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Abstract
Background

Accumulating evidence has shown that microRNAs (miRNAs), one of the representative types of
noncoding RNAs (ncRNAs), contribute to the development of non-small-cell lung cancer (NSCLC) and act
as promising therapeutic targets in NSCLC. However, how to improve the e�ciency of miRNA-based gene
intervention against NSCLC remains largely unknown.

Methods

A proliferation assay was used to assess the effect of miR-7 intervention on human NSCLC cells. RNA-
seq was performed to analyze the global gene expression of miR-7-resistant cells. Mechanistically,
coimmunoprecipitation (Co-IP), chromatin immunoprecipitation-polymerase chain reaction (ChIP-PCR)
and western blotting were performed.

Results

Under continuous intervention with miR-7, miR-7 levels in human NSCLC cells steadily increased, while its
inhibition e�ciency gradually decreased. The growth and metastatic capacity of miR-7-resistant human
NSCLC cells displaying elevated activation of related signaling pathways were signi�cantly enhanced in
vitro and in vivo. Global gene analysis showed that the expression of paired box 6 (PAX6), a target
molecule of miR-7, was obviously increased in these cells. Moreover, PAX6 silencing signi�cantly
impaired the aggressive behavior of miR-7-resistant human NSCLC cells, accompanied by decreased
transduction of the PI3K/AKT pathway. Mechanistically, the histone acetyltransferase KAT8 regulated
PAX6 expression via H4K16 acetylation, subsequently resulting in the activation of the PI3K/AKT
pathway. Notably, PAX6 silencing signi�cantly improved miR-7 intervention e�ciency in human NSCLC
cells in vitro and in vivo. Finally, the relatively higher miR-7 expression was correlated with PAX6
expression in clinical NSCLC tumors.

Conclusion

NSCLC cells acquired resistance to miR-7 intervention, orchestrated by KAT8 regulating PAX6 expression
via H4K16 acetylation. Speci�cally, PAX6 silencing signi�cantly improved miR-7 intervention e�ciency in
human NSCLC cells, thereby providing a feasible approach for miRNA-based intervention in NSCLC.

Introduction
Non-small-cell lung cancer (NSCLC), accounting for 85% of all lung cancer cases, has the highest
mortality rate among all solid tumors. Recently, the development and application of targeted gene
therapy, represented by tyrosine kinase inhibitors (TKIs) [1], immune checkpoint inhibitors (ICIs) [2] and
angiogenesis inhibitors [3], have led to new advances in the e�cacy of NSCLC therapies. However, despite
the continuous development of driver genes and therapeutic targets for NSCLC, the clinical e�cacy of
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these interventions on NSCLC, especially advanced NSCLC, is still below 20%, which is related to the
complexity of the mechanism of NSCLC development and its resistance to gene therapy drugs, such as
EGFR-TKIs [4]. Drug resistance has become the major obstacle in treating NSCLC. Thus, deep
investigations of the mechanisms of NSCLC development and drug resistance are urgently needed as is
the development of new genetic intervention strategies, which is an important direction in NSCLC
research.

MicroRNAs (miRNAs) are single-stranded noncoding RNAs of approximately 19–24 bases that regulate
gene expression at the posttranscriptional level, are widely present in various organisms and are involved
in important life processes, including embryonic development [5], organ formation [6], cell proliferation [7],
differentiation and apoptosis [8]. Numerous studies have shown that miRNAs have important roles in
tumor growth and metastasis and potential value in tumor classi�cation [9], diagnosis [10] and prognosis
assessment [11]. In terms of tumor gene therapeutic application, miRNAs have the advantages of
endogenous presence, small molecular weight, and nonimmunogenicity. Even though some clinical trials
involving the treatment of malignancies have been carried out, studies of miRNA-based cancer gene
therapy are proceeding slowly, which is partially attributed to the limited delivery e�cacy and stability [12,

13]. Therefore, further investigations of the effects and molecular mechanisms of miRNA-based
interventions on malignancies, including NSCLC, are urgently needed for the development of novel
therapeutic strategies that will ultimately bene�t the clinical outcome of cancer patients.

MicroRNA-7 (miR-7), a member of the miRNA family, was �rst discovered by Lagos-Quintana in 2001.
Current evidence shows that miR-7 plays an important regulatory role in the occurrence and development
of various diseases, including tumors, cardiovascular diseases, and autoimmune diseases [14, 15]. With
regard to NSCLC, accumulating studies have shown that miR-7 can control the growth and metastasis of
NSCLC, indicating potential application value in gene therapy against NSCLC [16–18]. However, how and to
what extent miR-7-based intervention acts as a therapeutic approach against NSCLC remain largely
unknown. In our previous work, we revealed the restricted inhibitory effect of enforced expression of miR-
7 on the growth and metastasis of NSCLC in vivo [19]. Given that NSCLC usually resists current
therapeutic application, we hypothesized that NSCLC may be resistant to miR-7-based intervention, which
results in the limited intervention e�cacy of miRNA-based gene therapy and hinders the rapid
advancement of miRNA applications in cancer gene therapy.

To this end, in the present study, we observed the possible effect of persistent miR-7 intervention on the
growth of human NSCLC cells. Our data showed that after multiple interventions with miR-7, the
expression level of miR-7 in human NSCLC cells steadily increased, while the inhibition e�ciency of miR-7
gradually decreased. Interestingly, the growth and metastatic capacity of human NSCLC cells stably
expressing miR-7 were signi�cantly enhanced. Further analysis showed that the expression of paired box
6 (PAX6), a target molecule of miR-7, was obviously increased. Mechanistically, we revealed that the
histone acetyltransferase KAT8 regulated PAX6 expression via H4K16 acetylation, which further led to
aberrant activation of the PI3K/AKT pathway. Of note, PAX6 silencing signi�cantly improved the effect of
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miR-7 intervention on human NSCLC cells in vitro and in vivo. Finally, the relatively higher miR-7
expression was correlated with PAX6 expression in clinical NSCLC tumors. Therefore, this study provides
a new research basis for the development of miRNA-based cancer gene biotherapy strategies.

Results

Human NSCLC cells are resistant to miR-7 intervention
To improve the intervention effect of miR-7 on human NSCLC cells, we assessed the possible e�ciency of
consecutive miR-7 intervention in human NSCLC cells. As expected, we found that in the case of
persistent miR-7 intervention, the level of miR-7 in human NSCLC cells increased steadily (Fig. 1A and B).
Surprisingly, we noticed that the residual cell number increased rapidly, which was concomitant with the
suppression rate of miR-7 on the growth of NSCLC cells gradually decreasing from 70% to less than 20%
(Fig. 1C and D). To con�rm this phenomenon, we further observed the effect of miR-7 durative
overexpression on the growth of NSCLC cells through multiple transfection using a eukaryotic expression
vector encoding miR-7 and obtained similar results (Supplementary Fig. 1A-C). Considering the
reversibility prevalent in NSCLC resistance to existing therapies, in which NSCLC would be resensitized to
therapy after a period of drug withdrawal, we further cultured human NSCLC cells normally for 5 days
after consecutive miR-7 intervention and then reassessed the inhibitory effect of miR-7. The data showed
that the proliferation of these cells was slowed in the miR-7 group, indicating resensitization to miR-7
intervention (Supplementary Fig. 1G and H).

To facilitate the follow-up study, we then established human NSCLC cells stably expressing miR-7. Real-
time PCR results showed that miR-7 was highly expressed in these cells (termed A549/miR-7 and
95D/miR-7 cells) (Fig. 1D and Supplementary Fig. 1D). Importantly, we found that miR-7 intervention
could impair the growth of A549/Cont or 95D/Cont cells, which is consistent with our previous �ndings
[19]. However, the growth of human NSCLC A549/miR-7 and 95D/miR-7 cells did not change, displaying
resistance to miR-7 intervention. To further observe whether the miR-7 resistance of these cells was
speci�c, we transfected miR-30b, another inhibitor for NSCLC cells, into human NSCLC cells stably
expressing miR-7. The data showed that compared with that in the control groups, the growth of all cell
populations decreased signi�cantly in the miR-30b-transfected group (Supplementary Fig. 1E and F).
Moreover, there were no differences between human NSCLC cells stably expressing miR-7 and their
corresponding control cells (Fig. 1E and F). In addition, phalloidin staining results showed that compared
with A549/Cont or 95D/Cont cells, A549/miR-7 and 95D/miR-7 cells displayed typical epithelial-
mesenchymal transition (EMT) characteristics of looser cell structure and fewer intercellular connections
(Fig. 1G and H).

To obtain comprehensive knowledge of the biological characteristics of miR-7-resistant human NSCLC
cells, we evaluated the global gene expression of miR-7 stably expressed in human NSCLC cells. The
RNA-seq results showed that compared with the 95D/Cont cells, in the 95D/miR-7 cells, 259 genes were
upregulated and 251 genes were downregulated (Fig. 1I). Among these genes, multiple genes related to
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cell stemness, growth and metastasis were obviously upregulated, while there were no signi�cant
differences in apoptosis-related genes (Fig. 1J and K). Moreover, gene set enrichment analysis (GSEA)
results showed that there were no signi�cant differences in the expression of RNA sensors, such as TLR3,
RIG1 and MDA5, and DNA sensors, such as cGAS/STING, TLR9 and DAI, between the two groups (data
not shown). Notably, GO analysis and KEGG analysis further showed that there was elevated
transduction activation of multiple signaling pathways, including growth and metastasis, in the 95D/miR-
7 cells (Fig. 1L and M). In addition, similar results were obtained in the A549/miR-7 cells and the
corresponding control cells (data not shown). Collectively, these �ndings indicated that human NSCLC
cells were speci�cally resistant to miR-7 intervention, displaying prominent activation of signaling
pathways especially related to cell stemness, growth and metastasis.

miR-7-resistant human NSCLC cells show aggressive
growth and metastatic capacity
Since proliferation and metastasis-related genes were upregulated in human NSCLC cells stably
expressing miR-7, we investigated the growth and metastasis ability of these cells in vitro and in vivo.
Colony formation assay results showed that the colony forming ability of the A549/miR-7 and 95D/miR-7
cells was signi�cantly enhanced compared with that of their corresponding cells (Fig. 2A and B).
Consistently, the expression of Ki-67 was markedly upregulated in the A549/miR-7 or 95D/miR-7 cells
(Supplementary Fig. 2A). Cell cycle analysis showed that the proportion of cells in G0/G1 and G2/M
phase decreased, while the proportion of cells in S phase increased in the A549/miR-7 or 95D/miR-7 cells
compared with the A549/Cont or 95D/Cont cells (Fig. 2C and D). In addition, Transwell results showed
that the migration and invasion abilities of the A549/miR-7 or 95D/miR-7 cells were observably enhanced
compared with those of the A549/Cont or 95D/Cont cells (Supplementary Fig. 2B and C). Notably, the GO
and KEGG analyses further showed that there was elevated transduction activation of the MAPK,
PI3K/Akt, Ras and Wnt signaling pathways in the 95D/miR-7 cells (Fig. 2E and F, Supplementary Fig. 2D
and E). Finally, compared with that in the A549/Cont or 95D/Cont cells, the transduction activation of the
PI3K/Akt- and MAPK signaling pathway-related molecules PI3K, p-PI3K, PDK1, Akt, p-Akt, Ras, and p-
ERK1/2 in the A549/miR-7 or 95D/miR-7 cells was also upregulated (Fig. 2G and Supplementary Fig. 2F).
These data suggested that miR-7-resistant human NSCLC cells exhibited enhanced proliferation and
metastatic capacity in vitro.

Next, we assessed the proliferation and metastatic ability of these cells in vivo. The data showed that
compared with those in the A549/Cont group, the tumor volume and weight increased evidently in the
A549/miR-7 group (Fig. 2H-J). H&E staining results showed that tumor tissue was more compact in the
A549/miR-7 group (Fig. 2K). As expected, the FISH results showed that the expression of miR-7 was
signi�cantly upregulated in the tumor mass in the A549/miR-7 group (Fig. 2L). Furthermore, compared
with those in the A549/Cont group, the tumor metastasis foci of lung tissue and the lung metastasis
index were notably increased in the A549/miR-7 group (Fig. 2M and N). Real-time PCR results showed
that compared with those in the A549/Cont group, the expression levels of the cell cycle-related
molecules CDK1, CDK2, CDK4, and CDK6 and the metastasis-related molecules MMP2, MMP9 and
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CXCR4 were upregulated in tumor tissues in the A549/miR-7 group (Supplementary Fig. 2G and H). WB
analysis results further showed that the levels of the PI3K/Akt- and MAPK signaling pathway-related
molecules p-PI3k, p-Akt, ERK1/2, p-ERK1/2, and PDK1, the cell cycle-related proteins CDK1 and CCND1,
and the metastasis-related proteins vimentin and N-cadherin were signi�cantly upregulated in the
A549/miR-7 tumor tissues (Fig. 2O and P). These observations demonstrated that the cell growth and
metastasis of miR-7-resistant human NSCLC cells were signi�cantly accelerated in vitro and in vivo.

PAX6 is upregulated in miR-7-resistant human NSCLC cells
Next, we investigated the possible mechanism of the aggressive behavior of miR-7-resistant human
NSCLC cells. Existing evidence has shown that miR-7 controls the carcinogenesis of various cancers,
including human NSCLC, by suppressing the expression of its target molecules and that overexpression
of these targets can impair the effect of miR-7 on cancer cells [21–23]. Hence, we speculated that the
putative target molecules of miR-7 might be responsible for human NSCLC cell resistance to miR-7
intervention. RNA-seq and real-time PCR results preliminarily showed that the expression of PAX6 and
YY1, among 8 representative targets of miR-7 in NSCLC, was signi�cantly higher in the A549/miR-7 cells
than in the A549/Cont cells (Supplementary Fig. 3A and B). To exclude the bias of selection of putative
targets in miR-7-resistant NSCLC cells, we further enriched the upregulated miR-7 target molecules in the
A549/miR-7 and 95D/miR-7 cells through Venn analysis. Unexpectedly, the data showed that the
expression of PAX6, but not YY1 or other targets, was signi�cantly increased in both cell lines. (Fig. 3A).
WB analysis and IF results further showed that compared with that in the A549/Cont cells, the protein
level of PAX6 was dramatically upregulated in the A549/miR-7 cells (Fig. 3B-D). Moreover, PAX6
expression was veri�ed in the 95D/miR-7 cells (Supplementary Fig. 4A-E). Consistently, the expression of
PAX6 was obviously increased in tumor tissue in the A549/miR-7 cell group (Fig. 3E and F). Finally, to
con�rm this phenomenon, we observed the expression of PAX6 in human NSCLC cells during consecutive
miR-7 intervention. As expected, PAX6 expression increased gradually during multiple interventions with
miR-7 in human NSCLC cells (Fig. 3G), which was similar to the miR-7 expression pattern. These results
indicated that PAX6 was upregulated in human NSCLC cells, which might contribute to resistance to miR-
7 intervention.

PAX6 silencing reduces the resistance of human NSCLC
cells to miR-7
Then, to explore whether the upregulation of PAX6 was responsible for the miR-7 resistance of human
NSCLC cells, we silenced PAX6 expression using siRNA to analyze the possible effect on the growth and
metastatic capacity of miR-7-resistant human NSCLC cells in vitro and in vivo. Compared with that of the
control cells, the growth of the A549/Cont cells decreased in the si-PAX6 transfection group (data not
shown), which was consistent with previous reports [23]. Notably, the growth of the A549/miR-7 cells
decreased signi�cantly in the si-PAX6 transfection group (Fig. 4A). Scratch assay results showed that
compared with the control cells, the migration ability of the A549/miR-7 cells was also obviously
impaired in the si-PAX6 group (Fig. 4B). The IF results further showed that the expression of PAX6 and Ki-
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67 in the A549/miR-7 cells was signi�cantly decreased (Fig. 4C). Consistent with these �ndings, the
expression levels of PAX6 and the cell cycle-related proteins CDK1, CDK4, and CDK6 were downregulated
in the A549/miR-7 cells in the si-PAX6 transfection group. Moreover, the expression levels of p-ERK1/2, p-
Akt and PDK1 also decreased dramatically (Fig. 4D). To con�rm this phenomenon, we further observed
the possible effects of PAX6 silencing on the growth and metastasis of the 95D/miR-7 cells and obtained
similar results (Supplementary Fig. 5A-F).

Next, we observed the possible effects of PAX6 silencing on the growth and metastasis of miR-7-resistant
human NSCLC cells in vivo. Compared with those in the control group, the tumor volume and weight
decreased observably in the PAX6-silenced group (Fig. 4E-H). The HE staining results showed that fewer
pulmonary metastasis foci were observed in the PAX6-silenced group (Fig. 4I). Immuno�uorescence
results further showed that compared with that in the control group, the expression of PAX6 was
markedly downregulated in tumor tissue in the PAX6-silenced group (Fig. 4J). Furthermore, the lung organ
index and tumor metastasis of lung tissue were also reduced (Fig. 4K-L). Notably, consistent with our
above �ndings, the WB analysis results showed that compared with those in the control group, the
expression levels of PAX6, the PI3K/Akt- and MAPK signaling pathway-related proteins PI3K, p-Akt, and
pERK1/2, and the cell cycle-related proteins CDK1 and CCND1 were signi�cantly decreased in the PAX6-
silenced group (Fig. 4M and N). Finally, the metastasis-related protein N-cadherin was also dramatically
downregulated in the PAX6-silenced group; conversely, the expression of E-cadherin increased obviously
(Fig. 4M and N). These results suggested that PAX6 silencing could weaken the miR-7 resistance of
human NSCLC cells.

KAT8 promotes PAX6 upregulation in miR-7-resistant
human NSCLC cells
Then, we investigated the probable mechanism of PAX6 upregulation in miR-7-resistant human NSCLC
cells. Current evidence shows that miRNAs control their target molecules by binding to the putative sites
in the 3’UTR of mRNA. Therefore, we speculated that the sequence variation of miR-7 putative binding
sites in the 3’UTR of PAX6 mRNA might be a reasonable explanation for the increased expression of
PAX6 in miR-7-resistant human NSCLC cells. However, RNA sequencing data showed the intact
sequences of two binding sites of miR-7 in PAX6 mRNA in miR-7-resistant human NSCLC cells, indicating
that base variation in these binding sites might not contribute to the upregulation of PAX6
(Supplementary Fig. 6). Recently, numerous studies have shown that PAX6 promoter methylation is
important for aberrant expression of PAX6 in various malignant diseases [24]. Unexpectedly, our data
further showed that there were no signi�cant differences in the promoter methylation levels of PAX6
between miR-7-resistant cells and their corresponding control cells (Supplementary Fig. 7A-C), suggesting
that promoter methylation was also not the main explanation for PAX6 upregulation in miR-7-resistant
human NSCLC cells.

Next, considering that histone acetylation, as one of the important regulatory mechanisms in epigenetic
regulation, is closely related to gene activation, we hypothesized that the upregulation of PAX6 was
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regulated by histone acetylation. First, we assessed the protein acetylation levels and found that the level
of total protein acetylation in the A549/miR-7 cells was evidently increased compared with that in the
A549/Cont cells (Supplementary Fig. 8A and B). Thus, we further analyzed the expression of the histone
acetyltransferases NAT10, SAT1, NAA20, MEAF6, NAT8L, NAA10, KAT8, KAT14, and GNAT1 and the
histone deacetylases HDAC1, HDAC2, HDAC3 and HDAC4 in miR-7-resistant human NSCLC cells and their
corresponding control cells by RNA-seq and real-time PCR. Interestingly, our data showed that the
expression levels of MEAF6, NAA20, KAT8 and KAT14 were markedly increased in miR-7-resistant cells
compared with their relevant control cells (Fig. 5A and B). We then performed WB analysis to detect the
expression levels of the above proteins in these cells. The data showed that KAT8, among the potential
genes, was particularly upregulated in both the A549/miR-7 cells and 95D/miR-7 cells (Fig. 5C and
Supplementary Fig. 8C). Most importantly, the real-time PCR results showed that the expression level of
KAT8 also steadily increased during multiple interventions of miR-7 in human NSCLC cells (Fig. 5D),
displaying a similar expression pattern to that of PAX6.

Next, we further investigated whether elevated expression of KAT8 contributed to PAX6 upregulation in
miR-7-resistant human NSCLC cells. The data showed that compared with the control group, KAT8
expression was markedly downregulated in the A549/miR-7 cells in the si-KAT8 transfection group
(Fig. 5E). Notably, the mRNA level of PAX6 also decreased dramatically in the si-KAT8 transfection group
(Fig. 5F). Furthermore, KAT8 silencing also signi�cantly decelerated the proliferation and migration of the
A549/miR-7 cells (Fig. 5G and Supplementary Fig. 9A-E). Moreover, real-time PCR results showed that the
expression levels of the cell cycle-dependent kinases CDK1, CDK2, CDK4 and CDK6 and the metastasis-
related molecules MMP2, MMP9 and CXCR4 were observably downregulated in the si-KAT8-transfection
group (Supplementary Fig. 9F). Consistently, the protein levels of KAT8, p-ERK1/2, p-Akt and p-pPI3K also
decreased signi�cantly (Fig. 5H and I). Collectively, these data suggested that the histone
acetyltransferase KAT8 mainly contributed to the upregulation of PAX6 and aggressive behaviors of miR-
7-resistant human NSCLC cells.

KAT8 regulates PAX6 expression in miR-7-resistant human NSCLC cells via H4K16 acetylation

Next, we investigated the underlying mechanism through which KAT8 regulates PAX6 expression.
Because KAT8 plays an important role in various malignant diseases by affecting the acetylation level of
histone 4 lysine 16 acetylation (H4K16ac) [25], we detected the expression of H4K16ac in miR-7-resistant
human cells and found that the expression of H4K16ac was upregulated in the A549/miR-7 cells
compared with the A549/Cont cells (Fig. 6A and B). Then, we performed a Co-IP assay to analyze the
relationship between KAT8 and H4K16. As expected, our data showed that KAT8 interacted with H4K16ac
in the A549/miR-7 cells (Fig. 6C). Importantly, the WB analysis results further showed that the expression
levels of KAT8, H4K16ac and PAX6 were signi�cantly higher in the A549/miR-7 cells than in the
A549/Cont cells (Fig. 6D and E). Several studies have shown that H4K16 acetylation catalyzed by KAT8
results in the transcriptional expression of multiple genes [26]. Therefore, we further analyzed whether the
PAX6 promoter could bind with H4K16ac in the A549/miR-7 cells by ChIP-PCR and ChIP–qPCR assays.
Interestingly, our data indicated that H4K16ac could bind to the promoter of PAX6 (Fig. 6F and G). Based
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on these results, we further assessed the expression of PAX6 and H4K16ac in the A549/miR-7 cells with
KAT8 silencing. WB analysis results showed that the expression of PAX6 and H4K16ac obviously
decreased with KAT8 silencing (Fig. 6H). Finally, IF results further showed that KAT8 and H4K16ac had a
strong colocalization in miR-7-resistant human NSCLC cells, accompanied by PAX6 expression (Fig. 6I).
These data indicated that KAT8 promoted the expression of PAX6 via H4K16 acetylation in miR-7-
resistant human NSCLC cells.

PAX6 silencing improves the inhibitory effect of miR-7
intervention on NSCLC tumor growth
As our above data showed that PAX6 upregulation contributed to human NSCLC cell resistance to miR-7
intervention, we further investigated whether PAX6 silencing could synergize with the effect of miR-7
intervention on human NSCLC cells. As expected, the data showed that the proliferation of human NSCLC
A549 cells was signi�cantly slower in the combined intervention group than in the miR-7-alone
intervention group. (Fig. 7A and B). Real-time PCR results showed that compared with the miR-7-alone
intervention group, the expression levels of PAX6, the cell cycle-related proteins CDK1, CDK2, CDK4 and
CDK6, and the metastasis-related molecules MMP9 and CXCR4 were signi�cantly decreased in the
combined intervention group (Fig. 7C). The WB analysis results showed that the expression levels of
PDK1, p-Akt, PI3K, p-PI3K, ERK1/2, p-ERK1/2, Ras, Vimentin and PAX6 in the A549 cells were decreased in
the combined intervention group compared with the miR-7-alone intervention group (Fig. 7D and E). The
IF results further indicated that the expression levels of Ki-67 and PAX6 were obviously reduced in the
combined intervention group (Fig. 7F and G). To con�rm this phenomenon, we further observed the
possible effects of miR-7 combined with PAX6 silencing on the 95D/miR-7 cells and obtained similar
results (Supplementary Fig. 10A-E).

Furthermore, we observed the possible effects of miR-7 combined with PAX6 silencing on the the growth
and metastasis of human NSCLC cells in vivo. Notably, we observed that compared with miR-7
intervention alone, combination intervention could induce the regression of human NSCLC tumors in vivo,
as evidenced by the gradual decline in the tumor growth curve (Fig. 7H and I). Moreover, the volume and
weight of tumors were also obviously decreased in the combination intervention group compared with
those in the miR-7-alone intervention group (Fig. 7I and J). H&E staining showed that compared with the
miR-7-alone intervention group, the tumor metastasis index of the lung was reduced in the combination
therapy group (Fig. 7K and L). The protein levels of PDK1, Ras, p-Akt, PI3K, p-PI3K and PAX6 and the
metastasis-related proteins N-cadherin and Vimentin decreased signi�cantly in the tumor mass in the
combination intervention group (Fig. 7M and N). These results showed that PAX6 silencing could improve
the inhibitory effect of miR-7 intervention on the growth of NSCLC tumors, indicating that this approach
might be an effective way to overcome the resistance of human NSCLC cells to miR-7 intervention.

Expression of miR-7 and PAX6 in clinical NSCLC tumors
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Although there are a lack of clinical trials of miR-7 gene therapy, we observed a connection between miR-
7 and PAX6 expression in clinical NSCLC. Consistent with others and our previous �ndings [47], miR-7
expression was lower and PAX6 expression was higher in clinical NSCLC tumor tissue (data not shown).
To further address whether miR-7 expression prevalence was associated with the clinical characteristics
of NSCLC, 21 human NSCLC patients who did not receive antitumor therapy were divided into 2 groups
according to the mean value of miR-7 expression: the high miR-7 group (n = 8, average miR-7 level: 0.62 ± 
0.26) and the low miR-7 group (n = 13, average miR-7 level: 0.12 ± 0.11). There were no obvious
differences in age, tumor stage or TNM classi�cation, while there was a signi�cant difference in tumor
size between the high miR-7 group and the low miR-7 group (Fig. 8A and B). Importantly, we found that
the expression level of PAX6 was higher in the high miR-7 group than in the low miR-7 group (Fig. 8C).
Moreover, similar data were obtained for KAT8 expression (Fig. 8D). Further analysis showed that there
was a positive connection between PAX6 and KAT8 expression in NSCLC tumors (Fig. 8E). Consistent
with the above �ndings, we found that, compared with that in adjacent tissue, the expression of PAX6 and
KAT8 protein decreased in tumor tissue in the low miR-7 group; however, the expression of PAX6 and
KAT8 protein increased in tumor tissue in the high miR-7 group (Fig. 8F and G). Moreover, the expression
of both PAX6 and KAT8 in the high miR-7 group was higher than that in the low miR-7 group (Fig. 8F and
G). Taken together, these results suggested that a higher miR-7 expression prevalence is connected with
PAX6 and KAT8 in clinical tumor tissue, which partially indicates the aggressive status of NSCLC.

Discussion
Over recent decades, positive progress has been achieved in cancer therapy, such as targeted cancer
therapy. However, current research has shown that drug resistance has become a hallmark of cancer
therapy. The rapidly expanding evidence suggests that noncoding RNAs (ncRNAs), such as miRNAs, long
noncoding RNAs (lncRNAs) and PIWI-interacting RNAs (piRNAs), play vital roles in oncogenic processes
and drug resistance and represent potential therapeutic targets for cancer, including NSCLC [27]. However,
whether there is possible resistance of cancer cells to ncRNA-based therapy, which might impede the
development of ncRNA-based cancer gene therapy, has not yet been reported. In this study, we found that
human NSCLC cells were resistant to miR-7 treatment, which could be induced by persistent miR-7
intervention. Interestingly, these miR-7-resistant cells were still sensitive to other miRNA interventions,
such as miR-30b, indicating that this resistance phenomenon might be inducible and speci�c. We further
revealed that miR-7-resistant human NSCLC cells display not only an EMT phenotype morphologically but
also aggressive behavior in vitro and in vivo. It is well known that some signaling pathways, such as the
PI3K/Akt and MAPK signaling pathways, are involved in the drug resistance of various cancers [28–29].
Notably, global gene analysis showed that cell growth- and metastasis-related genes were upregulated
and there was aberrant transduction of the PI3K/Akt and MAPK signaling pathways in miR-7-resistant
human NSCLC cells. In addition, we noticed that the Wnt signaling pathway associated with tumor cell
stemness was signi�cantly increased. These �ndings suggested that the aggressive behavior of miR-7-
resistant human NSCLC cells might be related to aberrant transduction of these related pathways.
Therefore, these �ndings are valuable for successive research on whether human NSCLC cells are
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resistant to other distinct ncRNA interventions, especially in clinical trials, which might be critical for the
ultimate development of ncRNA-based targeted cancer therapy.

KAT8 (also known as MOF or MYST1) is a major member of the MYST family, which possesses a highly
conserved lysine acetyltransferase domain and directly acetylates substrates to participate in a wide
range of cellular functions, including cell cycle regulation, the DNA damage response (DDR) and stem cell
development [30–32]. Accumulating evidence has shown that KAT8 also plays important roles in not only
tumorigenesis, including the proliferation and metastasis of tumor cells, but also the drug resistance of
various cancers [33–35]. For instance, Li et al. [36] reported that KAT8 could acetylate H4K16 to regulate
cerebral development and syndromic intellectual disability. In this study, we found that the levels of
histone acetylation increased obviously in miR-7-resistant human NSCLC cells. Importantly, further
analysis showed that the expression of KAT8, but not other HAT family members, was predominantly
increased in miR-7-resistant human NSCLC cells. Notably, silencing KAT8 dramatically impaired the
aggressive behaviors of miR-7-resistant human NSCLC cells along with reduced transduction of the
PI3K/Akt and MAPK signaling pathways. Similarly, recent evidence has shown that KAT8 promotes
human NSCLC resistance to multiple therapeutic agents, including cisplatin and EGFR-TKIs [37]. Therefore,
our current work further extended existing �ndings by demonstrating that KAT8 participates in human
NSCLC cell resistance to miRNA-based intervention. In addition, regretfully, there were no signi�cant
changes in the expression of some well-documented intrinsic nucleic acid sensors in miR-7-resistant
human NSCLC cells. Therefore, the exact mechanism of KAT8 expression has not been clearly explored
and is still one of our ongoing study projects.

An increasing number of studies have demonstrated that as a transcription factor, PAX6 is not only
responsible for maintaining the normal function of essential organs such as the eyes and brain [38] but
also plays an indispensable role in the tumorigenesis of lung cancer, breast cancer, and other malignant
tumor cells [39–43]. Based on global gene analysis, we revealed that PAX6, as a target molecule of miR-7,
was upregulated in miR-7-resistant NSCLC cells. Moreover, PAX6 silencing signi�cantly impaired the
aggressive behaviors of miR-7-resistant human NSCLC cells. Consistently, several studies have
demonstrated that PAX6 overexpression can reverse the inhibitory effect of miR-7 on multiple cancers,
including NSCLC, indicating the important role of PAX6 in miR-7 biological function. Unexpectedly, we
found that promoter methylation and sequence variation of miR-7 putative binding sites in the 3’UTR of
PAX6 mRNA might not be the main factors for the upregulation of PAX6 in miR-7-resistant human NSCLC
cells. Notably, we revealed that H4K16ac could bind to the promoter of PAX6. Moreover, KAT8 was
strongly colocalized with H4K16ac, and KAT8 silencing led to decreased levels of H4K16ac and PAX6 in
miR-7-resistant human NSCLC cells. Consistent with the KAT8 expression trend, the expression of PAX6
also increased gradually under persistent miR-7 interventions. Finally, there was a positive connection
between the expression of PAX6 and KAT8 in clinical NSCLC patients. Therefore, our data not only
demonstrate a novel mechanism by which KAT8 promotes the transcription of PAX6 via H4K16ac,
thereby contributing to the resistance of human NSCLC to miR-7, but also indicate the potential value of
the KAT8/H4K16ac/PAX6 axis in the development of human NSCLC.
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Currently, multiple lines of evidence illustrate that combined therapy is an important approach for
overcoming the drug resistance of monotherapy, thereby improving the e�ciency of cancer treatment. For
example, chemotherapy or immunosuppressive agents combined with TKIs have been actively applied in
the clinical treatment of NSCLC [44–46]. In our present study, we revealed that the upregulation of PAX6,
triggered by KAT8-mediated H4K16ac, was mainly responsible for human NSCLC cell resistance to miR-7
intervention. To preliminarily assess the possible synergistic value of PAX6 in NSCLC-targeted therapy, we
observed the effects of miR-7-based gene intervention combined with PAX6 silencing on human NSCLC
cells. As expected, PAX6 silencing signi�cantly improved the inhibitory effects of miR-7 on human NSCLC
tumor growth and metastasis in vivo and in vitro, accompanied by altered transduction of the PI3K/Akt
and MAPK signaling pathways. Similarly, Wu et al. reported that silencing PAX6 reversed the resistance of
NSCLC cells to cisplatin[47]. Finally, we further revealed that the relatively higher expression of miR-7
correlated with PAX6 expression in clinical tumor tissue and partially indicated the aggressive status of
NSCLC. Moreover, the expression of both KAT8 and PAX6 was elevated in clinical tumor tissue with higher
miR-7 expression. Taken together, our current data suggest the value of a combined strategy for miRNA-7
intervention based on its expression level, which might be helpful for the development of targeted
therapies for NSCLC.

Conclusion
In summary, for the �rst time, we document an unknown phenomenon in which human NSCLC cells gain
resistance to miR-7 intervention and provide a feasible approach for miR-7-based intervention in NSCLC.
This study revealed that the upregulation of PAX6, facilitated by KAT8-mediated acetylation of H4K16, is
mainly responsible for miR-7 resistance in human NSCLC cells (Fig. 8H). Furthermore, we deem that the
KAT8/H4K16/PAX6 axis is an ideal target for reversing the miR-7 resistance of human NSCLC.
Collectively, these current new �ndings are of great signi�cance for ncRNA-based gene therapy and surely
bene�t subsequent in-depth study of the application of combined anticancer strategies.

Methods

Cell culture
Human NSCLC A549 and 95D cells were purchased from Shanghai iCell Bioscience Inc., China. A549 and
95D cells were cultured in RPMI 1640 medium (Gibco, USA) supplemented with 10% fetal bovine serum
(FBS, Gibco, USA) and penicillin/streptomycin solution at 37°C with 5% CO2. All the cells were identi�ed
within the past year based on short tandem repeats (STRs) or single nucleotide polymorphisms (SNPs)
and were not contaminated with mycoplasma.

siRNA or miRNA mimic transfection
A549 and 95D cells were seeded in a 24-well or 6-well plate and cultured for 24 h. Once the con�uence
reached 50–60%, PAX6-RNAi or miR-7/miR-30b mimics were transfected by using Lipofectamine® 3000
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(Invitrogen, L3000015) following the procedure provided by the manufacturer. After 48 h of transfection,
the optical density at 450 nm (OD450) in each well was measured by CCK8 assay. In addition, total RNA
and total protein were extracted, and the transcription level of target genes and the related protein
expression were detected by quantitative real-time PCR (qPCR) and western blot (WB) analysis,
respectively.
Plasmid

The eukaryotic expression vector pcDNA3.1(-)-miR-7 was used in a previous series of work [20]. The vector
was identi�ed by enzyme digestion and veri�ed by DNA sequencing for further experiments.
Plasmid transfection and screening of stably transfected cells
A549 and 95D cells were seeded in a 24-well plate and cultured for 24 h. Once the con�uence reached
approximately 70%, A549 and 95D cells were transfected with pcDNA3.1(-) or pcDNA3.1(-)-miR-7 by using
Lipofectamine 3000 reagent (Invitrogen, L3000015) according to the manufacturer’s instructions. Forty-
eight hours later, the medium was replaced with complete culture medium containing geneticin (G418) at
a �nal concentration of 800 mg/ml or 400 mg/ml. After continuous screening for no less than 15 days,
qPCR was performed to detect the RNA levels of miR-7. The transfection e�ciency was determined to
screen for stably transfected cell lines.
RNA extraction and qPCR
Total RNA in cells and tissues was extracted in accordance with the manual provided with RNAiso Plus
(TAKARA, 9108). RNA was quanti�ed and reverse transcribed to cDNA according to the manufacturer’s
instructions (TAKARA, RR037A). SYBR Green-based real-time qPCR reagents (TAKARA, RR820A) and
gene-speci�c primers were used. The mRNA levels of related genes were quanti�ed using a Bio–Rad
CFX96 detection system (Bio–Rad Laboratories). The relative expression levels of genes were calculated
by using the comparative threshold cycle (Ct) method with GAPDH as the internal reference.
Western blot analysis
Total protein or nuclear protein in cells or tumor tissues was extracted using lysis buffer (KeyGEN
BioTECH, KGP2100) and quanti�ed using the BCA method. Subsequently, the proteins were
electrophoresed on 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) gels
and transferred to polyvinylidene �uoride (PVDF) membranes. The membranes were incubated with 5%
skim milk in PBS for 1 hour. The protein bands were then incubated overnight at 4°C with monoclonal
antibodies against CDK1 (Abcam, ab201008), CDK4 (CST, #12790), CDK6 (CST, #13331), Cyclin D1
(Abcam, ab16663), AKT (Abcam, ab8805), p-AKT (Abcam, ab38449), ERK1/2 (Abcam, ab184699), p-
ERK1/2 (Abcam, ab201015), RAS (Abcam, ab52939), PI3K (Abcam, ab191606), p-PI3K (Abcam,
ab182651), KAT8 (Proteintech, 13842-1-AP), H4K16ac (CST, #13534), MEAF6 (Proteintech, 26465-1-AP),
NAA (Proteintech, 2015807-1-AP), PAX6 (CST, #60433), N-cadherin (Abcam, ab18203), E-cadherin
(Abcam, ab18203), H3 (CST, #4499) and GAPDH (Abcam, 181602). The membranes were washed in
PBST and subsequently incubated with an HRP-conjugated anti-rabbit secondary antibody (CST, 7074S).
Signals were detected and analyzed using a Bio-Rad ChemiDoc MP Imaging System (Bio-Rad
Laboratories). GAPDH was used as the internal reference.
Fluorescence in situ hybridization (FISH) assay
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FISH was performed using a Dig labeling and detection kit (Roche, 11585614910), and the probes used in
this assay were ordered from Denmark EXIQON Co., Ltd. The speci�c procedure was performed in
accordance with the manual provided with the kit. Brie�y, tumor tissues were �xed in 4%
paraformaldehyde solution to prepare para�n sections, dewaxed in xylene, rehydrated in an ethanol
gradient, subjected to antigen repair using an antigen repair solution (Solarbio, C1037), and hybridized
with probes overnight. Then, the cells were observed and photographed under a confocal �uorescence
microscope.
Transwell assay

Cells were seeded in Transwell chambers (8x104/well) after starvation in serum-free RPMI 1640 medium
for 24 h. Forty-eight hours later, the cells were �xed with methanol, stained with crystal violet, observed
and photographed under a microscope. The number of cells that crossed the membrane was determined.
Establishment of NSCLC models
Five- to eight-week-old female BALB/c nude mice (weight, 18–22 g) were used. All animals were provided
by SPF (Beijing) Biotechnology Co., Ltd. and housed in a speci�c pathogen-free (SPF) class laboratory
animal house at Zunyi Medical University. Cells in logarithmic growth phase were collected and
resuspended in phosphate-buffered saline (PBS) to form single-cell suspensions. The right axil was

inoculated with 1x107 cells. From the date of cell inoculation, tumor growth was closely observed, and
tumor growth curves were recorded. After 15 days, nude mice were sacri�ced, and the tumors and lungs
were removed for subsequent experiments. All animal procedures used in this study were approved by the
Animal Ethics Committee of Zunyi Medical University and were performed in accordance with the Guide
for the Care and Use of Laboratory Animals.
Plasmid and siRNA transfection in vivo
pcDNA3.1(-)-miR-7 plasmid (50 µg) or PAX6 RNAi (25 µg) was mixed according to the instructions of the
in vivo transfection kit EntransterTM (Engreen, 18668-11-2). After incubation at room temperature for 15
minutes, the transfection complex (containing 50 µg plasmid) was injected into the distal portion of the
tumor once every two days for a total of three times.
Chromatin immunoprecipitation (ChIP)
FISH was performed using a SimpleChIP Plus Sonication Chromatin IP Kit (CST, 56383). The speci�c
procedure was performed in accordance with the manual provided with the kit. Brie�y, 16% formaldehyde

was used to crosslink 1x107 cells for no more than 10 minutes. After the cell was broken by an ultrasonic
fragmentation apparatus, DNA was puri�ed, and the size of the DNA fragment was determined by
agarose gel electrophoresis. Then, H4K16ac antibody or IgG was added to the cells and incubated
overnight at 4°C (IgG group was used as a negative control). Extracted cell lysates before adding
antibodies (input) were also used as a control for target proteins and H3 detection. Then, 300 µl of protein
G magnetic beads was added to the antigen antibody complex and incubated at 4°C for 2 hours. Then,
the chromatin was eluted and decrosslinked. DNA was puri�ed for the ChIP-PCR assay.
Coimmunoprecipitation (Co-IP)
Co-IP assays were performed using a Pierce Co-Immunoprecipitation (Co-IP) Kit (Thermo Scienti�c™,
01060543) according to the manufacturer's instructions. The IgG group was used as a negative control.
Cell lysates extracted prior to antibody addition (input) were also used as controls for target protein and
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and veri�ed by WB analysis.
Cell cycle analysis
The distribution of A549/miR-7 and 95D/miR-7 cells in the cell cycle phases was analyzed by measuring
DNA content using a �ow cytometer (Gallio, BECKMAN). This assay was performed with a DNA Content
Quantitation Assay kit (Solarbio, CA1510) according to the manufacturer's instructions.
Patients and tissue samples
A total of 21 Chinese patients who were diagnosed with lung cancer between 2021 and 2022 were
included in the present study. Clinical and pathological information, including age, sex, tumor type and
disease stage, was collected. Para�n blocks and fresh-frozen tumor specimens of tumor samples from
all 21 patients were prepared. In addition, 8 samples from normal tissues adjacent to the tumors were
also collected. All the patients were followed up until April 2022. This study was approved by the Ethics
Committee of the Second Hospital of Zunyi Medical University (Guizhou, China), and written informed
consent was obtained from all the participants.
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CCK8 reagent (MCE, HY-K0301) in fresh complete medium (1:9) was added to transfected human NSCLC
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(OD450) in each well was measured in the dark with a microplate reader, and an absorbance curve was
generated.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 5 software. One-way ANOVA followed by
Bonferroni’s post hoc test was applied for multiple comparisons, and Student’s t test was used when two
conditions were compared. A two-tailed p < 0.05 was considered statistically signi�cant. All data are
shown as the mean ± standard error of the mean (SEM). Survival was evaluated by the Kaplan–Meier
method.
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Figure 1

Human NSCLC cells are resistant to miR-7 intervention.

(A) Schematic diagram. Human NSCLC cells were transiently transfected with miR-7 mimics (2.5 μg) in
24-well plates using Lipofectamine 3000 reagent in vitro, once every two days, three times in total. (B)
The expression of miR-7 in (A) was detected by real-time PCR. (C) The cell number of (A) was calculated.
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(D) The repression ratio of miR-7 in (A) was quantitated by CCK8 assay. (E) Schematic diagram. Human
NSCLC cells were transiently transfected with the p-Cont/p-miR-7 vector (2.5 μg) in 24-well plates using
Lipofectamine 3000 reagent in vitro and screened by G418 for 14 days. Then, these cells were transiently
transfected with miR-7 mimics and the corresponding control (2.5 μg) in 24-well plates using
Lipofectamine 3000 reagent in vitro. (F) Forty-eight hours later, the proliferation of (E) was detected by
CCK8 assay. (G-H) The cytoskeleton of these cells was detected by immuno�uorescence (400×, 1000×).
(I) Volcano map showing the differentially expressed genes between the 95D/miR-7 cells and 95D/Cont
cells. (J-K) The biological characteristics and fold changes in gene expression differences between the
95D/miR-7 cells and 95D/Cont cells were analyzed by RNA-seq. (L-M) GO analysis and KEGG enrichment
were used to analyze the biological changes and signaling pathways of the 95D/miR-7 cells and
95D/Cont cells. Representative data from three independent experiments are shown. NS, no signi�cance,
*p<0.05, **p<0.01.
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Figure 2

The growth and migration of miR-7-resistant human NSCLC cells in vitro and in vivo.

(A-B) The proliferation of miR-7-resistant human NSCLC cells and their corresponding control cells was
detected by a colony formation assay and calculated. (C-D) The cell cycle distribution of these cells was
detected by FACS. (E-F) GO analysis and KEGG enrichment were used to analyze the MAPK and PI3K/Akt
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signaling pathways of 95D/miR-7 cells and 95D/Cont cells. (G) The expression levels of the PI3K/Akt-
and MAPK-related molecules PI3K, p-PI3K, AKT, p-AKT, ERK1/2, p-ERK1/2, Ras and PDK1 in the
A549/miR-7 cells and A549/Cont cells were analyzed by western blotting and calculated. (H) Schematic
diagram. Subcutaneous injection of A549/Cont and A549/miR-7 cells (1X107) into the right �anks of
Balb/c nude mice. After 15 days, tumor and lung tissues were harvested. (I) Tumor weight. (J) Tumor size
and (K) representative hematoxylin and eosin-stained tumor tissue in (H) (200×, 400×). (L) The
expression of miR-7 in tumor tissues was analyzed by FISH. (M-N) The histopathology of lung tissues in
(A) was observed (200×, 400×). The metastatic index was calculated. (O-P) The expression levels of the
PI3K/Akt- and MAPK signaling pathway-related molecules PDK1, p-PI3K, AKT, p-AKT, ERK1/2 and p-
ERK1/2, the cell cycle-dependent molecules CDK1 and CCND1, and the metastasis-related molecules N-
cadherin and vimentin in tumor tissues of (A) were detected by western blotting and calculated.
Representative data from three independent experiments are shown. NS, no signi�cance, **p<0.01,
*p<0.05.
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Figure 3

PAX6 is upregulated in miR-7-resistant human NSCLC cells.

(A) An RNA-seq assay was performed in miR-7-resistant human NSCLC cells. Wayne analysis of miR-7
target genes using miRBase and TargetScan. (B) The protein level of PAX6 in A549/miR-7 cells and
A549/Cont cells was analyzed by western blotting and calculated. (C-F) The expression of PAX6 in
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A549/miR-7 and A549/Cont cells was analyzed by immuno�uorescence and quantitated in vitro and in
vivo (E and F). (G) The expression of PAX6 in human NSCLC A549 cells and 95D cells under continuous
intervention with miR-7 was detected by real-time PCR and calculated. Representative data from three
independent experiments are shown. *p<0.05, **p<0.01.
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Figure 4

PAX6 silencing impairs the aggressive behavior of miR-7-resistant human NSCLC cells in vitro and in vivo.

(A) A549/miR-7 cells were transiently transfected with PAX6 siRNA and control siRNA (2.5 nM) in 24-well
plates using Lipofectamine 3000 reagent in vitro. Forty-eight hours later, the proliferation of A549/miR-7
cells was assessed by CCK8 assay. (B) The migration of (A) was performed by scratch assay and
calculated. (C) Immuno�uorescence was performed to detect the expression of PAX6 and Ki-67 in (A)
(×600). (D) The expression levels of PAX6, the cell cycle molecules CDK1, CDK4 and CDK6, and the
PI3K/AKT- and MAPK pathway-related molecules AKT, p-AKT, ERK1/2, p-ERK1/2 and PDK1 in (A) were
detected by western blotting and calculated. (E) Schematic diagram. Subcutaneous injection of
A549/Cont and A549/miR-7 cells (1X107) into the right �anks of Balb/c nude mice. After 7 days, the mice
were injected with PAX6 siRNA and control siRNA (25 nM) every two days for a total of 3 injections.
Tumor growth was monitored every three days to generate the growth curve. On day 15, tumor and lung
tissues were harvested. (F) Tumor volume. (G) Tumor weight. (H) Tumor growth curve. (I) The
representative hematoxylin and eosin-stained tumor tissue in (E) (200×). (J) PAX6 expression in tumor
tissue was detected by immuno�uorescence (200×). (K) The organ index of lung tissues in (E) was
calculated. (L) The pathological changes in the lung tissues in (E) were analyzed by HE staining and
quanti�ed. (M-N) The expression levels of PAX6, the PI3K/Akt- and MAPK signaling pathway-related
molecules PI3K, p-PI3K, p-AKT, ERK1/2 and p-ERK1/2, the cell cycle-dependent molecules CDK1 and
CCND1, and the metastasis-related molecules N-cadherin and vimentin in (E) were detected by western
blotting and calculated. Representative data from three independent experiments are shown. NS, no
signi�cance, *p<0.05, **p<0.01.
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Figure 5

KAT8 regulates PAX6 expression in miR-7-resistant human NSCLC cells.

(A) The expression levels of histone acetyltransferase and histone deacetyltransferase in miR-7-resistant
human NSCLC cells and control cells were determined by RNA-seq. (B) The expression levels of histone
acetyltransferase, histone deacetyltransferase and PAX6 were detected by real-time PCR. (C) The
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expression levels of MEAF6, NAA20 and KAT8 in A549/miR-7 and A549/Cont cells were detected by
western blotting and calculated. (D) Human NSCLC cells were transiently transfected with miR-7 (2.5 μg)
in 24-well plates using Lipofectamine 3000 reagent in vitro, once every two days, three times in total. The
expression level of KAT8 in human NSCLC cells was detected by real-time PCR. (E) A549/miR-7 cells were
transiently transfected with si-KAT8/si-NC (2.5 nM) in 24-well plates using Lipofectamine 3000 reagent in
vitro. Forty-eight hours later, the expression level of KAT8 was detected by real-time PCR. (F) Real-time
PCR was performed to detect the expression level of PAX6 in (E). (G) The proliferation of (E) was
assessed by CCK8 assay. (H-I) The expression levels of KAT8 and the PI3K/Akt- and MAPK signaling
pathway-related proteins ERK1/2, pERK1/2, PDK1, AKT, p-AKT, and p-PI3K in (E) were detected by western
blotting and calculated. Representative data from three independent experiments are shown. *p<0.05,
**p<0.01.
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Figure 6

KAT8 regulates PAX6 expression in miR-7-resistant human NSCLC cells via H4K16 acetylation.

(A-B) The expression level of H4K16ac was detected by immuno�uorescence and quantitated. (C)
A549/miR-7-cell lysates were incubated with anti-KAT8 to immunoprecipitate and concurrently pull down
H4K16ac. (D-E) The expression levels of KAT8, H4K16ac and PAX6 in A549/Cont and A549/miR-7 cells
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were detected by western blotting and calculated. (F) Chromatin immunoprecipitation was used to
analyze the binding of H4K16ac to the PAX6 promoter. Input was used as a positive control. (G) ChIP–
qPCR was performed to con�rm the results shown in (F). (H) A549/miR-7 cells were transiently
transfected with si-KAT8/si-NC (2.5 nM) in 24-well plates using Lipofectamine 3000 reagent in vitro.
Forty-eight hours later, the protein levels of KAT8, PAX6 and H4K16ac were detected by western blotting
and calculated. (I) The colocalization of KAT8 and H4K16acand the expression of PAX6 in A549/miR-7
cells were analyzed by immuno�uorescence. Representative data from three independent experiments are
shown. *p<0.05, **p<0.01.
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Figure 7

PAX6 silencing improves the inhibitory effect of miR-7 on human NSCLC cells.

(A) Schematic diagram. Human NSCLC A549 cells were transiently transfected with miR-7 (2.5 μg) or
miR-7 (2.5 μg) plus PAX6-siRNA (2.5 nM) in 24-well plates using Lipofectamine 3000 reagent. Forty-eight
hours later, (B) the proliferation of (A) was detected by CCK8 assay. (C) The transcription levels of PAX6,
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the cell cycle-related CDK1, CDK2, CDK4 and CDK6, and the metastasis-related molecules MMP9 and
CXCR4 in (A) were detected by real-time PCR and calculated. (D-E) The protein levels of PAX6, the
PI3K/Akt- and MAPK pathway-related molecules PDK1, p-PI3K, PI3K, AKT, p-AKT, Ras, ERK1/2, and p-
ERK1/2, and the metastasis-related molecule vimentin were detected by western blotting and calculated.
(F-G) The expression levels of Ki-67 and PAX6 were detected by immuno�uorescence and quantitated
(600×). (H) Schematic representation of the in vivo experiment. A549 cells (1×107) were subcutaneously
injected into the right �anks of Balb/c nude mice. Seven days later, the mice were injected with plasmids
p-miR-7 (50 μg) or p-miR-7 (50 μg) combined with si-PAX6 (10 nM) every two days for a total of 3
injections. Tumor growth was monitored every three days to generate the growth curve. On day 15, tumor
and lung tissues were harvested. (I) Tumor growth curve and tumor size. (J) Tumor weight. (K-L) The
representative hematoxylin and eosin-stained tumor tissue in (H) (200×). The metastatic index was
calculated. (M-N) The expression levels of PAX6, the PI3K/Akt- and MAPK signaling pathway-related
proteins PDK1, AKT, p-AKT, PI3K, p-PI3K and Ras, and the metastasis-related proteins N-cadherin and
vimentin in tumor tissues were detected by western blotting and calculated. Representative data from
three independent experiments are shown. NS, no signi�cance, * p<0.05, ** p<0.01.
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Figure 8

The expression levels of miR-7, PAX6 and KAT8 in clinical NSCLC patients and the mechanism by which
human NSCLC cells resist miR-7 intervention.

(A) Schematic diagram. The expression level of miR-7 in NSCLC patients was detected by real-time PCR.
(B) According to the expression level of miR-7 in tumor tissue, the NSCLC patients were divided into two
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groups: the miR-7high group (n=8) and the miR-7low group (n=13). Then, the correlations of miR-7
expression and clinicopathological characteristics of NSCLC patients were analyzed (n=21). (C) The
mRNA levels of miR-7 and PAX6 in each tumor tissue in (B) were determined by real-time PCR and
calculated. (D) The mRNA levels of miR-7 and KAT8 in each tumor tissue in (B) were detected by real-time
PCR and calculated. (E) Correlation analysis of KAT8 and PAX6 expression in NSCLC tissues. (F-G) The
protein levels of KAT8 and PAX6 in NSCLC tissues and matched adjacent noncancerous tissues in both
the miR-7high group and miR-7low group were determined by Western blotting and calculated. (H)
Schematic diagram. Under the condition of miR-7 intervention, human NSCLC cells gain resistance to
miR-7 intervention. Importantly, these miR-7-resistant human NSCLC cells exhibit aggressive behavior,
including rapid growth and elevated metastasis. Mechanistically, KAT8 regulates PAX6 expression via
H4K16 acetylation, along with aberrant transduction of the PI3K/Akt pathway, thereby orchestrating the
acquired resistance of human NSCLC cells to miR-7 intervention. *p<0.05.
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