel with
gene mutation, epigenetic alteration, through affecting gene
expression, also plays a crucial role in cancer7,8. Interestingly,
recent studies disclose that mutation in epigenetic enzymes is
relatively frequent9,10. Thus, how to understand and take advan-
tage of the frequent genetic mutation in epigenetic enzymes would
be a crucial issue for the development of a novel anticancer
approach.

DNA methyltransferase (DNMT), a kind of earlier discovered
epigenetic enzyme, participates in DNA methylation to regulate
various biological functions, including embryo development, cell
differentiation, and gene transcription, and is associated with
tumorigenesis11-13. Among DNMT family members, DNMT1,
called maintenance DNMT, and DNMT3A and DNMT3B, called
de novo DNMT, display the key role in the regulation of DNA
methylation14. Although the inhibitors targeting DNMT, such as
5-azacytidine (5-AzaC) and 5-aza-20-deoxycytidine (Decita-
bine)15,16, have been applied in the treatment of leukemia17,18, the
impact of DNMTs on tumors and their therapeutic value are still
controversial. A recent study discovered that the mutation rate of
DNMT3A is the highest in the DNMT family, and mutation in
DNMT3A was frequent in various tumors19,20, which mostly
resulted in loss of function (LOF) of DNMT3A21. However, the
biological function and clinical value of DNMT3A LOF mutation
in cancer need to be further explored.

With the introduction of the first DNA damage repair (DDR)
based synthetic lethal drug (PARP inhibitor olaparib in cancer
with BRCA1 LOF mutation), research in DDR synthetic lethal has
been an ideal strategy to target cancers with a mutation in certain
DDR-related TSGs22-24. Previous studies revealed some potential
DDR synthetic lethal gene pairs, such as PTEN/CHD125, NOXA/
RUNX126, and SLFN11/ATR27. Similar to DDR gene pairs,
epigenetic regulation enzymes also display interactive and com-
plementary characteristics. Recently, some epigenetic synthetic
lethal pairs were identified28, including ARID1A/ARID1B and
ARID1A/EZH229-31. However, the epigenetic synthetic lethal gene
pairs have not been studied extensively.

In this study,we revealed theTSG role ofDNMT3A in lung cancer.
In addition, histone deacetylase 6 (HDAC6), as a synthetic lethal
partner of DNMT3A loss, was identified by utilizing an epigenetic
inhibitor library. Interactively, DNMT3A loss would result in the
upregulation ofHDAC6by affecting its promoter cytosine-phosphate-
guanine (CpG) methylation. Mechanistically, the hypoxia-inducible
factor (HIF-1) pathway was found to be involved in this epigenetic
synthetic lethal partner. These findings clarify the underlying mech-
anisms driving the malignant phenotype of DNMT3A-deficient lung
cancer and broaden the field for the development of a novel epigenetic
synthetic lethal strategy in cancer therapy.

2. Materials and methods

2.1. Cell culture

The human non-small cell lung cancer (NSCLC) cell lines A549,
NCI-H460, NCI-H1299, and acute myeloid leukemia cell lines
HL-60 and NB-4 were obtained from the American Type Culture
Collection, and DNMT3AKO cells were constructed by our labora-
tory. Cell lines were cultured in RPMI 1640 Medium (Gibco,
C11875500BT) supplemented with 10% fetal bovine serum (Gibco,
10270106) and 1% penicillin/streptomycin (Gibco,15140122).

2.2. Analysis of clinical specimens

Paraffin-embedded clinical tissue specimens from 80 lung adeno-
carcinoma patients were obtained from Shanghai Outdo Biotech.
Clinical specimens used in this study were approved by the Com-
mittee for Ethical Review of Research Involving Human Subjects at
Shanghai Biochip National Engineering Research Center (Ethical
number: YB M-05-02). Written informed consent was obtained
from the patients or their legal guardians before tissue sampling. The
research design andmethodswere carried out in accordancewith the
Declaration of Helsinki’s Guidelines and all applicable laws
regarding the use of human study subjects. Among the 80 patients,
30were determined as stage III, 47were stage II, and 3 patients were
stage I. The immunohistochemical staining of specimens was
scored according to the intensity of dye color, the percentage of
positive cells, and the calculated average score in studied cases. The
scores above the average value were designated as high expression,
and scores below the average were designated as low expression.

2.3. Epigenetics compound library screening

For screening, cells were seeded in 96-well plates at
2000e3000 cells/well and cultured overnight. The compounds
(Med Chem Express, HY-L005) were added to the plates according
to the concentration. After 72 h of drug treatment, viable cells were
quantified with Cell-Counting-Kit-8 (Med Chem Express, HY-
K0301) according to the manufacturer’s instructions at indicated
time points. All experiments were performed in triplicate.

2.4. Cell viability assay

For cell viability, cells were seeded in 96-well plates at
2000e3000 cells/well and cultured overnight. The agents were

http://creativecommons.org/licenses/by-nc-nd/4.0/


DNMT3A loss drives a HIF-1-dependent synthetic lethality to HDAC6 inhibition in NSCLC 5221
added to the plates according to the concentration. After drug
treatment, viable cells were quantified with Cell-Counting-Kit-8
(Med Chem Express, HY-K0301) according to the manufacturer’s
instructions at indicated time points. All experiments were per-
formed in triplicate.

2.5. Colony formation assay

Cells were seeded in plates and incubated for 3 days, the agents
were added to the plates with various concentrations. Every 2e3
days, fresh medium with agents was added to the plates. After
culturing for 7e10 days, the cells were fixed with methanol for
15 min and stained with 0.1% crystal violet for half an hour, and
the colonies were imaged and counted.

2.6. Apoptosis assay

For the assay of apoptotic cells, 0.2 million cells were seeded into
6-well plates and cultured overnight. After 72 h of drug treatment,
cells were harvested and examined using an Annexin VePI
Apoptosis Detection Kit (BD, 556547) according to the manu-
facturer’s protocol and analyzed by flow cytometry.

2.7. siRNA transfection

Cells were seeded into 6-well plates and cultured overnight. Cells
were transfected with specific small interfering RNAs (siRNAs)
according to the manufacturer’s instruction (Thermo Fisher Sci-
entific, L3000015) for 48e72 h. All siRNAs were obtained from
BIONEER. The following siRNA sequences were used:
siDNMT3A#1: GCGUCACACAGAAGCAUAU
siDNMT3A#2: CCUCAGAGCUAUUACCCAA
siHDAC6#1: GAGGUAAAGAAGAAAGGCA
siHDAC6#2: CACUUCGAAGCGAAAUAUU
siVHL: UAUCACACUGCCAGUGUAUAC

2.8. Western blot analysis

Whole-cell lysates were isolated in RIPA buffer (Cell Signaling
Technology, 9806S) supplemented with the protease inhibitor
(Med Chem Express, HY-K0010) and the phosphatase inhibitor
(Med Chem Express, HY-K0022). Total protein was separated on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gels and then transferred onto polyvinylidene fluoride
(PVDF) membranes. The membranes were blocked with 5%
nonfat dried milk, and incubated with the indicated primary
antibody and secondary antibodies. The protein bands were
visualized with ECL detection reagents (PE, NEL105001EA). The
primary antibodies used were anti-DNMT3A (Cell Signaling
Technology, 32578), anti-HDAC6 (Cell Signaling Technology,
7558), anti-PARP (Santa Cruz, sc-7150), anti-HIF-1a (Pro-
teintech, 20960-1-AP), anti-VHL (Proteintech, 24756-1-AP), anti-
b-actin (anti-ACTB, Santa Cruz, sc-8432).

2.9. RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNA was isolated using TRIzol reagent (Invitrogen,
15596026) according to the manufacturer’s protocol. First-strand
cDNA synthesis was set up using the RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher, K1622). Quantitative real-
time PCR analysis was performed by using Top Green qPCR
SuperMix (Transgene, AQ601-04) by the manufacturer’s
protocols. GAPDH was used as the endogenous control. All qRT-
PCRs were set up in triplicates using three biological replicates for
each sample.

2.10. Immunohistochemical staining

Tumor samples acquired from the mice bearing H460/H1299 cells
were fixed in 4%neutral buffered formalin and embedded in paraffin.
Samples were dewaxed, and hydrated with xylene and ethanol, and
citric acid buffer was used for antigen repair. Tumor samples were
incubated with primary antibody and secondary antibody. DAB and
hematoxylin were added for staining and observed under a micro-
scope. The primary antibodies used were anti-DNMT3A (Pro-
teintech, 20954-1-AP), anti-HDAC6 (Proteintech, 12834-1-AP),
anti-Ki67 (Abcam, ab15580), anti-HIF-1a (Proteintech, 20960-1-
AP), anti-VHL (Proteintech, 24756-1-AP).

2.11. In vivo tumor xenograft animal model

BALB/c nude mice (body weight 18e22 g) were maintained in a
specific-pathogen-free (SPF) facility. NCI-H460/H1299 cells
(1 � 106e2 � 106 cells in 0.2 mL phosphate-buffered saline) were
subcutaneously injected into the right flank of BALB/c nude mice.
The drugs were administered to mice by intraperitoneal injection
for 21 consecutive days. After 21 days, the mice were sacrificed,
the tumors were photographed and the tumor volumes were
analyzed. Tumor volumes were measured using calipers every 2
days and calculated by Eq. (1):

Tumor volume Z 1/2 � (Long diameter) � (Short diameter)2(1)
2.12. Statistical analysis

Statistical analyses were performed using SPSS V 26.0 software.
Data in all graphs were represented as mean � standard error of
mean (SEM) of biological triplicates by using GraphPad Prism
version 8.0. Statistical significance was determined by Student’s
t-test (independent samples t-test), one-way analysis of variance
(ANOVA) followed by Tukey’s or Dunnett’s T3 multiple com-
parisons test. P values < 0.05 were considered statistically
significant.

3. Results

3.1. The aberrant alteration and the role of DNMT3A in cancer

Due to the paradoxical role of DNMT3A in cancer, we analyzed
the expression and clinical significance of DNMT3A in various
cancers according to the KaplaneMeier Plotter database. As
shown in Fig. 1A, the median survival of patients with low
expression of DNMT3Awas 56 months compared to 99 months for
patients with high DNMT3A expression. The patients with the
decreased expression of DNMT3A predict a poor prognosis, sug-
gesting the TSG role of DNMT3A in cancer. The inactivation of
TSGs is mostly caused by mutation. Therefore, we assessed the
clinical value of DNMT3A mutation using the ICGC database. Our
analyzed data indicated that there was a 12.0% frequency of
DNMT3A mutation in cancer. Importantly, mutation of DNMT3A
was associated with poor prognosis (Fig. 1B), which further
confirmed its possible TSG role in cancer. According to the



Figure 1 Effects of DNMT3A deletion on the biological characteristics of non-small cell lung cancer. (A) The correlation between DNMT3A

expression and survival probability is shown. Log-rank (ManteleCox) test, P < 0.001. (B) The overall survival of lung cancer patients with

DNMT3A mutation (n Z 779) and no DNMT3A mutation (n Z 5695). Log-rank (ManteleCox) test, P < 0.001. (C) The incidence of DNMT3A

mutations in 32 types of cancer (10,967 samples, lung adenocarcinoma 4.24% and lung squamous cell carcinoma 1.64%). The majority of

DNMT3A mutations are loss of function or likely loss of function. (D) The expression of DNMT3A in normal tissues (n Z 50) and tumor tissues

(nZ 51) in the TCGA database. Log-rank (ManteleCox) test, ***P < 0.001. (E) The correlation between DNMT3A protein expression level and

overall survival in lung cancer is shown. The sections of tumor tissues from two lung cancer patients showed the immunohistochemical detection

of DNMT3A protein. Scale bars, 50 mm. Log-rank (ManteleCox) test, *P < 0.05. (F) Expression of DNMT3A in DNMT3A knockout and

overexpression cells, and effect of DNMT3A expression on cell proliferation and self-renewal ability. Data are presented as mean � SEM

(n Z 3). *P < 0.05, **P < 0.01. P values were determined using Student’s t-test (independent samples t-test).
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mutation rate of DNMT3A in various tumors, lung cancer is
located in the front ranks (Fig. 1C and Supporting Information
Fig. S1). Thus, we next choose lung cancer as a study example.
TCGA database revealed that, compared with normal tissues, lung
cancer tissues expressed DNMT3A at a lower level (Fig. 1D).
Furthermore, we measured the expression level of DNMT3A in 80
patients of lung cancer. In line with the database data, patients
with DNMT3A low expression predicted a bad survival rate in
lung cancer (Fig. 1E). To explore the function of DNMT3A in lung
cancer, we established the DNMT3A knockout (DNMT3AKO)
model using the CRISPR-Cas9 approach. As expected, knockout
of DNMT3A resulted in an enhanced ability in proliferation and
self-renewal in H460 and A549 cell lines (Fig. 1F). On the con-
trary, overexpression of DNMT3A would lead to the reduction of
proliferation and self-renewal in H460 and A549 cell lines
(Fig. 1F). Taken together, the above results indicate that the
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aberrant alteration of DNMT3A is frequent and DNMT3A may act
as a tumor suppressor gene in lung cancer, which suggests the
crucial role of DNMT3A in cancer.

3.2. Knockout of DNMT3A induces tumor growth and drug
resistance

To further explore the role of DNMT3A in lung cancer, we
established subcutaneous xenograft models with NCI-H460
parental and DNMT3AKO cells. As expected, knockout of
DNMT3A resulted in rapid tumor growth in a mouse model.
Compared with the parental H460 xenograft model, the H460-
DNMT3AKO xenograft displayed an increasing tumorigenesis
capability (Fig. 2A). In addition, the proliferation biomarker,
Ki67, was increased in H460-DNMT3AKO tumor tissues as
compared with parental H460 tumor tissues (Fig. 2B), which
confirmed the TSGs role of DNMT3A in lung cancer. Previous
studies indicated that epigenetic enzyme mutation would
contribute to drug resistance32, therefore, we next assessed the
effects of gene manipulation of DNMT3A on drug sensitivities in
Figure 2 Knockout of DNMT3A promotes tumor growth and drug resist

NCI-H460-DNMT3AKO and parental cells (n Z 5). The expression level o

cells in xenograft mice. Scale bars, 25 mm. (C) Effect of DNMT3A express

and VCR). (D) CDX-bearing mice (n Z 5 mice per group) were treated w

PTX (5 mg/kg, twice per week), or decitabine (1 mg/kg, three times per we

image and relative tumor volume, with the tumor growth inhibition value

*P < 0.05, **P < 0.01, ***P < 0.001. In (A) and (B), P values were dete

(D), P values were determined using one-way ANOVA with Tukey’s or D
lung cancer. As shown in Fig. 2C, knockout of DNMT3A resulted
in the decrease of sensitivities of H460 and A549 cell lines to
frequently-used chemotherapy agents, including cisplatin
(CDDP), etoposide (VP-16), paclitaxel (PTX) and vincristine
(VCR), whereas overexpression of DNMT3A could increase the
sensitivities of H460 and A549 cell lines to chemotherapy agents.
Consistent with the in vitro results, the H460-DNMT3AKO xeno-
graft mouse model also showed a reduction of sensitivities to
chemotherapy agents, including cisplatin, paclitaxel, and DNMT
inhibitor decitabine, as compared with the parental xenograft
model (Fig. 2D and Supporting Information Fig. S2A). Moreover,
the weight of mice did not decrease significantly (Fig. S2B). The
above results demonstrate that DNMT3A exhibits a TSG role in
lung cancer.

3.3. Identification of a synthetic lethal interaction of DNMT3A
and HDAC6

Based on the above finding, we next performed a drug screening
with a total of 443 epigenetic enzyme inhibitors in DNMT3A
ance in vivo. (A) Tumor growth in BALB/c-nu mice xenografted with

f DNMT3A in mouse tumor tissues (B) Ki67 staining of tumor tissue

ion on the sensitivity of chemotherapeutic drugs (CDDP, VP-16, PTX,

ith vehicle (three times per week), CDDP (4 mg/kg, twice per week),

ek) through intraperitoneal administration. The graph shows the tumor

. Scale bars, 1 cm. Data are presented as means � SEM (n Z 3e5).

rmined using Student’s t-test (independent samples t-test). In (C) and

unnett’s T3 multiple comparisons test.



Figure 3 Identification and validation of synthetic lethal target. (A) Flow chart for synthetic lethality screening of epigenetics compound

library. After NCI-H460 parental and DNMT3AKO cell lines were treated with epigenetics compound library (10 mmol/L) for 72 h, cell viability

was determined by CCK8 assay. Z-score scatterplot of relative lethality for epigenetics compound library screening. Most compounds have a

Z-score index between 1 and e1, and compounds with a Z-score below �2 were deemed “hit”. In (A), 256 compounds are shown (the remaining

187 compounds are shown in Supporting Information). (B) NCI-H460/NCI-H1299 parental and DNMT3AKO cells were treated with HDAC6

selective inhibitors (WT-161, SW-100, CAY10603) for 72 h, and the cell viability was detected by CCK8 assay. (C) A heatmap showing the

IC50 values of the selected compound on NCI-H460 parental and DNMT3AKO cells (left), and the efficacy of WT-161 in NCI-H460/NCI-H1299

parental or DNMT1KO/DNMT3BKO cells (right). (D) Effect of DNMT3A re-expression on the synthetic lethality of the HDAC6 inhibitor in NCI-

H460-DNMT3AKO and NCI-H1299-DNMT3AKO cells. (E) The cell viability of parental and DNMT3AKO cells after gene intervention of HDAC6

expression. (F) Effects of HDAC6 inhibition (0, 0.16, 0.32 mmol/L for H460 and 0, 2, 4 mmol/L for H1299) or knockdown (0, 20, 40, 60 nmol/L

for H460 and H1299) on the colony formation ability of lung cancer cells with different DNMT3A expression levels. (G) The apoptosis induction

by HDAC6 inhibitor WT-161 (0, 1 mmol/L for H460 and 0, 5 mmol/L for H1299) in lung cancer cells with different DNMT3A expression levels.

5224 Jiayu Zhang et al.



Figure 4 HDAC6 inhibition by WT-161 is effective in DNMT3A-deficient NSCLC mouse model. (A) Representative images of NCI-H460/

NCI-H1299 parental and DNMT3AKO xenograft tumors and statistical analysis of the relative growth inhibition (n Z 5). Scale bars, 1 cm. (B)

Evaluation of Ki67 expression in the indicated xenograft tumors by IHC assay. Scale bars, 25 mm. The statistics of Ki67 positive cell rate in the

indicated xenograft tumors are shown at the bottom. (C) Western blot analysis of DNMT3A and PARP expression in NCI-H460 parental and

DNMT3AKO xenograft tumors. (D) Image of a tumor xenograft model with DNMT3A expression induced by doxycycline, 1e10 days without

doxycycline induction and 11e20 days with doxycycline induction. The tumor growth curve is shown on the right (n Z 5). Data are presented as

means � SEM (n Z 3e5). *P < 0.05, **P < 0.01, ***P < 0.001, compared with control group. ##P < 0.01, ###P < 0.001, compared with the

indicated group. P values were determined using Student’s t-test (independent samples t-test) and one-way ANOVAwith Tukey’s or Dunnett’s T3

multiple comparisons test.
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proficient (parental) and DNMT3AKO cells to identify an epige-
netic synthetic lethal partner with TSG DNMT3A. Drug testing
and viability assay were conducted with a single concentration of
10 mmol/L. To exclude the effect of high selectivity but with low
efficacy, we used the Z score to assess the selectivity of com-
pounds. Out of 443 compounds, we identified 5 inhibitors that
showed higher efficiency in H460-DNMT3AKO cells compared
with parental cells. Notably, within the identified hits, we found
(H) The heatmap showed the changes of apoptosis-related target genes in

treatment. Data are presented as means � SEM (n Z 3). *P < 0.05, ***

compared with the indicated group. P values were determined using Stud
JAKi, which is in line with previous reports (Fig. 3A and
Supporting Information Fig. S3A)33. Among the 5 identified in-
hibitors, two inhibitors, namely WT-161 and CAY10603, belong
to HDAC6-specific inhibitors. The selective action of HDAC6
inhibition was confirmed by various inhibitors targeting HDAC6
in both H460-DNMT3AKO and H1299-DNMT3AKO cell lines
(Fig. 3B). To clarify the specific action of HDAC6 inhibition, we
also detected the cell viability of parental and DNMT3AKO cell
NCI-H460-DNMT3AKO and NCI-H1299-DNMT3AKO under WT-161

P < 0.001, compared with control group. ##P < 0.01, ###P < 0.001,

ent’s t-test (independent samples t-test).



Figure 5 DNMT3A inhibition induces HDAC6 through reducing promoter methylation status. (A) Expression level and activity of HDAC6 in

NCI-H460/H1299 with different DNMT3A expression levels. (B) Relative HDAC6 mRNA level in NCI-H460/H1299 with different DNMT3A

expression levels. (C) HDAC6 protein expression level in NCI-H460/H1299 cells after knockdown of DNMT3A by siRNA (50 nmol/L). (D)

Changes of HDAC6 mRNA and protein levels in NCI-H460/NCI-H1299 parental cells treated with 5-azacytidine (10 mmol/L for H460 and

5 mmol/L for H1299, 24 h). (E) Predicted transcription factor binding site and bisulfite sequencing analysis in HDAC6 promoter region. Bisulfite

sequencing was used to analyze the altered methylation status in the CG site of HDAC6 promoter under different DNMT3A expression levels.

5-Azacytidine treated with 5 mmol/L for 24 h. (F) Dual luciferase reporter assay and RT-qPCR were used to evaluate HDAC6 promoter activity

and mRNA levels after overexpression of transcription factors in different DNMT3A expression states. (G) The binding of RUNX1 to HDAC6

promoter in parental and DNMT3AKO cells was detected by ChIP-qPCR. (H) The correlation between RUNX1 and HDAC6 expression was

5226 Jiayu Zhang et al.
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lines after being treated with additional HDAC inhibitors. The
results indicated that only HDAC6-specific inhibitors displayed a
selectivity inhibitory action to DNMT3AKO cell lines (Fig. 3C).
Furthermore, we also evaluated the HDAC6 inhibition in other
DNMT isoforms (DNMT1 and DNMT3B) knockout cells. As
shown in Fig. 3C and Fig. S3B, treatment with HDAC6 inhibitor
WT-161 exhibited a similar inhibitory action in both parental and
DNMT1KO or DNMT3BKO cell lines. The above results indicate
synthetic lethal action between DNMT3A and HDAC6 is a specific
and unique interaction. To confirm that the selective action of
HDAC6 inhibition on NSCLC cell growth was due to the on-target
effect of DNMT3A deficiency, we restored DNMT3A expression in
DNMT3AKO cell lines and found that DNMT3A expression
reduced the sensitivity of cells to WT-161 (Fig. 3D), demon-
strating the on-target effect of the DNMT3A construct. Together
these data elucidated that HDAC6 inhibition selectively reduces
the growth of DNMT3A-deficient NSCLC cells.
3.4. HDAC6 inhibition reduces the growth of DNMT3A-deficient
NSCLC cells by inducing cell apoptosis

Given that pharmacology inhibition of HDAC6 by compounds
might be mediated by off-target action, we next assayed whether
specific siRNA for HDAC6 produced a selective action in
DNMT3A-deficient NSCLC cells. As shown in Fig. 3E, knock-
down of HDAC6 by two siRNAs could result in an obvious
concentration-dependent reduction of cell growth in both
DNMT3AKO cell lines, but just produced a weak decrease in
parental cell lines, which mimicked the action of HDAC6 in-
hibitors. To further assess the synthetic lethal action between
DNMT3A and HDAC6, we also performed colony formation
analysis. Our results revealed that consistent with cell viability
data, inhibition of HDAC6 by both pharmacology inhibitor and
gene manipulation led to selective reduction of colony formation
number in H460-DNMT3AKO and H1299-DNMT3AKO cell lines,
whereas restoration of DNMT3A in DNMT3AKO cell lines alleviate
their inhibitory action (Fig. 3F). Next, to explore the underlying
mechanism, we detected the cell apoptosis status, which is
considered as the main death pathway of synthetic lethal, after
being treated with pharmacology inhibitors or given gene
manipulation. The apoptosis measurement data indicated that
HDAC6 inhibitor WT-161 treatment resulted in an obvious in-
crease of apoptosis rate (Annexin V positive cell), from w2% to
w31%, in H460-DNMT3AKO cells, compared that, from w4% to
w5%, in H460 parental cells. Similar results were obtained from
H1299 parental and DNMT3AKO cell lines (Fig. 3G). Consistent
with pharmacology inhibitor treatment, the addition of specific
HDAC6 siRNA also led to selectively increasing cell apoptosis in
DNMT3AKO cells (Fig. S3C). The DNMT3A-deficient-dependent
apoptosis induction of HDAC6 inhibition was further confirmed
by the restoration of DNMT3A (Fig. 3G). Rescue of DNMT3A
significantly alleviated the apoptosis rate, from w30% to w10%,
in H460/H1299-DNMT3AKO cell lines. To further validate the
analyzed by the GEPIA database (lung adenocarcinoma and lung squamou

correlation analysis was used to analyze the correlation between the expre

Normal tissue, T: Tumor tissue. Data are presented as means � SEM (n Z
###P < 0.001, compared with the indicated group. P values were determ

ANOVA with Tukey’s or Dunnett’s T3 multiple comparisons test.
synthetic lethal effect of DNMT3A and HDAC6, we found that the
hotspot mutation DNMT3A R882H in acute myeloid leukemia
(AML) is a loss-of-function mutation34. We introduced DNMT3A
R882H into lung cancer cell lines H460 and H1299 to simulate the
real DNMT3A LOF mutation in the clinic as much as possible and
then investigated the effect of the HDAC6 inhibitor WT-161 on
cells expressing the R882H mutation. The results showed that
similar to the effect of WT-161 on DNMT3A knockout cells,
WT-161 selectively inhibited the growth of cells expressing
R882H. This indicated that HDAC6 inhibitor selectively killed
cells with DNMT3A functional defects (Supporting Information
Fig. S4A and S4B). Moreover, we selected two AML cell lines
HL-60 and NB-4, treated cells with siRNAs to silence DNMT3A,
and assessed the effect of WT-161 on AML cells. The results also
confirmed the synthetic lethality of DNMT3A/HDAC6 in AML
cells (Fig. S4C and S4D). In addition, we also found that some
apoptosis-related genes were up-regulated in DNMT3AKO cells
treated with WT-161 (Fig. 3H). Taken together, the above results
demonstrated that inhibition of HDAC6 by both pharmacology
inhibitor and gene manipulation could selectively reduce cell
viability in DNMT3AKO cells by inducing cell apoptosis.
3.5. HDAC6 inhibition by WT-161 is effective in DNMT3A-
deficient NSCLC mouse model

To validate whether HDAC6 inhibition could be effective in vivo,
we evaluated the efficacy of HDAC6 inhibitor WT-161 in mice
carrying H460 and H1299 NSCLC xenografts (Fig. 4A). WT-161
treatment resulted in a significant reduction in tumor volume in
the DNMT3AKO xenograft model, whereas the parental xenograft
model did not change in tumor volume. Similarly, WT-161
administration also led to a dose-dependent decrease in tumor
volume (Fig. 4A), with a maximal inhibition rate (IR) of 69.63%,
and positive expression of Ki67 (Fig. 4B). Importantly, the
administration of WT-161 also significantly induced apoptosis
measured by cleaved PARP in H460-DNMT3AKO xenograft tu-
mors compared to that in parental xenograft tumors (Fig. 4C). To
further explore the role of the DNMT3A in the anti-tumor efficacy
of HDAC6 inhibition in vivo, we applied the Tet-on model to
animal experiments. The results showed that in the absence of
doxycycline (dox) induction, after treatment with WT-161, the
tumor growth in H460-DNMT3AKO xenograft mice was signifi-
cantly decreased, with IR 39.53% (Fig. 4D). After the addition of
the inducer to rescue DNMT3A expression, the tumor inhibitory
efficacy of WT-161 in mice receiving H460-DNMT3AKO cells was
significantly weaker than that in the vector-construct group (IR:
25.29% vs. 65.65%), supporting DNMT3A deficiency as an
essential contributor of WT-161 efficacy (Fig. 4D). The body
weight and viscera index of the H460-DNMT3AKO xenograft
model were not significantly altered during drug administration
(Supporting Information Fig. S5). Taken together, these data
indicate that HDAC6 inhibition by WT-161 is effective in
s cell carcinoma). (I) Immunohistochemistry combined with Pearson

ssion of DNMT3A and HDAC6 in the tumor tissues of 80 patients. N:

3). *P < 0.05, **P < 0.01, compared with control group. #P < 0.05,

ined using Student’s t-test (independent samples t-test) and one-way



Figure 6 DNMT3A deficiency results in HDAC6eVHLeHIF-1 axis activation. (A) The Venn diagram shows the differentially expressed genes

(DEG) between DNMT3AKO vs. parental and DNMT3AKO þWT-161 (2.5 mmol/L, 48 h) vs. DNMT3AKO. (B) The bubble map and GSEA analysis

showed the most obvious signaling pathway with different conditions. (C) DNMT3A was knocked down by siRNA (80 nmol/L) in NCI-H460

parental and HIF-1aKO cells and cell activity was detected by CCK8 after treatment with WT-161 for 48 h. (D) A colony formation assay was

used to investigate the changes in the proliferation ability of NCI-H460 parental and HIF-1aKO cells after DNMT3A knockdown. (E) HIF-1a

inhibitors (PX-478 and LW6) were treated on NCI-H460/NCI-H1299 parental and DNMT3AKO cells, and the proliferation ability of the cells was

investigated by colony formation assay. (F) Annexin V-PI staining showed changes in apoptotic ability of NCI-H460/NCI-H1299 parental and
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DNMT3A-deficient NSCLC mouse models by suppressing cell
proliferation and inducing cell apoptosis.

3.6. DNMT3A inhibition induces HDAC6 through reducing
promoter methylation status

Understanding the mode of interaction of synthetic lethal partners
is critical for the formulation of clinical therapeutic strategy. To
address this issue, we next explored how knockout of DNMT3A
affects HDAC6 expression. As shown in Fig. 5A, the protein
expression and activity of HDAC6 were obviously upregulated in
DNMT3A-deficient NSCLC cell lines as compared with parental
cell lines. On the contrary, the other HDACs’ isoforms were not
significantly changed (Supporting Information Fig. S6). Addi-
tionally, the restoration of DNMT3A would lead to the down-
regulation of HDAC6 protein in DNMT3A-deficient NSCLC cell
lines (Fig. 5A). This expression pattern was mimicked at the
mRNA level (Fig. 5B), supporting HDAC6 induction by DNMT3A
inhibition at transcription regulation. Notably, knockdown of
DNMT3A by siRNA also resulted in the upregulation of HDAC6
(Fig. 5C), which further confirmed the regulation relationship
between DNMT3A and HDAC6. In view of the role of DNMT3A
in DNA methylation, we next detected the expression of HDAC6
after being treated with DNMT inhibitor 5-AzaC in NSCLC cell
lines. As shown in Fig. 5D, treatment with 5-AzaC would induce
the upregulation of HDAC6 in both mRNA and protein levels,
demonstrating that the expression of HDAC6 might be regulated
by DNA methylation. Usually, DNA methylation in the promoter
region could block transcription factor’s binding and contribute to
transcription suppression35. Therefore, we next analyzed the
transcription factor binding site in the HDAC6 promoter region
using the JASPAR prediction system. The analyzed results indi-
cated that transcription factors RUNX1 and TFAP2A own a rela-
tively higher matrix score (Fig. 5E). Next, we investigated whether
the transcription factors could regulate the transcription activation
of HDAC6. Our results indicated that the reporter gene of HDAC6
promoter could be activated by overexpression of RUNX1 and
TFAP2A in H460 cells, and their activation can be enhanced by
treatment with 5-AzaC (Fig. 5F), suggesting the status of promoter
methylation of HDAC6 might affect its transcription activation by
transcription factors. In addition, the transcription level of HDAC6
was also enhanced by RUNX1 overexpression, but not TFAP2A, in
the DNMT3AKO cells and 5-AzaC treated cells (Fig. 5F), which
indicated that RUNX1 played a more important role in
methylation-dependent HDAC6 regulation. To deeply explore the
interaction between DNA methylation and transcription factor in
the HDAC6 promoter region, we performed bisulfite sequencing
analysis. Our data revealed that, as compared with parental cells,
there were 3 sequencing regions, containing transcription factor
binding sites, in the HDAC6 promoter that showed a decrease of
CpG methylation in DNMT3AKO cell lines (Fig. 5E). Consistent
with this result, the treatment of 5-AzaC also contributed to a
reduction of CpG methylation in HDAC6 promoter regions
(Fig. 5E). Importantly, ChIP results demonstrated that knockout of
DNMT3A could result in an enrichment of RUNX1 on the
DNMT3AKO cells after treatment with PX-478 (25 mmol/L for H460, 6 m

mouse xenograft model was established using NCI-H460 parental and DN

inhibition after treatment with PX-478 (15 mg/kg, five times per week).

analyzed by Western blot. Data are presented as means � SEM (n Z 3e5)
#P < 0.05, ###P < 0.001, compared with the indicated group. P values w
promoter region of HDAC6 in both NCI-H460 and NCI-
H1299 cell lines (Fig. 5G). Consistent with the above data, the
GEPIA database analyzed results demonstrated that the expression
of RUNX1 was positively related to the HDAC6 level, which
indicated that RUNX1 might be a transcription activator of
HDAC6 (Fig. 5H). Next, we performed immunohistochemistry to
assess the relationship between DNMT3A and HDAC6 in NSCLC
patients’ tumor tissue. Pearson correlation analysis showed a
negative correlation between DNMT3A and HDAC6 in the studied
80 tumor tissues (Fig. 5I), which was consistent with in vitro re-
sults. Taken together, our results elucidate that inhibition of
DNMT3Awould induce upregulation of HDAC6 through reducing
promoter DNA methylation status.

3.7. DNMT3A deficiency results in HDAC6eVHLeHIF-1 axis
activation

To identify HDAC6 targets in DNMT3A-deficient NSCLC cells,
we performed RNA sequencing analysis in H460 parental cells,
H460-DNMT3AKO cells, and WT-161 treated DNMT3AKO cells.
Since DNMT3A is a DNA methyltransferase and possible gene
silencing function36, we first focused our analysis on the upre-
gulated genes in DNMT3A-deficient cells. Our results showed that
there were 1165 upregulated genes in H460-DNMT3AKO cells
relative to parental cells. Next, in view of the selectivity anti-
growth action of HDAC6 inhibition, we analyzed the down-
regulated genes in HDAC6 inhibitor WT-161 treated
DNMT3AKO cells as compared with vehicle control. There were
1966 down-regulated genes in WT-161 treated cells. Notably,
there were 465 converged genes in both groups, suggesting their
crucial role in this synthetic lethal interaction (Fig. 6A). Integrated
KEGG pathway and Gene set enrichment analysis (GSEA)
revealed that the converged genes were significantly enriched in
pathways related to HIF-1, a well-known oncogenic pathway
(Fig. 6B). To further explore the relationship between HDAC6
inhibition and the HIF-1 pathway, we next detected the expres-
sion levels of some HIF-1 target genes, in the WT-161 treated
DNMT3AKO cell lines (Supporting Information Fig. S7A and
S7B). Besides, we also detected the expression of HIF-1a and
VHL in cells under normoxia or hypoxia and analyzed the
expression of HIF-1a and VHL in patients through the cBioPortal
database. The results showed that DNMT3A deletion or loss of
function resulted in high expression of HIF-1a and low expression
of VHL (Fig. S7CeS7E). The role of HIF-1 in DNMT3A/HDAC6
synthetic lethal was confirmed by cell viability assay. Our results
indicated that knockdown of DNMT3A by specific siRNA could
enhance the inhibitory action of WT-161 in H460 cell lines, which
was consistent with our previous results. In contrast to H460
parental cells, the enhanced inhibitory action between WT-161
and DNMT3A siRNA disappeared in HIF-1a knockout
H460 cell lines (Fig. 6C). Similar results were obtained in colony
formation assays (Fig. 6D). The above results suggest that the
synthetic lethal action of DNMT3A/HDAC6 is dependent on the
HIF-1 pathway. According to GSEA data, the HIF-1 pathway was
inhibited by WT-161 treatment, thus we next investigated whether
mol/L for H1299) or LW6 (15 mmol/L for H460 and H1299). (G) A

MT3AKO cells (n Z 5). The column chart showed the relative growth

The expression of DNMT3A and cleaved PARP in xenografts was

. *P < 0.05, **P < 0.01, ***P < 0.001, compared with control group.

ere determined using Student’s t-test (independent samples t-test).



Figure 7 Increased expression level of VHL after treatment with WT-161. (A) Changes of VHL mRNA expression in NCI-H460 parental and

DNMT3AKO cells after WT-161 treatment (2.5 mmol/L, 48 h). (B) Detection of VHL protein expression in parental and DNMT3AKO tumor tissues

treated by WT-161 (75 mg/kg, 21 days) by Western blot. (C) Expression of HIF-1a and VHL in tumor tissue of xenograft mice by IHC assay.

Scale bars, 50 mm. (D) Effects of inhibitors of other HDAC subtypes (HDAC 4/5/7/9 inhibitor: TMP269, HDAC 1/2/3/11 inhibitor: Mocetinostat,

HDAC 8 inhibitor: PCI-34051, HDAC 1/2/3/10 inhibitor: Tucidinostat, 2.5 mmol/L, 48 h) on VHL mRNA expression levels. (E, F) The effect of

HDAC6 inhibitor WT-161 (2.5 mmol/L, 48 h) on HIF-1a expression after VHL siRNA (100 nmol/L, 48 h) or VHL inhibitor VH-298 (40 mmol/L,

48 h) treatment under hypoxia. (G) Schematic diagram showing the increase of HDAC6 induced by DNMT3A loss, which leads to HIF axis

activation. Data are presented as means � SEM (n Z 3). **P < 0.01. P values were determined using Student’s t-test (independent samples t-

test).
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inhibition of the HIF-1 pathway could mimic the WT-161 func-
tion. The results revealed that treatment with various HIF-1 in-
hibitors, including PX-478 and LW6, could obviously reduce
colony formation in DNMT3AKO NSCLC cell lines as compared
with those in parental NSCLC cell lines (Fig. 6E). Additionally,
FACS analysis also demonstrated that HIF-1 inhibitors could
selectively induce cell apoptosis in DNMT3AKO NSCLC cells
(Fig. 6F). HIF-1 pathway exhibits its function through regulating
the tumor microenvironment, therefore we next investigated the
role of the HIF-1 pathway in DNMT3A/HDAC6 synthetic lethal
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interaction using a xenograft mouse model. Consistent with our
previous results, HIF-1 inhibitor PX-478 treatment would result in
an obvious reduction of tumor growth in the DNMT3AKO xeno-
graft model, with an inhibition rate of 86.35% and no gross
toxicity (Supporting Information Fig. S8). However, the anti-
tumor efficacy of PX-478 was significantly attenuated, with an
inhibition rate of 29.74%, in the DNMT3A parental xenograft
model (Fig. 6G). Consistent with tumor inhibitory efficacy,
treatment with PX-478 also significantly induces cleavage of
PARP, an apoptosis biomarker of tumor tissues in the DNMT3AKO

xenograft model (Fig. 6G). These data clarified that the block of
the HIF-1 pathway owned a similar biology function with HDAC6
inhibition in DNMT3A-deficient cells.

Von Hippel-Lindau (VHL) is a tumor suppressor gene, that is
highly expressed in normal tissues and benign tumors but
decreased in a variety of malignant tumors37. Lots of studies have
shown that the deficiency of VHL tumor suppressor gene can
inhibit the degradation of HIF-1a, thereby increasing the expres-
sion of HIF-1a and causing a series of changes in cells38. Based
on this, we wondered whether the down-regulation of HIF-1
expression caused by HDAC6 inhibitor in DNMT3AKO cells was
related to the change of VHL expression. We detected the mRNA
and protein expression of VHL in H460/H1299 cells and H460
tumor tissues after WT-161 treatments, and the results showed that
the mRNA level of VHL increased after WT-161 treated
DNMT3AKO cells (Fig. 7A). In addition, we detected the expres-
sion of HIF-1a and HIF-1b in cells under hypoxia. The results
showed that the expression of HIF-1a in DNMT3A knockout cells
increased, while the expression of HIF-1a decreased with the
addition of WT-161, and the expression of HIF-1b did not change
significantly (Supporting Information Fig. S9). Similarly, the level
of VHL protein in DNMT3AKO tumor tissues after WT-161
treatment also increased, and HIF-1a expression was down-
regulated (Fig. 7B and C). In addition, we also found that in-
hibitors of other subtypes of HDAC had no significant effect on
the mRNA expression level of VHL in DNMT3AKO cells (Fig. 7D).
These results indicated that HDAC6 inhibitor WT-161 induced the
down-regulation of HIF-1 by upregulating the expression of VHL
in DNMT3AKO cells. In order to explore whether the HIF-1a
regulation by HDAC6 inhibition is dependent on VHL. We treated
the cells with VHL siRNA to investigate whether HDAC6 in-
hibitors can still affect the expression of HIF-1a under the con-
dition of silencing VHL. The results showed that the expression of
HIF-1a was not affected by the addition of WT-161 after transient
silence of VHL under hypoxia (Fig. 7E). We also used a VHL
inhibitor and observed the same phenomenon (Fig. 7F). Together,
the above results demonstrate that the synthetic lethal action of
DNMT3A/HDAC6 is mediated by the VHLeHIF-1 pathway.

4. Discussion

There has been a growing interest in using synthetic lethality to
identify personalized treatment strategies for cancers with specific
genetic defects39,40. DNMT3A, a DNA methyltransferase enzyme,
was reported to own a relatively high mutation rate in various
malignant tumors20. Patients with DNMT3A mutations, mostly loss-
of-function mutation, usually predict a bad prognosis41. However,
the role and therapeutic value of DNMT3A mutation were still not
well known. Here, we demonstrated that DNMT3A owned a tumor
suppressor function in lung cancer. Using the epigenetic inhibitors
library, a synthetic lethality interaction between DNMT3A and
HDAC6 in lung cancer was identified. Mechanistically, DNMT3A
loss results in the upregulation of HDAC6 by decreasing its pro-
moter methylation level and enhancing its transcription activation.
As a result, the oncogenic HIF-1 pathway is activated in DNMT3A-
deficient cell lines. Treatment with HDAC6 inhibitor could retard
tumor growth in vitro and in vivo in DNMT3A-deficient NSCLCs
via blocking HIF-1 activation (Fig. 7G).

DNMT3A is originally recognized as a pro-oncogenic enzyme,
whose overexpression or activation would result in the loss of
tumor suppressor genes, such as p1642-44, CDH1, and RASSF1A45,
through enhancing their promoter CpG methylation. Deng et al.46

found that silencing of DNMT3Awith RNA interference inhibited
melanoma growth and metastasis. In addition, several reports
revealed that overexpression of DNMT3A might be associated
with malignant characteristics such as high invasiveness and
recurrence in melanoma, vulvar squamous cell carcinomas47, and
pituitary adenomas45. Paradoxically, several studies have shown
that deletion of DNMT3A will contribute to tumor progression in
various tumors21. Here, we verified that knockout of DNMT3A in
NSCLC cell lines led to malignant phenotypes, including prolif-
eration, self-renewal, and multiple drug resistance. Furthermore,
clinical study data showed that NSCLC patients with loss of
DNMT3A might have a bad prognosis. Taken together, our results
demonstrate that DNMT3A displays a tumor suppressor role in
NSCLC, which suggests the function of DNMT3A is highly spe-
cific, depending on the tissue and cell type.

Tumor suppressor genes are usually considered undruggable.
Recently, the success of synthetic lethality provides a promising
approach to target tumor suppressor genes. It is reported that
DNMT3A executes its function dependent on interaction and
regulation by the other epigenetic enzymes, such as EZH248 and
DNMT111. Therefore, we identified a synthetic lethal interaction
partner of DNMT3A with a chemical epigenetic inhibitors screen.
Our finding disclosed that pharmacology inhibition of HDAC6
selectively reduced the growth and survival of DNMT3A-deficient
NSCLC cells and mouse models. Although we found that multiple
HDAC6 inhibitors (WT-161, SW-100, CAY10603) differed in the
strength of their effects on DNMT3A (Fig. 3B), all three inhibitors
specifically target HDAC6, so differential effects due to target
inconsistency are essentially ruled out. We speculate that the reason
for the difference in the effects of HDAC6-specific inhibitors may
be related to the potency, efficacy, and distribution of the drugs
in vivo. Some researchers have demonstrated the anticancer activity
of WT-161 in human multiple myeloma cell xenograft mouse
model49. It has also been reported that WT-161 and the BET in-
hibitor have synergistic anti-tumor efficacy against osteosarcoma
xenografts, and their combined therapy may be a potential thera-
peutic strategy50. It shows that WT-161 has the strongest effect
in vivo, which suggests that WT-161 has a better druggability.

Integrated analysis of transcription, protein interaction, and
bisulfite sequencing revealed that DNMT3A knockout decreased
promoter methylation of HDAC6 and increased its transcription
activation of RUNX1. As a result, the upregulation of HDAC6
induced the malignant phenotype of NSCLCs. Thus, inhibition
of HDAC6 would lead to selective death in DNMT3A-deficient
cells. In fact, the epigenetic-based synthetic lethality of DNMT3A/
HDAC6 can be extended to other epigenetic pairs31, such as
EZH2/ARIDA30, SMARCB/HDAC51, CREBBP/p30052, and
H3K27me/IDH53. Our results elucidate that the synthetic lethal-
based DNA methylation and histone acetylation regulation
might be a novel potential strategy. Therefore, deeply digging into
the epigenetic synthetic lethality interaction would pave a new
pathway for the precision treatment of cancer.
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We disclose a mechanism by which HDAC6 inhibition reduces
DNMT3A-deficient NSCLC growth and survival in a HIF-1-
dependent manner. It is well known that the HIF-1 signaling
pathway plays a crucial role in the development and progression of
cancer by regulating its target genes, including angiogenesis-related
genes, proliferation-related genes, and apoptosis-related genes54-56.
In the present study, our finding indicates that the deletion ofDNMT3A
as a priming factor causes activation of theHIF-1 pathway in cells, but
it is inhibited after treatment with HDAC6 inhibitor. The epigenetic
regulation of HIF-1 has been reported by several groups.Wang et al.57

revealed that EZH2 could reduce transcription ofHIF-1 and suppress
cancer cell adaption to hypoxia. Chen et al.58 disclosed that epigenetic
reader ZMYND8 interacted with HIF-1 and enhanced elongation of
the global HIF-induced oncogenic genes. Recently, a study demon-
strated that HDAC6 inhibitor Tubastatin A suppressed Th17 cell
function via downregulating HIF-1a pathway59, whichwas consistent
with our finding. Moreover, we found that HIF-1 is regulated by
HDAC6, whichmay be caused by the down-regulation of VHL60. It is
reported that the decrease ofVHLexpression or the loss of its function
leads to the activation ofHIF-1a6, andHDAC6, a subtype ofHDACII,
is known to alter protein function by affecting the level of acetylation
of histone or non-histone (the primary mode) substrates, may also be
negatively correlated with VHL regulation. However, some re-
searchers pointed out thatHDAC6directly acetylatedHIF-1a to affect
the protein expression61, and there is alsoevidence thatHDAC6affects
the stability ofHIF-1a protein by acetylatingHSP9062. It suggests that
the regulatory function and state of acetylation modification may be
different in diverse cellular environments, which further illustrates the
complexity of epigenetic regulation63,64. The regulation of HIF-1a by
HDAC6 is mainly accomplished through the classical VHL under our
research conditions, which complements another regulation mode
between HDAC6 and HIF-1a. The specific in-depth mechanism of
HDAC6 regulatingVHL has to be investigated subsequently. Notably,
our results indicatewhetherHDAC6 inhibitor orHIF-1 inhibitor could
selectively retard the tumor growth in DNMT3A-deficient NSCLC
in vitro and in vivo. Considering that several HDAC6/HIF-1 in-
hibitors are currently in clinical trials, our results provide a rationale
for their application in DNMT3A-deficient tumors.

5. Conclusions

We have identified HDAC6 as a crucial factor in maintaining the
growth of DNMT3A-deficient NSCLCs in a HIF-1-dependent
manner, which offers opportunities to gain new insights on the
molecular cross-talks among epigenetic regulation enzymes. Our
findings introduce a potential therapy paradigm for treating
DNMT3A-deficient cancers like NSCLC.
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