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Nicotinamide N-methyltransferase (NNMT) is one of the
methyltransferase family genes. It consumes S-adenosyl-I-
methionine (SAM), which is required for DNA methylation
and histone methylation for epigenetic regulation, to produce
1-methylnicotinamide from nicotinamide, a source of NAD",
thus affecting energy metabolism and epigenetics. Recent
studies have shown that NNMT is highly expressed in cancer
tissues, mainly in the stroma, and worsens prognosis. There-
fore, NNMT is attracting attention as a new target for cancer
therapy. In this study, we generated 2',4-BNA/LNA-modified
gapmer phosphorothioate antisense oligonucleotides that
inhibit NNMT expression and examined their antitumor ef-
fects. The antisense oligonucleotide candidates were finally
narrowed down to eight sequences, and when they were exam-
ined for their inhibitory effect on NNMT expression in cancer
cells, all of the sequences showed inhibitory effects. The most
effective one was conjugated with a small molecule compound
that targets the stroma of cancer tissues. The antitumor effect
was examined in a mouse model of cancer cell transplantation,
and the antitumor effect was enhanced in the group treated
with the antisense oligonucleotide. These results indicate
that NNMT antisense oligonucleotide drugs targeting the
stroma are promising as novel anticancer agents.

INTRODUCTION

Nicotinamide N-methyltransferase (NNMT) is a metabolic
enzyme that uses S-adenosyl-l-methionine (SAM) to methylate
nicotinamide to produce 1-methyl-nicotinamide (1-MNA)."
Nicotinamide is absorbed from outside the body as niacin and
is a raw material for NAD", which is important in energy meta-
bolism.”” Therefore, NNMT is involved in energy metabolism
by regulating the supply of raw materials for NAD" synthesis.
SAM is consumed for DNA methylation and histone methylation,
which are necessary for epigenetic regulation.*> Therefore,
NNMT is also involved in epigenetic regulation by consuming

5

SAM. NNMT has recently attracted attention as a target for anti-
cancer agents.”’ 1-MNA generated by NNMT in cancer-associ-
ated fibroblasts (CAFs) is taken up by T cells, one of the immune
cells, and induces T cell suppression through suppression of inter-
feron gamma (IFN-y) expression and tumor necrosis factor alpha
(TNF-a) expression, thereby promoting cancer growth.® Proteo-
mic analysis in ovarian cancer revealed CAF-specific expression
of NNMT, and NNMT expression in CAF consumed SAMs and
reduced histone methylation.” NNMT is highly expressed in
breast cancer, and 1-MNA binds to ubiquitin-conjugating enzyme
12 (UBC12), enhancing neddylation-pathway-mediated p27
degradation by stabilizing UBC12, which is required for cullin-1
neddylation, and promotes cell-cycle progression.'” In colorectal
cancer, NNMT is expressed mainly in stroma, and its high expres-
sion in early stage cancers is associated with poor prognosis.'" In
liver cancer, high expression of NNMT in hepatic stellate cells
(HSCs) can alter the methylation pattern of histone H3K27 and
induce the generation of more stable splice variants of CD44,
leading to hepatocellular carcinoma (HCC) invasion and metas-
tasis.'> Hedgehog signaling is activated in pancreatic cancer,
and NNMT is one of its targets.”’ Thus, the expression of
NNMT in cancer tissues plays an important role in cancer pro-
gression. In this study, we prepared 2',4'-BNA/LNA-modified
gapmer phosphorothioate (PS) antisense oligonucleotides
(ASOs) as NNMT inhibitors and demonstrated that they function
as novel inhibitors of NNMT.
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Figure 1. The design of ASO targeting NNMT

(A) NNMT expression in pancreatic cancer scRNA-seq data. (B) Kaplan-Meier curve of NNMT. Data for pancreatic ductal adenocarcinoma in Pan-cancer RNA-seq in the Kaplan-
Meier plotter database were used. (C) Composition of 18-based ASO. (D) Inhibitory effect of each ASO on NNMT expression in HT29 cells. Data are presented as mean + SD.

RESULTS

In our previous study, we integrated pancreatic cancer single-cell
analysis data and generated a pancreatic cancer cell map consisting
of approximately 134,000 cells."* We then used it to examine

Table 1. Sequences of eight antisense oligonucleotides

ASO Sequences
S(L)/\S(L)/\5(L)/\g/\a/\g/\g/\g/\t/\t/\a/\a/\a
hNNMT-196-LNA(18) AMAG(LY G(L) 5(L)

5(L)"A(L)"G(L)"t"g"a"c"\g"a""g"a
MAMNS(L) 5 (L) T(L)
T(L)A5(L)AA(L)AgAtAgAaACAgAaAcAg
Ma™MANT(L) 5(L) 5(L)

5(L)"A(L) G(L)"g"t "'t g gt "¢
Mg a G(L) "T(L) A(L)
A(L)"G(L)"A(L) a2 "M g
Achg"a "G(L) A(L) T(L)
A(L)AA(L)AG(L)AtAcAcAtAtAcAgAtAtAg
MMPG(L) G(L)5(L)
AL)Y'G(L)"A(L)"a"a"a"g """t "t ¢
"¢ T(L)"G(L) T(L)
G(L)"G(L)"A(L)"g"a"a"a"a"g"'t"c"\c
MM GL) ML) T(L)

5 for 5mC, L for BNA/LNA, and lower case for DNA.

hNNMT-394-LNA(18)

hNNMT-395-LNA(18)

hNNMT-414-LNA(18)

hNNMT-870-LNA(18)

hNNMT-897-LNA(18)

hNNMT-901-LNA(18)

hNNMT-903-LNA(18)
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NNMT expression and found that NNMT is highly expressed in
CAFs (Figure 1A). We used a Kaplan-Meier plotter to examine the
prognostic value of NNMT expression and found that the prognosis
of pancreatic cancer was worse in the group with high NNMT
expression (Figure 1B). Therefore, we decided to pursue drug discov-
ery targeting NNMT. NNMT is an intracellular protein that does not
lend itself to antibody targeting. In this study, 18-mer gapmer ASOs
targeting the NNMT-coding mRNA was selected as the drug discov-
ery modality. All phosphodiester linkages of these gapmer ASOs
were replaced by PS linkages, and three 2',4-BNA/LNA">'® modifi-
cations were introduced in the wing regions at both ends of the
sequence (Figure 1C). Based on the intramolecular secondary struc-
ture predicted by RNAfold,'” non-stem regions were extracted from
all regions of the NNMT mRNA (NM_006169.3). Among the ASO
sequences complementary to the extracted regions, we selected
ASO sequences with an appropriate binding affinity to RNA pre-
dicted by GC%, and ASOs themselves are unlikely to form intramo-
lecular stems or polymers. In addition, the GGGenome: https://
gggenome.dbcls.jp/ and Database for Drug Development with
Genome and RNA sequences (D3G): https://d3g.riken.jp/ were
used to exclude ASO sequences, with large numbers of genes con-
taining sequences with two or fewer insertions/deletions/mis-
matches. Finally, eight ASOs were selected (Table 1).

To examine the inhibitory effect of ASOs on NNMT expression, HT29
cells, a human colorectal adenocarcinoma cell line, were used to
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Figure 2. ASOs targeting NNMT exert antitumor
effects

(A) Expression of FAP in pancreatic cancer scRNA-seq
data. (B) Structure of FAP-binding small-molecule-
conjugated ASO [hNNMT-897-LNA(18)]. FAPI-04 was
used as FAP-binding compound. (C) Results of nucleic
acid drug administration experiments using mouse
xenograft models. Mice 1-1, 1-2 received 5-FU, PD-1
antibody, and CTLA4 antibody, mice 2-1, 2-2 received

5-FU, PD-1 antibody, and CTLA4 antibody, and ASOs
were injected intravenously. (D) Volcano plot of genes with
altered expression in cancer tissues resected after
administration of ASO drugs in mouse xenograft models.
Upregulated or downregulated genes in mice 2-1 and 2-2
compared to mice 1-1 and 1-2 by RNA-seq analysis were
shown. (E) Gene set enrichment analysis (GSEA).
.} Activated or inactivated signal pathway in mice 2-1 and

2-2 compared to mice 1-1 and 1-2 were shown.

Statistical significance was determined using GSEA.

& Enrichment scores are shown with nominal p-values. (F)
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ARRHYTHMOGENIC RIGHT VENTRICULAR CARDIOMYOPATHY ARVC, p < 0.001
SYSTEMIC_LUPUS_ERYTHEMATOSUS, p = 0.047

Gene expression levels for each gene obtained by RNA-
seq. Values are fragments per kilobase of transcript per
million mapped reads (FPKM).

HYPERTROPHIC CARDIOMYOPATHY HCM, p < 0.001

gene expression data (Table S1). RN7SL3,
RN7SL2, RN7SL767P, RN7SL5P, and RN7SL4P
were detected as highly expressed genes and
TMEM?230, UAP1, SH3BGRL3, TXNDC17, and

-2 -1.5 -1 -0.5 00 0.5 1 1.5

evaluate NNMT expression by RT-qPCR. Compared to controls,
mRNA expression levels were reduced by the eight ASOs. The expres-
sion level of NNMT was lower under the 200 nM ASO concentration
condition than under the 50 nM condition, with hNNMT-897-LNA
(18) showing the highest suppression (Figure 1D). Therefore,
hNNMT-897-LNA(18) was selected as the final candidate sequence.
To target CAF, we examined cell surface proteins of CAF using pancre-
atic cancer small conditional RNA sequencing (scRNA-seq) data and
found that fibroblast activation protein (FAP) is specifically expressed
in CAF (Figure 2A). Therefore, FAPI-04,"® an FAP-binding com-
pound, was conjugated to the ASO to add a function that specifically
binds to and is taken up by CAFs (Figure 2B). This ASO was synthe-
sized and purified by high-performance liquid chromatography
(HPLC) (Figure S1). We decided to evaluate the efficacy of this final
candidate in mouse xenograft models. MIA PaCa-2 cells, a human
pancreatic cancer cell line, and 3T3 cells, mouse fibroblasts expressing
FAP, were injected subcutaneously into mice, and the FAPI-04-conju-
gated ASO was injected intravenously. The antitumor effect was
enhanced in the group treated with ASO in addition to
5-fluorouracil (5-FU), an anticancer drug, and immune checkpoint in-
hibitors (PD-1 antibody and CTLA4 antibody), compared to the group
treated with 5-FU and immune checkpoint inhibitors alone
(Figure 2C). To examine changes in gene expression in cancer cells
induced by ASO administration, cancer tissue was excised from
mice, RNA was extracted, and RNA-seq was performed to obtain

2 25
Normalized enrichment score

ADAM1I5 as low-expressed genes (Figure 2D).
Gene set enrichment analysis (GSEA) was per-
formed to determine what signals were affected
by ASO administration. The following data were obtained: viral
myocarditis, dilated cardiomyopathy, calcium signaling pathway, hy-
pertrophic cardiomyopathy, tight junction, ribosome, arrhythmogenic
right ventricular cardiomyopathy, systemic_lupus_erythematosus,
melanogenesis, and adherens junction were upregulated and
porphyrin and chlorophyll metabolism, base excision repair, amino-
acyl tRNA biosynthesis, DNA replication, SNARE interactions in
vesicular transport, pyrimidine metabolism, mismatch repair, buta-
noate metabolism, nucleotide excision repair, and bladder cancer
were downregulated (Figure 2E). In fact, the expression of cancer-
related genes such as MYC, Cyclin D1 (CCND1), snail family tran-
scriptional repressor 2 (SNAI2), transforming growth factor f 2
(TGF-B2), and MutL homolog 1 (MLH1), one of the DNA mismatch
repair (MMR) genes, was downregulated in the FAPI-04-conjugated
ASO-treated group (Figure 2F). We also examined the antitumor effect
of FAPI-04-conjugated ASO in the A549 cell line derived from a non-
small-cell lung carcinoma (NSCLC) and found a decrease in cell
viability at 1,000 nM (Figure 3A). Comparison of the growth inhibitory
effect of FAPI-04-conjugated ASO on A549 cells with an existing
NNMT inhibitor, 6-methoxynicotinamide (JBSNF-00088),"” showed
that the effects were comparable (Figure 3B). In addition, a prolifera-
tion test using human lung-derived fibroblasts, MRC-5, showed
that FAPI-04-conjugated ASO inhibited proliferation, and the effect
was comparable to that of JBSNF-00088 (Figure 3C). When MRC-5
was cultured in medium containing FAPI-04-conjugated ASO or
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Figure 3. FAPI-04-conjugated ASO inhibits proliferation of A549 and MRC-5
(A) Cell viability in A549 cell line after 1 day of culture in each concentration of FAPI-
04-conjugated ASO. (B) Cell viability in A549 after 2 days of culture in each con-
centration of FAPI-04-conjugated ASO or JBSNF-000088. (C) Cell viability in the
MRC-5 cell line after 1 day of culture in each concentration of FAPI-04-conjugated
ASO or JBSNF-000088. (D) Cell viability of A549 after culturing MRC-5 in each
concentration of FAPI-04-conjugated ASO or JBSNF-000088 for 1 day and feeding
the supernatant of the culture to A549 for 1 day. Data are presented as mean + SD.

JBSNF-00088 and the supernatant of the culture was fed to A549 cells,
growth inhibition was observed (Figure 3D). These results suggest that
ASOs targeting NNMT have antitumor effects.

DISCUSSION

In this study, we aimed at drug discovery using ASOs targeting
NNMT. NNMT is expressed mainly in CAFs in pancreatic cancer
and has attracted much attention as a target because of its prognostic
significance. Inhibition of NNMT expression by ASOs resulted in
antitumor effects, indicating that NNMT is a target for drug discov-
ery. We finally narrowed the number of ASOs to eight, and of the
ASOs designed against NNMT, hNNMT-897-LNA(18) showed the
highest NNMT inhibitory activity, suggesting that the suppressive ef-
fect varies depending on the mRNA target position. FAPI-04 is one
of the small molecule compounds that bind strongly to FAP.** We
therefore conjugated FAPI-04 to ASO to target FAP-expressing cells.
The antitumor effect of FAPI-04-conjugated ASO was obtained in
the xenograft mouse model, suggesting that a single modification
of FAPI-04 is sufficient. The single modification of FAPI-04 may
greatly contribute to the improvement of yield and ease of quality
control in the drug synthesis process. NNMT has been reported to
be involved in epigenetics.”' In this study, we observed that MYC
expression was downregulated by FAPI-04-conjugated ASO. MYC
has been reported to be epigenetically regulated,”” suggesting that
FAPI-04-conjugated ASO affects epigenetic regulation through sup-
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pression of NNMT expression. In addition, SNAI2 and TGFB2 are
involved in epithelial-mesenchymal transition (EMT),* suggesting
that FAPI-04-conjugated ASO may inhibit metastasis by suppressing
their expression. Although JBSNF-000088, an NNMT inhibitor, has
been reported to have anti-tumor effects in NSCLC-derived PC9 cell
line,”* its cell viability at 1,000 nM was comparable to that of FAPI-
04-conjugated ASO in this study using A549 cell line. Therefore, it is
suggested that FAPI-04-conjugated ASO is applicable not only to
pancreatic cancer but also to other types of cancer. Cancer cells in
the ASO-treated group showed increased expression of 7SL RNA
family genes. 7SL RNAs are RNAs that constitute signal recognition
particles recognizing the translation of secreted proteins and mem-
brane proteins to recruit them to the endoplasmic reticulum.*” 7SL
RNA has been reported to activate immunity.”® We have also shown
that 7SL RN As may express micropeptide in oncogenic situations.””
Therefore, ASO administration may have activated 7SL RNA, result-
ing in an antitumor effect. Thus, ASO may be a promising anticancer
agent by targeting NNMT.

MATERIALS AND METHODS

Gene expression analysis using scRNA-seq data

Our previously constructed database'* was used to analyze NNMT
and FAP expression in pancreatic cancer tissues. pk_all.rds file was
loaded into R Seurat, and NNMT and FAP expression plot was
shown by FeaturePlot.

The Kaplan-Meier curve for NNMT

The Kaplan-Meier curve was created from pancreatic ductal adeno-
carcinoma in Pan-cancer RNA-seq in the Kaplan-Meier plotter
database.

RT-gPCR for cell-based NNMT inhibition experiments

HT29 (ATCC, Manassas, USA) was seeded in 96 well plates of 2,000
cells each and cultured in McCoy’s 5a (Thermo Fisher SCIENTIFIC,
Chino, USA) containing 10% fetal bovine serum (FBS) (Cosmo Bio
Co., Ltd., Tokyo, Japan) for 1 day. Medium was replaced with
DMEM low-glucose (Nacalai Tesque, Inc., Kyoto, Japan) containing
10% FBS, and ASOs were transfected by the Ca?" enrichment of me-
dium (CEM) method”® and cultured for 1 day. Cells were collected,
cDNA was prepared by SuperPrep Cell Lysis & RT Kit for qPCR
(TOYOBO, Osaka, Japan), and RT-qPCR was performed by
Power UP SYBR Green Master Mix for qPCR (Thermo Fisher
SCIENTIFIC, Chino, USA). Conditions were as follows: preheating
at 95°C for 20 s, denature at 95°C for 3 s, and extension at 60°C for
30 s. Denature and extension were repeated for 45 cycles. As internal
standards, 200 nM each of GAPDH forward primer (5-GAGTCA
ACGGGATTTGGTCGT-3') and GAPDH reverse primer (5'-GAC
AAGCTTCCCGTTCTCAG-3') were used. For NNMT quantifica-
tion, 200 nM each of NNMT forward primer (5'-GCTGAAGAAAG
AGAGCCAGAGAGG-3') and NNMT reverse primer (5-GAGTCA
CATCACACTTCAGCAC-3') were used. NEG#L25 (5'-AGACTCT
GAACAAAA-3") was used as ASO for negative control (underlined
upper case for 2/,4’-BNA/LNA, upper case for DNA, all internucle-
otide linkages are PS). ASOs except for FAPI-04-conjugated one
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and the primers for qPCR were purchased from GeneDesign, Inc.,
Ibaragi, Japan.

HPLC purification and MALDI-TOF mass characterization
SHIMADZU CBM-20A, DGU-20Asg, LC-20AD, CTO-20A, SPD-
20A, and FRC-10A (SHIMADZU, Kyoto, Japan) were utilized. The
conjugation yield was calculated from peak values recorded at
260 nm wavelength on a microvolume UV-VIS spectrophotometer,
DeNovix DS-11 (DeNovix, Wilmington, USA). MALDI-TOF
mass spectra of an FAPI-04-conjugated ASO were recorded on a
BRUKER Daltonics autoflex maX TOF/TOF mass spectrometer
(BRUKER, Billerica, USA).

Animal experiments

Mouse experiments were performed after approval by the Osaka
University Animal Experiments Committee. Mouse NIH/3T3
Tet-On 3G cell lines (Clontech, Mountain View, USA) were trans-
fected with FAP expression plasmids, which were generated by
incorporating the FAP gene synthesized artificially by GenScript
between the Bam HI (NIPPON GENE, Tokyo, Japan) and Sal I
(NIPPON GENE, Tokyo, Japan) sites of pTRE-Dual2 vector
(Clontech, Mountain View, USA). A mixture of 5 x 10° MIA
PaCa-2 cells (ATCC, Manassas, USA) and 2.5 x 10° FAP-express-
ing mouse 3T3 cells, 10% Corning Matrigel Growth Factor
Reduced (GFR) Basement Membrane Matrix, LDEV-free (Corn-
ing Inc., Corning, USA), and doxycycline (1 pg/mL) in DMEM
containing 10% FBS was injected subcutaneously into the back
of mice as 250 pL cell solution. Mice were NOD/SCID mice
(CLEA Japan, Inc., Tokyo, Japan). At 3, 5, 7, and 10 days after
cell transplantation, 200 pg of 5-FU (10 mg/mL dissolved in
PBS; FUJIFILM Wako Pure Chemical Corp., Osaka, Japan),
93.5 pg PD-1 antibody (Bio X Cell, Lebanon, USA), 90.6 pg
CTLA4 antibody (Bio X Cell, Lebanon, USA), and the ASOs
were injected intravenously. Tumors were measured with a caliper
after transplantation, and tumor volume was calculated as: major
axis X minor axis X minor axis x 0.5.

RNA-seq

Tumors excised from mouse were RNA-extracted with ISOGEN
(NIPPON GENE, Tokyo, Japan), and RNA-seq was requested to
the Genome Analysis Laboratory of the Research Institute for Mi-
crobial Diseases, Osaka University. Libraries were prepared with
SMART-Seq HT Kit (Clontech, Mountain View, USA) and Nex-
tera XT (Illumina, San Diego, USA), and RNA-seq was performed
with NovaSeq6000 in 101 bp paired-end mode. The Rhelixa’s
RNA-seq pipeline (Rhelixa, Tokyo, Japan) of the Institute of Ge-
netics was used from the resulting FASTQ files. The Rhelixa
RNA-seq pipeline used FastQC for quality check, trimming with
Trimmomatic, mapping with Hisat2, and gene expression with
featureCounts. Volcano plots were drawn in BioJupies, a software
to analyze data on the website: https://maayanlab.cloud/biojupies/
analyze. GSEA (GSEAPreranked) was performed using the
expression variable gene data obtained in BioJupies by using
GSEA software: https://www.gsea-msigdb.org/gsea/index.jsp.

Cell proliferation assay

For the determination of viable cell counts of the A549 cell line
(ATCC, Manassas, USA) and MRC-5 cell line (kindly provided by
Dr. Murakumo), those cells were spread in 96-well cell culture plates
(Corning Inc., Corning, USA) at 3,000 cells/well, and FAPI-04-con-
jugated ASO or JBSNF-00088 (MedChemExpress, Monmouth
Junction, USA) was added to three wells per condition. PBS (Nacalai
Tesque, Inc., Kyoto, Japan) was added in 0 nM condition. After 1 or
2 days, 10 pL of cell count Reagent SF (Nacalai Tesque, Inc., Kyoto,
Japan) was added to each well, and absorbance at 450 nm was
measured 1 h later. In Figure 3D, A549 was cultured for 1 day,
then medium was exchanged with culture supernatant of MRC-5
cultured for 1 day in FAPI-04-conjugated ASO or JBSNF-00088,
and cell viability was measured 1 day later.
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