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ARTICLE INFO ABSTRACT

Keywords: Anisomycin is used as a chemical compound that possesses c-Jun N-terminal kinase (JNK)-activating effects.
Anisomycin Recently, the potent anti-tumor effects of anisomycin have received much attention. In addition to its JNK-
DLD-1 activating effects, anisomycin has been reported to affect gene expression in osteosarcoma, leukemia, hepato-
EANIG}:;q cellular carcinoma, ovarian cancer and other cancers. We previously demonstrated that anisomycin induced the
ATF3 degradation of transcription factor GATA-6 in DLD-1 cells (a colorectal cancer cell line) and inhibited their

proliferation. However, the details of the gene network involved in the process remain unclear. In this study, we
conducted an RNA-seq analysis of differentially expressed genes (DEGs) in anisomycin-treated DLD-1 cells to
identify the molecular process of growth-suppressive genes. We found that LAMB3, which regulates cell adhesion
and migration, and NFKB2 were down-regulated by anisomycin. In addition, the mRNA expression of several
tumor suppressor genes (ATF3, ERRFI1, KLF6, and AKAP12) was transiently enhanced at 3 h after anisomycin
treatment. These results suggest that anisomycin blocks a PI3K/Akt-signaling cascade to lead to the suppression

of cell growth.

1. Introduction

Anisomycin, which was originally identified as an antibiotic com-
pound extracted from Streptomyces griseolus [1,2], is widely used in
biological experiment both in vitro and in vivo due to its wide variety of
bioactivities. It was previously reported that anisomycin negatively
regulated eukaryotic protein synthesis via inhibition of peptidyl trans-
ferase in ribosomes [3]. Anisomycin has also been shown to activate
both mitogen activated protein kinase (MAPK) and c-Jun N-terminal
kinase (JNK) [4]. Recently, the potent anti-tumor effects of anisomycin
have attracted a great deal of interest. It was reported that anisomycin
treatment led to dysfunction of mitochondria and inhibited their
biogenesis in osteosarcoma cells [5]. In chronic phase chronic myeloid
leukemia cell lines, anisomycin inhibited cell growth and, when used in
combination with imatinib, achieved a greater anti-tumor effect than
either agent alone [6]. Anisomycin treatment in hepatocellular carci-
noma cells resulted in an increase in the expression levels of CD58
recognized by natural killer cells [7]. It was also reported that the in-
duction of long non-coding RNA BACE1-AS by anisomycin stabilized the

expression of BACE1 through a feed-forward mechanism and contrib-
uted to the suppression of cell proliferation in ovarian cancer stem cells
[8].

We have reported that anisomycin potently inhibited the prolifera-
tion of colorectal cancer-derived DLD-1 cells under planar culture or
spheroid culture conditions through induction of proteolysis of tran-
scription factor GATA-6 [9]. Furthermore, an enhanced anti-tumor ef-
fect of 5-fluorouracil was observed by co-treatment with anisomycin.
GATA-6 may be an effective target of colorectal cancer cells [10,11],
but in general, the region downstream of transcription factors such as
GATA-6 encodes a vast protein network. Our previous experimental data
[9] could draw only a small part of the overall picture of the molecular
mechanisms underlying the proteasome-associated degradation of
GATA-6.

Therefore, in this study, we conducted an RNA-seq analysis of
differentially expressed genes (DEGs) in anisomycin-treated DLD-1 cells
in order to elucidate the molecular process of growth-suppressive genes.
We identified 396 down-regulated genes and 504 up-regulated genes in
anisomycin-treated cells, and found that these genes were involved in

Abbreviations: DLD-1, a colorectal adenocarcinoma cell line isolated by D. L. Dexter and associates; DMSO, dimethyl sulfoxide; FBS, fetal bovine serum; JNK, c-Jun
N-terminal kinase; PBS, phosphate buffered saline; RNA-seq, RNA sequencing; CPM, counts per million; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and

Genomes.
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variety of intracellular biological processes. Among the genes down-
regulated by anisomycin, LAMB3, which encodes a protein belonging
a cluster that functions in cell adhesion and migration, showed the
greatest decrease in expression. Our findings suggest that tumor sup-
pressive genes, such as ATF3, were activated early in the sequence of
events leading to the inhibitory effect of anisomycin on cell
proliferation.

2. Materials and methods
2.1. Materials

RPMI1640, trypsin and FBS were purchased from Thermo Fisher
Scientific Inc. DMSO and anisomycin were supplied by Nacalai Tesque
Inc. (Kyoto, Japan) and FUJIFILM Wako (Osaka, Japan), respectively.
All other chemicals used were of the highest grade commercially
available.

2.2. Cell culture

DLD-1 cells were cultured in RPMI1640 medium containing 10% (v/
v) FBS and antibiotics (0.07 g/L penicillin G, and 0.1 g/L streptomycin)
at 37 °C. The proliferation of DLD-1 cells in the presence of anisomycin
was monitored by cell counting with a TC10 automated cell counter
(BIO-RAD). Briefly, DLD-1 cells were seeded onto 100 mm dishes (1.5 x
10° cells/dish). After 24 h, the medium was changed to fresh medium
containing 0.5 pM anisomycin, followed by further culture for the
indicated times. Cells were collected by 0.25% trypsin treatment at the
indicated time points and then washed with PBS. An aliquot of a cell
suspension (10 pL) was transferred to a cell counting slide for the cell
counting by TC10.

2.3. RNA sequencing

RNA sequencing was performed using a Novaseq 6000 (Illumina)
sequencer according to the manual of Rhelixa Co., Ltd (Tokyo, Japan).
The total RNA molecules were extracted from DLD-1 cells with or
without 0.5 pM of anisomycin using an RNeasy extraction kit (QIAGEN).
The total RNA samples, that showed an RNA integrity number (RIN) > 7
determined by a Bioanalyzer (Agilent), were subjected to cDNA library
preparation. Then 2 pg of total RNAs were converted to cDNAs with
oligo dT primers using a NEBNext Poly (A) Magnetic Isolation Module
(for poly A selection, NEB) and a NEB Next Directional Ultra RNA Li-
brary Prep Kit for Illumina (for strand specific libraries, NEB). These
cDNA libraries were sequenced with a NovaSeq 6000 system (Illumina)
to produce 150 base pair-end reads.

2.4. Identification of DEGs and pathway analysis with bioinformatic
databases

After quality control of sequenced reads with FastQC (ver. 0.11.7)
[12], extra bases, such as adapter sequences in the filtered reads, were
trimmed with Trimmomatic (ver. 0.36) [13]. The Genome mapping of
sequenced reads was performed with HISAT2 (ver. 2.1.0) [14]. The read
count files containing values of mapped reads were loaded in iDEP
platform (ver. 0.91) [15], then the read count values were normalized
using the Relative Log Expression (RLE) method implemented in the
DESeq2 [16]. The analysis of variance of read counts data in multiple
cell groups (different cultivation time in the presence of anisomycin)
was performed according to the previous procedure [15].

To identify DEGs (between control group and anisomycin-treated
group, 3 samples in each group), the cutoff value of false discovery
rate and the minimum fold change value were set to 0.001 and 2,
respectively as threshold values. Then the DESeq2 program on iDEP was
executed. The identified DEGs were entered into a pathway analysis
conducted using two bioinformatic databases (GO biological process
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database [17] and KEGG pathway database containing the network for
metabolism, genetic information processing, environmental information
processing, cellular processes, organismal systems and human disease
[18]), then the adjusted P values in each category were calculated.

2.5. Statistical analysis

Statistical analysis was conducted with R programing scripts. The
Student t-test was performed to determine significant differences be-
tween two groups in the growth curve of DLD-1 cells (control group vs
anisomycin-treated group, 3 samples in each group) and in the
comparative analysis of normalized counts of DEGs (control group vs
anisomycin-treated group, 3 samples in each group). The one-way
analysis of variance with Bonferroni correction was done in the
comparative analysis of normalized counts of tumor suppressor genes
among multiple groups; 24 h-group which was incubated with aniso-
mycin for 24 h vs 3 h- (or 6 h-, 12 h-) groups which were incubated with
anisomycin for 3 h (or 6 h, 12 h). The 3 samples were prepared in each
group. The P < 0.05 was considered to be statistically significant.

3. Results

3.1. Enrichment analysis of DEGs by RNA-seq in DLD-1 cells treated with
anisomycin

DLD-1 cells were cultured in medium with or without 0.5 pM of
anisomycin for 24 h (Supplemental Figs. 1) and a growth inhibitory
effect of anisomycin was observed as previously reported [9]. We then
extracted the total RNAs from the DLD-1 cells to perform RNA-seq
analysis. In the enrichment analysis to compare paired DEGs (the
DEGs in control cells and its counterpart in anisomycin-treated cells), we
set fold change value at a threshold of more than 2. The heatmap data
indicated that there were 396 down-regulated genes and 504
up-regulated genes in anisomycin-treated cells compared with
non-treated control cells (Fig. 1A). These selected genes were subjected
to pathway analysis with the KEGG and GO databases. The KEGG and
GO pathways which satisfied the adjusted P value is less than 0.05 were
considered to be significantly enriched. From the analysis with the
KEGG database, it revealed that the intracellular biological pathways, in
which up-regulated genes were involved, included the metabolic path-
ways, protein processing in endoplasmic reticulum (ER), biosynthesis of
amino acids, DNA replication, and carbon metabolism (Fig. 1B). It also
showed that the pathways related to cancer, endocytosis, viral carci-
nogenesis, transcriptional misregulation, tight junction, focal adhesion,
small cell lung cancer and circadian rhythm were included in the
intracellular biological pathways involved in the down-regulated genes
treated by anisomycin (Fig. 1C). Some cell proliferation-related
signaling pathways, such as MAPK, PI3K-Akt, and Hippo signaling,
were found to be included in the pathways involving the down-regulated
genes. Using GO biological process databases, it resulted that the bio-
logical processes in the up-regulated genes included oxidation-reduction
process, single-organism biosynthetic process, response to organic cyclic
compound process, protein folding process, response to endogenous
stimulus process, mitotic cell cycle process and cellular response to
stress process (Fig. 1D). The metabolic processes, one of the pathways
shown in the analysis using KEGG databases, were also shown in the
analysis using GO biological process databases. The metabolic processes
related to carbohydrate, organonitrogen compound, organic hydroxyl
compound and oxoacid were included in the processes involving the
up-regulated genes. We also found that the biological pathways
involving the down-regulated genes group included the regulation
processes related to stress response, protein phosphorylation, protein
modification, phosphate metabolism, protein metabolism, signal trans-
duction and gene expression (Fig. 1E).
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Fig. 1. Enrichment and pathway analysis of DEGs in DLD-1 cells treated with anisomycin.

(A) Heatmap showing the hierarchical clustering of differentially expressed genes derived from DLD-1 cells, which were treated with or without 0.5 pM anisomycin
for 24 h. (B) The up-regulated genes and the down-regulated genes (shown in C) were subjected to pathway analysis with KEGG databases. The bar length represents
the strength of the relationship in each category. (D) The biological processes of up-regulated genes and down-regulated genes (E) were analyzed using GO databases.

3.2. Changes in the gene expression of anisomycin-treated cells over 24 h

In order to elucidate the genes responsible for the potent growth-
suppressive effect of anisomycin, we analyzed the up or down regu-
lated genes from the viewpoint of protein-protein interaction using
STRING databases. The top 80 genes, arranged in descending order of
the fold change value in the up-regulated genes, were represented as
node shapes in the network (Supplemental Fig. 2A). The 80 down-
regulated genes were also represented with the same shape (Supple-
mental Fig. 2B). We noted the particular genes that showed a high
variation of fold change values (listed in Table 1) and formed a protein
network cluster. HSPAS8, belonging to the HSP70 family, was the most
up-regulated of the genes affected by anisomycin (the fold change value
compared with the control was approximately 28, calculated by
normalized counts) (Fig. 2A). The other up-regulated genes were

Table 1
The fold change values of up- or down-regulated genes in anisomycin-treated
DLD-1 cells compared with control cells.

Genes Fold change
Up-regulated genes HSPAS8 28.4
HSP90AA1 5.4
TFRC 5.4
FOS 23.3
EGR1 4.5
Down-regulated genes LAMB3 0.11
LAMA3 0.28
TXNIP 0.070
SQSTM1 0.17
NFKB2 0.22

HSP90AA1, TERC (transferrin receptor 1), FOS, and EGR1 (early growth
response 1), respectively (Fig. 2B-E). LAMB3 (laminin subunit beta-3),
which is associated with cell migration and cell attachment processes,
was the most down-regulated gene (the fold change value compared
with the control was approximately 0.11). The genes, LAMA3 (laminin
subunit alpha 3), TXNIP (thioredoxin interacting protein), SQSTM1
(sequestosome 1), and NFKB2 (nuclear factor kappa B) were also down-
regulated and formed a protein-protein interaction cluster (Fig. 2F-J).

3.3. Induction of tumor suppressor genes by anisomycin treatment

At 24 h after incubation with anisomycin, it appeared that the DEGs
among the up-regulated genes were associated with promotion rather
than suppression of cell proliferation. In order to reveal the presence of
tumor suppressor genes induced by anisomycin, we additively per-
formed the identification of DEGs using anisomycin-treated cells with
different incubation times. The normalized counts of tumor suppressor
genes in the cells treated with anisomycin for less than 12 h were
compared with those in the cells treated with anisomycin for 24 h
(Fig. 3). The results showed that there were four tumor suppressor genes
that exhibited higher expression at 3 h than at 24 h of anisomycin
treatment and we observed the tendency for the expression levels of
them to be decreased in a time-dependent manner (from 3 h to 24 h).
These four genes appeared to be transiently induced, such that their
expression levels were decreased at 24 h. ATF3 (activating transcription
factor 3) was the gene with the largest variation in fold change value
(approximately 41) when comparing the 3 h treatment group with the
24 h treatment group. The highest fold change values of other 2 genes
were also observed at the same comparing time (3 h vs 24 h) as follows:
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Fig. 2. Up- or down-regulated genes in DLD-1 cells treated with anisomycin for 24 h.
(A-E) The upper panel shows particular genes that showed high variation of fold change values and formed a protein network cluster in the up-regulated genes group.
The same analysis was performed in down-regulated genes, and the results are shown in the lower panel (F-J). Values indicate the mean of log, of the normalized
counts + SD (n = 3). Statistical analysis was performed using Student t-test and significance was set as follows: **P < 0.01,

***p < 0.005.
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Fig. 3. Expression of tumor suppressor genes by anisomycin treatment.
DLD-1 cells were treated with 0.5 pM anisomycin for the indicated amounts of time, and then their total RNAs were collected for RNA-seq analysis. (A-D) The up-
regulated expression of tumor suppressor genes was compared between two anisomycin-treated groups with different incubation times. Values indicate the mean of
log, of the normalized counts & SD (n = 3). Statistical analysis was performed using one-way analysis of variance with Bonferroni correction and significance was set
as follows: ***P < 0.005.

ERRFI1 (ERBB receptor feedback inhibitor 1), 27; KLF6 (Kruppel-like
factor 6), 20. The expression pattern of AKAP12 (A kinase-anchoring
protein) showed different tendency comparing with other 3 genes and
its highest fold change value was 22 at 6 h after treatment of anisomycin.
The KEGG pathway analysis for the anisomycin-treated groups with
different incubation time suggested that some pathways associated with
tumor suppressive genes, such as TNF signaling, apoptosis, NF-kappa B
pathways, and Hippo signaling pathways might be activated by

anisomycin-treatment at 3 h and 6 h. The metabolic pathways and ER
associated-protein processing might be negatively affected at 12 h after
incubation of anisomycin (Supplemental Table 1).

4. Discussion

Anisomycin has been proven useful as a JNK (c-Jun N-terminal ki-
nase) activator to elucidate gene networks mainly in the field of MAPK-
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associated signal transduction research [4]. Recently, anisomycin has
been attracting attention for its potent anti-tumor effects toward a va-
riety of cancer cells, such as osteosarcoma cells, chronic phase chronic
myeloid leukemia cell lines, hepatocellular carcinoma cells, and ovarian
cancer stem cells [5-8]. Anisomycin is thus a very promising therapeutic
agent for use in cancer chemotherapy.

In this study, we performed RNA-seq analysis in order to compre-
hensively analyze the DEGs, in anisomycin treated DLD-1 cells, and
thereby elucidate the genes play an important role in suppressing cell
proliferation. At 24 h after treatment with anisomycin, the genes that
were up-regulated compared with control cells shared the characteristic
of promoting cell growth. HSPA8 and HSP90AA1, representative mo-
lecular chaperones, have a wide variety of effects, such as prevention of
unfolded-protein aggregation, chaperone-mediated autophagy, and
promotion of tumor cell proliferation [19]. TFRC has been reported to
promote tumor migration via the positive regulation of AXIN2 [20].
FOS, also known as AP-1 subunit, is a major proto-oncogene [21], EGR1
has been reported to activate the transcription of miR-20b and thereby
inhibit the expression of PTEN (a tumor suppressor gene) in breast
cancer [22]. These genes and TXNIP [23] may serve coordinately to
mount a compensatory response against the cellular stresses caused by
the growth-suppressive effect of anisomycin. On the other hand, the
down-regulated genes (other than TXNIP) may also play a role in
mediating the growth-suppressive effect of anisomycin. It has been re-
ported that LAMB3 overexpression is a marker of poor prognosis in
colorectal cancer, and that LAMB3 promotes migration in vitro and
tumor growth and metastasis in vivo [24]. Down regulation of LAMB3
and LAMA3, which are components of Laminin-332 protein [25], may
contribute to the effects of anisomycin. Moreover a decrease of SQSTM1,
(also known as p62), which plays a key role in autophagy, might inhibit
the NFKB2 signaling pathway, which could result in potent arrest of the
cell progression [26].

We considered the possibility that some genes negatively controlled
the expression of LAMB3 and other genes earlier than 24 h after culti-
vation with anisomycin, and we identified 4 tumor suppressor genes at
short cultivation time with anisomycin (at 3 h). Although the expression
of AKAP12 showed interesting pattern that the expression seemed to be
increased at 12 h before decrease, we think further experiments
considering time-series linked to the downstream of AKAP12 signaling
are needed to explain its phenomenon. Regarding the role of KLLF®6, it
was possible that up-regulated KLF6 depressed the cell migration and
invasion activity through the inhibition of matrix metalloproteinase 9
[27]. Anisomycin was previously shown to induce ATF3 expression
[28], and it was also reported that ATF3, which is known to serve as a
stress sensor protein, suppresses IL-6 expression via the negative regu-
lation of NFKB2 [29]. In regard to signal transduction systems, it has
been suggested that the PI3K/Akt pathway is one of the major pathways
that play a central role as a potent growth accelerator for various cancer
cells. Recent reports suggest that ATF3, ERRFI1, and AKAP12 negatively
control the activity of Akt [30-32], which may suggest that anisomycin
inhibited the Akt-associated cascades at 3 h after treatment.

In summary, we analyzed DEGs in anisomycin treated DLD-1 cells for
the first time and found that several tumor-suppressor genes, including
ATF3, were transiently induced at 3 h after treatment. This suggested
that the reduced expression levels of LAMB3 and LAMA3 led to low
adhesion and migration activity, and that these changes, together with a
simultaneous decrease of NFKB2, were mainly responsible for the
growth-suppressive effect of anisomycin.
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