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m®A-Dependent Modulation via IGF2BP3/MCMS5/Notch
Axis Promotes Partial EMT and LUAD Metastasis

Xia Yang, Qiaorui Bai, Weizhong Chen, Jiaer Liang, Fang Wang, Weiqi Gu, Lei Liu,
Quanfeng Li, Zishuo Chen, Anni Zhou, Jianting Long, Han Tian, Jueheng Wu,
Xiaofan Ding, Ningning Zhou, Mengfeng Li, Yi Yang,* and Junchao Cai*

The importance of mRNA N6-methyladenosine (m®A) modification during
tumor metastasis is controversial as it plays distinct roles in different
biological contexts. Moreover, how cancer cell plasticity is shaped by m°A
modification is interesting but remains uncharacterized. Here, this work
shows that m®A reader insulin like growth factor 2 mRNA binding protein 3
(IGF2BP3) is remarkably upregulated in metastatic lung adenocarcinoma
(LUAD) and indicates worse prognosis of patients. Interestingly, IGF2BP3
induces partial epithelial-mesenchymal-transition (EMT) and confers LUAD
cells plasticity to metastasize through m°A-dependent overactivation of Notch
signaling. Mechanistically, IGF2BP3 recognized m®A-modified
minichromosome maintenance complex component (MCM5) mRNAs to
prolong stability of them, subsequently upregulating MCM5 protein, which
competitively inhibits SIRT1-mediated deacetylation of Notch1 intracellular
domain (NICD1), stabilizes NICD1 protein and contributes to m°A-dependent
IGF2BP3-mediated cellular plasticity. Notably, a tight correlation of the
IGF2BP3/MCM5/Notch axis is evidenced in clinical LUAD specimens.
Therefore, this study elucidates a critical role of m®A modification on LUAD
cell plasticity in fostering tumor metastasis via the above axis, providing
potential targets for metastatic LUAD.

1. Introduction

Lung cancer remains the most frequently
diagnosed and one of the deadliest cancer
types worldwide. Metastasis can be found
locally or distantly in nearly two-thirds of
lung cancer patients at the time of ini-
tial diagnosis. As a major histopathologi-
cal subtype, lung adenocarcinoma (LUAD)
presents the highest risk of metastasis inci-
dence and can metastasize rapidly to lymph
nodes, contralateral lung and multiple dis-
tant organs. Despite significant advance-
ments made in therapeutic effectiveness
against LUAD in recent decades, the long-
term prognosis for metastatic LUAD pa-
tients remains challenged with a median
survival time of merely 5 months and over
a half of metastatic patients die within 1
year.'2] Metastatic LUAD patients mostly
display poor responsiveness to currently
available treatments and high frequencies
of post-treatment relapse. It is therefore im-
portant to identify new, effective therapeutic
targets for metastatic LUAD.
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Metastasis accounts for more than 90% of cancer-related
deaths, and acquisition of metastatic properties is essential for tu-
mor cell dissemination. During the multi-step process of metas-
tasis, reversible phenotype transitions of cell states are usually
required. The ability of cells to undergo molecular and pheno-
typic changes is a phenomenon known as cellular plasticity, and
this pliability in cell states helps tumor cells to cope with se-
lective pressures and facilitates distant metastasis.[*! Epithelial-
to-mesenchymal transition (EMT), a process by which epithelial
cells lose cell polarity and cell-cell adhesion and gain fibroblast-
like mesenchymal properties, is such an important cellular plas-
ticity that empowers tumor cells potent invasive and metastatic
traits.[*] However, it appears that evidence of complete conver-
sion from epithelial to mesenchymal state is scarce in either pri-
mary or secondary tumor tissues. Interestingly, it is suggested
that an intermediate state, namely, partial EMT (p-EMT), at which
tumor cells behave with the mesenchymal state but retain epithe-
lial features, endows tumor cells with a greater potential for both
dissemination and colonization.>®] However, the precise contex-
tual signals giving rise to p-EMT state requires further investi-
gation. Therefore, elucidating how cancer cell plasticity is reg-
ulated to promote metastasis should be helpful for further un-
derstanding the metastasis process and developing therapeutic
approaches.

Both genetic and epigenetic alterations importantly regu-
late tumor cell plasticity and metastasis.[®”] Recently, global de-
tection of RNA modifications reveals the importance of N°-
methyladenosine (m®A) modification, the most abundant mRNA
modification manner, in a variety of physiological and patholog-
ical processes. The m°A modification is dynamically regulated
by a “writer” complex (methyltransferase) normally consisting
of METTL3, METTL14, and WTAP and “eraser” (RNA demethy-
lase) proteins such as ALKBHS5 and FTO. The m®A modified sites
on RNA transcripts are recognized by “reader” proteins such as
YTHDs and IGF2BPs, which can determine the cellular fate of
target mRNAs through regulating splicing, nuclear exportation,
degradation, stabilization, and translation of RNA molecules.®*]
Notably, the importance of m°A during tumor metastasis is con-
troversial as m°®A modulators, including writers, erasers and
readers, can cause opposite outcomes in different genetic and cel-
lular contexts.[1%13] Therefore, it is necessary to clarify which of
these m°A regulators can be both clinically and biologically im-
portant in promoting metastasis and how RNA m°A modification
might shape cell plasticity during tumor metastasis.

The Notch signaling pathway is commonly overactivated dur-
ing tumor progression.['*!3] Upon activation by ligands, Notch
proteins can be cleaved to release its intracellular domain (NICD)
into the nucleus, where it transactivates downstream target genes
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such as HES1 and HEY1. Accumulation of NICD proteins rep-
resents a hallmark of Notch signaling overactivation. However,
under physiological conditions, NICD proteins are usually too
short-lived to achieve optimal signal intensity, and their half-lives
are fine-tuned via ubiquitin-proteasomal degradation regulated
by post-translational modifications, such as phosphorylation and
acetylation.'®7] Genomic alterations for Notch hyperactivation
are frequently observed in patients with leukemia, colorectal, gas-
tric, pancreatic and endometrial cancers, but are rare in either
metastatic or primary LUAD.['819] Notably, direct m®A RNA mod-
ifications on Notch signaling components are controversial as
their increased m°A levels can both promote and repress Notch
signaling.?*?!l Therefore, how m°®A modulation mediates Notch
deregulation, especially in metastatic LUAD remains to be clari-
fied.

In this study, we demonstrate that a critical m®A reader, insulin
like growth Factor 2 mRNA binding protein 3 (IGF2BP3), is able
to induce p-EMT and empowers LUAD cells with high plasticity
to metastasize through m®A-dependent overactivation of Notch
signaling. IGF2BP3 directly recognizes m°A modified mRNAs of
minichromosome maintenance complex component 5 (MCM5)
gene, a member of an evolutionarily conserved MCM family as-
sisting in loading DNA onto replication origins,?>?3] to stabilize
MCM5 mRNAs and to increase MCMS5 protein expression, which
binds NICD1, competitively abrogates SIRT1-mediated NICD1
deacetylation and degradation, and potently induces cancer cell
plasticity to facilitate metastasis in an m®A-dependent manner.
Therefore, our current study provides insights into m°®A modula-
tion on cancer cell plasticity and Notch1 signaling overactivation
and potential therapeutic targets for metastatic LUAD.

2. Results

2.1. IGF2BP3 Induces p-EMT and Promotes LUAD Metastasis via
m°®A Modification

Through analyzing expression of 24 well-known mC®A writers,
erasers and readers in metastatic LUAD tissue, we found that
the TCGA LUAD datasets exhibited significant alterations of
4 readers (YITHDC2, HNRNPA2B1, IGF2BP2, and IGF2BP3)
in metastatic versus non-metastatic tumors (Figure 1A). In the
LUAD dataset GSE126548, only IGF2BP3 is significantly up-
regulated in metastatic tumors (Figure 1B). The upregulation
of IGF2BP3 was validated in not only primary tumors derived
from metastatic LUAD patients, but also in metastatic lesions
as compared to their paired primary lung tumors as collected
by this study (Figure 1C,D). Interestingly, via analyzing single-
cell RNA (scRNA) sequencing data,!?*?] we found that expres-
sion levels of IGF2BP3 in LUAD tumor cells were dramatically
higher than those in any other cell type, indicating unique high-
level IGF2BP3 specifically expressed in LUAD tumor cells (Fig-
ure 1E), and that IGF2BP3 closely correlated with cancer metasta-
sis signature at both single-cell level and bulk-tumor level via ex-
ploring scRNA-seq-based CancerSEA dataset and TCGA LUAD
datasets, respectively (Figure S1A,B, Supporting Information).
Importantly, high-level IGF2BP3 indicated shorter overall and
metastasis-free survival (Figure 1F), suggesting an association of
IGF2BP3 expression with LUAD metastasis.
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Figure 1. IGF2BP3 induces p-EMT-related cancer cell plasticity to facilitate metastasis depending on m6A modification. A,B) Expression of m®A-related
genes in indicated datasets. C) IGF2BP3 expression in primary tumors from 5 non-metastatic (NO) and 5 metastatic (YES) LUAD patients. D) Repre-
sentative images of IHC staining in primary and matched brain metastases. n = 10. Scale bar: 50 um. E) The expression pattern in various cell types of
IGF2BP3 is visualized by the Seurat DotPlot function. F) Overall and metastasis-free survival based on the TCGA LUAD and MSKCC datasets, respec-
tively. G) Transwell assays showing metastasis-related traits. H) H&E staining shows muscle penetration in subcutaneous tumor xenografts formed by
indicated cells (1 x 108). The number of mice with local invasion was counted. n = 5, Scale bar: 50 um. 1,]) Bioluminescent images, picric acid staining
and H&E staining show lung metastases formed by tail vein injection with indicated cells. The bioluminescent intensities and the number of lung surface
nodules and metastatic lesions in mouse lung tissue were provided. n =5, Scale bar: 50 um. (K) GSEA of GSE90684 datasets. L,M) gRT-PCR analysis of
markers related to p-EMT and lineage plasticity. N) Transwell assays showing the effects of silencing METTL3 on IGF2BP3-induced pro-metastatic traits.
Statistical analyses were performed using a two-tailed Student’s t-test, *: p < 0.05, **: p < 0.01, ****: p < 0.0001.

Indeed, overexpressing IGF2BP3 strikingly promoted, by vector-control A549 cells (Figure 1H). Intravenous injection

whereas silencing IGF2BP3 abrogated migration and inva-
sion of LUAD cells (Figure 1G and Figure S1C-E, Supporting
Information). Subcutaneous tumor xenografts formed by
IGF2BP3-overexpressing A549 cells displayed penetration of
tumor cells into neighboring subcutaneous tissue, which was
barely observed in the similarly sized tumor xenografts formed

Adv. Sci. 2023, 10, 2206744

of IGF2BP3-overexpressing A549 cells generated many more
cancerous lesions in various lobes of the lungs and depletion of
IGF2BP3 in A549 cells almost totally abrogated lung metastasis
(Figure 11,]). Similarly, when injected intracardiacally, IGF2BP3-
overexpressing A549 cells developed systemic metastases in
various organs including the lungs, limb bones, and brain, with
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Figure 2. IGF2BP3 fosters cancer cell plasticity to

metastasize by overactivating Notch1 signaling. A) Luciferase reporter assays show the effects of

IGF2BP3 on metastasis-related signaling pathways. B,C) WB and luciferase reporter assays examining Notch activity and NICD1 levels. D,E) Luciferase
reporter and WB assays examining the effect of silencing or mutating METTL3 on Notch activation. F) Transwell assays show reversing effects of
silencing or inhibiting Notch1 on IGF2BP3-induced pro-metastatic traits. G) gRT-PCR analysis of markers related to p-EMT and lineage plasticity. Error
bars represent the means + SD derived from three independent experiments. Statistical analyses were performed using a two-tailed Student’s t-test, *:

p < 0.05, %% p < 0.01, ¥ p < 0.001.

metastasis incidence ranging from 20% to 60%, whereas vector-
control A549 cells basically metastasized in the limb bones of
only 20% nude mice (Figure S1F,G, Supporting Information).
Despite the potent pro-metastatic role, IGF2BP3 did not induce
EMT morphology in LUAD cells. Interestingly, IGF2BP3
overexpression significantly induced, whereas silencing
IGF2BP3 inhibited expression of partial EMT (p-EMT) signature
and p-EMT related transcription factors (Figure 1K,L).[26-28]
Meanwhile, lineage plasticity, which is thought to be important
for evolution of metastatic subclones, was also regulated by
IGF2BP3 (Figure 1L), as evidenced by IGF2BP3 overexpression-
induced loss of, and IGF2BP3 knockdown-caused acquisition of
alveolar-type2-like (AT2-like) state.[?”) Expression of SLC4A11,
a specific marker for high-plasticity cell state in LUAD,*] was
increased by IGF2BP3 overexpression but reduced by IGF2BP3
depletion (Figure 1L). Notably, silencing the crucial m°A writer
METTL3 markedly attenuated IGF2BP3-induced expression of
p-EMT and cell plasticity signatures (Figure 1M). In consistence,
silencing METTL3 largely compromised the pro-metastatic
effects of IGF2BP3; unlike wild-type METTL3, mutant METTL3
deprived of m°A catalytic activity failed to augment the pro-
metastatic effects of IGF2BP3 (Figure 1IN and Figure S1H,
Supporting Information). Taken together, these data suggest
that IGF2BP3 induces p-EMT to potently confer LUAD cells
plasticity to metastasize in an m°A -dependent manner.

Adv. Sci. 2023, 10, 2206744

2.2. IGF2BP3 Fosters Cancer Cell Plasticity to Metastasize by
Overactivating Notch1 Signaling

Among several metastasis-related signaling pathways, Notch sig-
naling was overactivated by ectopic IGF2BP3 expression (Fig-
ure 2A and Figure S2A, Supporting Information). IGF2BP3
markedly enhanced expression of NICD1 (Figure 2B), an ac-
tive form of NOTCH1 protein cleaved by y-secretase when
canonical Notch signaling is initiated. By contrast, IGF2BP3 de-
pletion in LUAD cells remarkably inhibited Notch transactiva-
tion, decreased NICD1 levels and repressed expression of Notch
downstream genes (Figure 2C, Figure S2B,C, Supporting Infor-
mation) Notably, IGF2BP3-induced Notch signaling activation
could be dramatically impaired by silencing writers essential
for m®A modification on mRNAs (such as METTL3, METTL14,
and WTAP),8%31 but not altered by silencing METTL16, which
mostly installs m®A onto the U6 small nuclear RNA (Figure 2D,
Figure S2D,E, Supporting Information).”*! In addition, unlike
wild-type METTL3, mutant METTL3 loss of m®A catalytic activ-
ity failed to enhance IGF2BP3-induced activation of Notch sig-
naling in LUAD cells (Figure 2E and Figure S2F, Supporting In-
formation). Furthermore, abrogating Notch signaling by silenc-
ing NOTCH1 or y-secretase inhibitor DAPT mitigated IGF2BP3-
promoted invasion and migration (Figure 2F and Figure
S2G, Supporting Information). Moreover, inhibiting the Notch
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Figure 3. MCMS5 contributed to IGF2BP3 activated Notch signaling in m®A dependent manner. A) Overlapping the RNA-seq dataset of METTL3-silenced
A549 cells with two distinct MeRIP-seq datasets (GSE29714 and GSE54365) reveals 1137 transcripts (left) and overlapping IGF2BP3-RIP-seq (GSE90639)
and shIGF2BP3-RNA-seq (GSE90684) datasets reveals 356 transcripts (middle). 51 genes are IGF2BP3-recognized and m®A-modified transcripts, among
which only MCM5 emerges as a potential NICD 1-interactive partner (right). B) Co-IP assay shows interaction between MCM5 and NICD1 proteins. C)
Pull-down assay demonstrates a direct binding between recombinant MCM5 and NICD1. D) Representative images show the interaction and subcellular
co-localization of MCMS5 and NICD1 proteins in LUAD cells. Scale bar: 5 um. E-J) Luciferase reporter and WB assays examining Notch activity and NICD1
levels. All experiments were repeated three times with similar results. Statistical analyses were performed using a two-tailed Student’s t-test, **: p <

0.01, #**: p < 0.001, ****: p < 0.00071.

signaling via NOTCH1 knockdown reversed IGF2BP3-induced
expression of genes related to p-EMT and cancer cell plastic-
ity (Figure 2G). These data suggest that IGF2BP3 overactivates
Notch1 signaling in an m°A-dependent manner to promote can-
cer cell plasticity to metastasize.

2.3. IGF2BP3 Reads m°A-Modified MCM5 mRNA to Promote its
Stability

We then elucidated how IGF2BP3 mCA-dependently overac-
tivates the Notch signaling. Among 8301 genes whose ex-
pression was significantly altered by METTL3 knockdown in
A549 cells, 1137 gene transcripts were implicated to possess
direct m°A modification by overlapping the RNA-seq dataset
of METTL3-silenced A549 cells with two distinct MeRIP-seq
datasets (GSE29714 and GSE54365) (Figure 3A, left panel).
Meanwhile, overlapping public IGF2BP3-RIP-seq (GSE90639)
and shIGF2BP3-RNA-seq (GSE90684) datasets revealed 356 tran-
scripts recognized and regulated by IGF2BP3 (Figure 3A, middle
panel), among which 51 genes were shared by the 1137 m°A -
modified transcripts (Figure 3A, right panel). Since IGF2BP3 in-

Adv. Sci. 2023, 10, 2206744

creased NICD1 levels and overactivated Notch signaling, by fur-
ther analyzing published data of tandem affinity chromatogra-
phy and mass spectrometry of NICD1-interacting proteins,3?!
we identified MCMS5 as the only potential IGF2BP3-recognized
target gene that also interacts with NICD1. Indeed, interactive
binding assays showed direct interaction between MCM5 and
endogenous NICD1 and nuclear co-localization in LUAD cells
(Figure 3B-D and Figure S3A, Supporting Information). Overex-
pressing MCMS in LUAD cells indeed overactivated Notch sig-
naling and increased NICD1 levels in a fashion dependent on
m®A modification (Figure 3E,F and Figure S3B, Supporting In-
formation), and knockdown or knockout of MCMS5 displayed op-
posite effects (Figure 3G,H and Figure S3C-F, Supporting Infor-
mation). Furthermore, silencing MCM5 diminished IGF2BP3-
activated Notch signaling (Figure 31,] and Figure S3G, Support-
ing Information).

We then examined whether MCMS5 is a bona fide target read
by IGF2BP3. Of note, the above mentioned m°A seq (GSE54365)
and IGF2BP3-RIPseq (GSE90639) data showed that a specific
m°A peak in the 3'UTR region of MCM5 mRNA coincided
well with an IGF2BP3-binding site (Figure 4A). The presence
of m°®A modification in the 3'UTR region of MCM5 mRNA
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Figure 4. IGF2BP3 reads m6A-modified MCM5 mRNA to promote its stability. A) Analysis of méA modification peak based on IGF2BP3-RIP-seq
(GSE90639) and MeRIP-seq (GSE54365) datasets. B) MeRIP-qPCR assay demonstrates enrichment of méA modification in MCM5 3’UTR in A549 cells
silenced with control (NC) or METTL3. C) RIP-qPCR detecting the binding of IGF2BP3 with MCM5 mRNA 3’UTR in A549 and HEK293FT cells. D) The
threshold cycle (Ct) of gPCR shows SELECT results for detecting two m®A sites in 3'UTR of MCM5 in A549 cells with or without METTL3 knockdown.
E,F) MCMS5 levels determined by qRT-PCR and WB assays. G) gRT-PCR assay showing MCM5 mRNA stability. H) The effect of silencing HUuR on MCM5
expression. |) Schematic diagram of wild-type (WT) or mutant (MUT) MCMS5 3’UTR fused to firefly luciferase reporter. ) Luciferase activities affected by
wild-type or mutant MCM5 3’UTR. K) RIP-qPCR detecting binding of IGF2BP3 to the MCM5 3'UTR. L) gRT-PCR assay showing MCM5 mRNA stability.
M,N) gRT-PCR assays showing effects of dCas13b-ALKBH5 on MCM5 mRNA level and stability. O) Luciferase reporter assay detecting Notch signaling
activities. All experlments were repeated three times with similar results. Statistical analyses were performed using a two-tailed Student’s t-test, *: p <
0.05, *%: p < 0.01, *¥%: p < 0.001, %% p < 0.0001.
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was confirmed by m°A -RIP-qPCR assay (Figure 4B), and an
association of IGF2BP3 with m°®A -modified region of MCM5
mRNA was validated, which could be abrogated by silencing
METTL3 in both A549 and HEK293FT cells (Figure 4C and
Figure S4A, Supporting Information). The m®A modification of
two potential sites (A2301 and A2309 within a DRACH motif) on
the MCM5 mRNA 3'UTR were validated by SELECT-qPCR.[3334]
As expected, m°A levels of these two nucleotide sites on MCM5
mRNA were dramatically decreased by silencing canonical m°A
writers ((METTL3, METTL14, WTAP), whereas increased by
silencing m®A erasers (FTO and ALKBHS5) (Figure 4D and
Figure S4B, Supporting Information). IGF2BP3 overexpression
increased, whereas silencing IGF2BP3 reduced both mRNA and
protein levels of MCMS5 in LUAD cells (Figure 4E and Figure
S4C, Supporting Information). Similarly, silencing METTL3 or
overexpressing kinase-dead mutant of METTL3 but not wild-
type METTL3, reversed IGF2BP3-induced MCM5 up-regulation
(Figure 4F and Figure S4D, Supporting Information). Moreover,
IGF2BP3 overexpression markedly prolonged, whereas silencing
IGF2BP3 shortened, the half-life of MCM5 mRNA; silencing
mRNA stabilizer HuR dramatically diminished IGF2BP3-
induced MCMS5 upregulation (Figure 4G,H). In addition, ectopic
expression of IGF2BP3 significantly increased the activity of
the luciferase reporter containing wild-type, but not mutant,
mC°A -modified MCM5 mRNA, and the association of IGF2BP3
with m°A -modified region of MCM5 mRNA could be abrogated
by introducing mutations in its putative m°A -modified site
(Figure 4I-K). In parallel, the effects of IGF2BP3 on increasing
MCM5 mRNA and protein levels and on promoting MCM5
mRNA stability were drastically abolished following mutating
the specific m°A -modified site (Figure 4L and Figure S4E, Sup-
porting Information). Consistently, demethylation of the m°A
modification in MCM5 mRNA using dm°®A CRISPR system
reduced MCMS5 expression and destabilized MCM5 mRNA
(Figure 4M,N and Figure S4F, Supporting Information),3!
and mutation of m°A -modified site in MCM5 mRNA failed
to enhance IGF2BP3-induced activation of Notch signaling
(Figure 40). Taken together, our data strongly demonstrate
an essential role of IGF2BP3-recognized m°®A modification in
upregulating MCMS5 expression by promoting MCM5 mRNA
stability, leading to overactivation of Notch signaling.

2.4. m°A Modified MCMS is Crucial for IGF2BP3-Induced Cancer
Cell Plasticity to Metastasize

As expected, IGP2BP3-potentiated migratory and invasive abil-
ities of LUAD cells were dramatically diminished by MCMS5 de-
pletion (Figure S5A, Supporting Information). In vivo, while sub-
cutaneous xenografts of IGF2BP3-overexpressing A549 cells dis-
played marked penetration of tumor cells into neighboring sub-
cutaneous tissue, MCMS5 depletion abrogated the penetrating
ability of IGF2BP3-overexpressing A549 cells in subcutaneous
xenografts (Figure 5A); MCMS5 depletion also greatly impaired
metastatic colonization of IGF2BP3-overexpressing A549 cells
when intravenously injected (Figure 5B-D). Moreover, IGF2BP3-
induced increase in markers of p-EMT or high-plasticity state and
decrease in markers of AT2-like state, were remarkably reversed
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by MCMS5 knockdown (Figure 5E). It is of particular note that the
IGF2BP3-aumented LUAD invasion, migration and metastasis
were dramatically inhibited by mutating the m°A -modified site
in MCMS5 mRNA 3'UTR (Figure 5F-I and Figure S5B, Support-
ing Information), together demonstrating that the m°A modifica-
tion on MCMS5 transcript is crucial for the pro-metastatic effects
of IGF2BP3.

Additionally, similar to IGF2BP3, ectopic expression of MCM5
endowed LUAD cells with augmented abilities to migrate and in-
vade, while knockdown of MCMS5 exhibited the opposite effects
(Figure S5C, Supporting Information). MCMS5-overexpressing
A549 cells gained ability to penetrate into neighboring subcuta-
neous tissue in formed tumor xenografts and exhibited much
stronger metastatic bioluminescent signals (Figure 5]-M). By
contrast, MCM5-depleted or silenced A549 cells barely formed
macroscopic or microscopic lung metastases (Figure SK-M and
Figure S5D-F, Supporting Information). Notably, GSEA also
revealed a positive correlation between high MCMS5 level and
metastasis-related signature (Figure S5G, Supporting Informa-
tion). Moreover, the pro-invasive and pro-migratory effects of
MCMS5 could be abrogated by Notch inhibitor DAPT (Figure 5N
and Figure S5H, Supporting Information), further supporting
that MCM5 promotes LUAD metastasis via activating Notch1 sig-
naling.

2.5. MCMS Inhibits SIRT1-Mediated NICD1 Degradation

MCMS bound NICD1 and upregulated NICD1 protein levels
without affecting NOTCH1 mRNA levels (Figure 6A and Fig-
ure S6A, Supporting Information), indicating that MCM5 might
prolong NICD1 stability. Indeed, proteasome inhibitor MG132
markedly abrogated the NICD1decrease induced by silencing
MCMS, and overexpressing MCMS5 prolonged, whereas silenc-
ing MCMS5 shortened half-lives of NICD1 proteins (Figure 6B,C).
Consistently, NICD1 polyubiquitination was robustly decreased
by MCMS5 overexpression but increased when MCMS5 was de-
pleted (Figure 6D). CDK8-mediated phosphorylation and SIRT1-
mediated deacetylation have been well documented for regu-
lating NICD turnover.3*37] Although without affecting NICD1
phosphorylation, MCMS5 overexpression or knockdown, respec-
tively, increased or decreased NICD1 acetylation (Figure 6E). In-
terestingly, both MCM5 and the deacetylase SIRT1 could bind
the TAD domain of NICD1, and the binding between NICD1
and SIRT1 was impaired in MCM5-overexpressing cells but en-
hanced when MCM5 was silenced (Figure 6F-H). In parallel,
MCMS5 knockdown-reduced NICD1 acetylation could be blocked
by a specific SIRT1 inhibitor nicotinamide (NAM) (Figure 6I).
SIRT1 overexpression or activation by its agonist SRT2183 dras-
tically inhibited MCM5-induced NICD1 upregulation and Notch
signaling activation (Figure 6], Figure S6B,C, Supporting Infor-
mation), while silencing or inhibiting SIRT1 abolished the in-
hibitory effects of silencing MCMS5 on NICD1 levels or Notch
signaling (Figure 6K, Figure S6D,E, Supporting Information).
These data suggest that MCM5 competitively inhibits the bind-
ing of SIRT1 to NICD1, maintains NIDC1 acetylation and subse-
quently promotes NICD1 stability and Notch signaling overacti-
vation.
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Figure 5. m6A modified MCM5 is crucial for IGF2BP3-induced cancer cell plasticity. A) H&E staining shows muscle penetration in subcutaneous tumor
xenografts formed by indicated cells (1 x 108). n = 5. B-D) Bioluminescent images, picric acid staining and H&E staining show lung metastases formed
by tail vein injection with indicated cells. n = 5. E) qQRT-PCR analysis examining p-EMT and lineage plasticity markers. F-I) Indicated cells (1x10°) were
injected subcutaneously (F) or intravenously (G-1), and representative bioluminescent images, picric acid staining and H&E staining of lung metastasis
are shown. n = 5. ]-M) Indicated cells (1 x 10°) were injected subcutaneously (J) or intravenously (K-M), and representative bioluminescent images,
picric acid staining and H&E staining of lung metastases are shown. n = 5. Scale bars, 50 um. N) Transwell assay showing the effect of inhibiting Notch
on MCM5-augmented invasion. For A, F, and J, the number of mice with local invasion was counted. For B-D, G, H, and K-M, the bioluminescent
intensities and the number of lung surface nodules and metastatic lesions in mouse lung tissue were provided. Statistical analyses were performed
using a two-tailed Student’s t-test, **: p < 0.01, *¥**: p < 0.001, **¥**: p < 0.0001.

2.6. Clinical Significance of the IGF2BP3/MCM5/Notch Axis in
Metastatic LUAD

lated with distant metastasis (p = 0.045) and clinical staging (p
= 0.02) (Table S2, Supporting Information); LUAD patients with
high-level MCMS5 expression had only 33-month median survival

Similar to IGF2BP3, MCMS5 upregulation was consistently ob-
served in metastatic LUAD tumors as compared with those non-
metastatic primary tumors (Figure 7A and Figure S7A, Support-
ing Information), and its immunostaining was much stronger
in brain metastases than that in their paired primary LUAD tu-
mors (Figure 7B). Importantly, in our cohort of 99 LUAD patients
(Table S1, Supporting Information), high levels of MCMS5 corre-

Adv. Sci. 2023, 10, 2206744 2206744

time, as compared to the 48-month median survival time of those
with low-level MCMS5 (Figure 7C). Analysis of two large cohorts
of public LUAD datasets showed similar results (Figure 7D and
Table S3, Supporting Information). Moreover, multivariate anal-
ysis of the TCGA LUAD datasets indicate that MCM5 might rep-
resent an independent prognostic marker (Table S4, Supporting
Information).
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Figure 6. MCMS5 inhibits SIRT1-mediated NICD1 degradation. A-C) WB analysis determining NICD1 expression or NICD1 stability in indicated cells.
D,E) Co-IP assays examining the effects of MCM5 on NICD1 polyubiquitination or acetylation (AcK) in the presence of MG132. F) Schematic diagram
illustrates full-length (FL) or truncated NICD1 (NICD1-1-4). G) Co-IP analysis of the interaction of MCMS5 or SIRT1 with indicated NICD1 truncates. H)
The effects of MCMS5 on the binding between SIRT1 and NICD1. I) The reversing effect of SIRT1 inhibitor nicotinamide (NAM) on NICD1 acetylation.
J,K) The effects of SIRTT over-expression or activation by its agonist SRT2183 (J), or SIRT1 inhibition (K) on NICD1 expression. All experiments were

repeated three times with similar results.

We then further explored clinical relevance of the
IGF2BP3/MCM5/Notch axis in LUAD tissue with different
clinical stages. Immunostaining levels of IGF2BP3, MCM5 and
NICD1 were much stronger in advanced-stage LUAD tissue than
those in early-stage LUAD tissue, whereas METTL3 expression
pattern was similar in LUAD tissues with different clinical stages
(Figure S7B, Supporting Information), which is in accordance
with the transcriptional data from the TCGA LUAD datasets (Fig-
ure S7C, Supporting Information). Of note, similar to IGF2BP3
and MCMS5, high-level NICD1 indicated poor metastasis-free
survival of LUAD patients, whereas METTL3 expression levels
were not correlated with overall or metastasis-free survival (Fig-
ure S7D,E, Supporting Information). In a cohort of 50 LUAD
clinical samples, 81.8% and 96% of the samples immunostained
with strong expression of IGF2BP3, respectively, presented high
levels of MCMS5 and NICD1, as compared to only 11.1% and
37.5% of LUAD samples with weak IGF2BP3 staining presenting
high MCM5 and NICD1 levels (Figure 7E). Consistently, there
was a positive correlation between IGF2BP3 and MCM5 mRNA
levels based on our analysis of the TCGA LUAD datasets (Figure
S7F, Supporting Information); whereas METTL3 expression
was not correlated with IGF2BP3, MCMS5 or NICD in LUAD
tissue (Figure S7G, Supporting Information). Impressively,
circulating tumor cells (CTCs) isolated from stage IV LUAD
patients with high IGF2BP3 levels displayed co-expression of

Adv. Sci. 2023, 10, 2206744

epithelial marker Keratin and mesenchymal marker Vimentin;
the co-expression of strong Keratin and Vimentin immunos-
taining were also detected in clinical tissues of bone metastases
from LUAD patients (Figure 7F), indicating the presence of
p-EMT state in both LUAD CTCs and LUAD metastatic lesions.
In addition, further analysis of IGF2BP3, MCMS5, and HES1
showed that their expression positively correlated with markers
of p-EMT or high-plasticity state, but negatively correlated with
markers of AT2-like state (Figure 7G-J, Figure S7H,I, Sup-
porting Information). Taken together, we demonstrate that the
mC°A reader IGF2BP3 induces LUAD p-EMT with augmented
cancer cell plasticity to facilitate metastasis through recognizing
m°A-modified MCM5 mRNAs depending on canonical m°A
writers such as METTL3 to stabilize them, and that high-level
MCMS proteins bind NICD1 to competitively abrogate SIRT1-
induced deacetylation and degradation of NICD1, leading to
Notch signaling overactivation (Figure 7K).

3. Conclusion

Although tumor cells can disseminate from primary site to dis-
tant tissue/organs via EMT program, metastasis frequently oc-
curs via EMT-independent mechanisms. It was reported that
EMT"e" primary tumors do not necessarily present stronger
metastatic properties than EMT" tumors in spontaneous breast

2206744 (9 of 15) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 7. Clinical significance of the IGF2BP3/MCM5/Notch axis in metastatic LUAD. A) qRT-PCR analysis of MCM5 mRNA in LUAD primary tumors
derived from 5 non-metastatic (NO) and 5 metastatic (YES) patients. (B) IHC of MCM5 expression in primary LUAD tumors and matched brain metas-
tases. n = 10. C,D)Overall survival (OS) analysis of 99 LUAD patients in our own cohort and indicated public LUAD cohorts. E) The expression association
between IGF2BP3, MCMS5, and NICD1 in LUAD tissues from 50 patients. F) Analysis of epithelial (Keratin) and mesenchymal (Vimentin) markers in
circulating tumor cells (CTCs) and bone metastases. Scale bar: 50 um. G-J) Correlation analysis of IGF2BP3 and p-EMT plasticity, AT2-like and HPC
state signatures based on the TCGA LUAD datasets using GSEA (G) or GEPIA (H-J). K) Schematic diagram of the IGF2BP3-MCM5-Notch axis. Scale
bars, 50 um in (B) and (E). Statistical analyses were performed using a two-tailed Student’s t-test (A) and (B) or chi-squared test (E), *: p < 0.05, ***: p
< 0.001.
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cancer mouse models.*®3] Importantly, the phenotypic changes
of EMT are not readily seen even in advanced cancer patients
and in clinical metastatic tumor lesions, which normally consist
of non-EMT tumor cells with epithelial features. Instead, tumor
cells in this intermediate state retaining both epithelial (E) and
mesenchymal (M) features can display more potent metastatic
capacity.[?#% However, how p-EMT program is regulated re-
mains largely unclear. In our current study, we demonstrate that
a specific metastasis promoter IGF2BP3 induces p-EMT and con-
fers LUAD cells high plasticity to metastasize through overacti-
vating the Notchl signaling via MCM5/NICD1 axis. Inhibiting
the IGF2BP3/MCMS5/NICD1 axis impairs the tumor cell plas-
ticity and potently abrogates distant metastasis of LUAD cells.
Moreover, the IGF2BP3/MCMS5/NICD1 axis and p-EMT pro-
gram are clinically relevant in LUAD tissues and correlate with
disease progression of LUAD patients. These findings provide
mechanistic insights into p-EMT and cellular plasticity during
LUAD metastasis. It might be more feasible to develop p-EMT-
targeting anti-cancer strategies than those directly targeting EMT.

Although m°A modification has been reported to play an im-
portant role in tumor metastasis,[**?] how it shapes cancer cell
plasticity, especially in the context of p-EMT program, remains
uncharacterized. Since m®A modification is dynamically and re-
versibly regulated by m®A “writers” and “erasers,” many studies
have shown dual roles of m°A editing in tumor development
and progression.['®13] For example, the m°A writer METTL3
exhibits both oncogenic and tumor-suppressive abilities in the
same cancer type;!*}! similarly, overexpression of demethylase
FTO promotes progression of breast and colon cancers, but
FTO loss elicits an EMT program and promotes breast can-
cer metastasis.[*1**] Interestingly, we find that a critical m°A
“reader” IGF2BP3, but not m°A “writers” or “erasers,” is robustly
upregulated in metastatic LUAD tumors. IGF2BP3 induces p-
EMT to empower LUAD cells with high plasticity to facilitate
metastasis through an m°A-dependent manner. IGF2BP3 recog-
nizes m®A-modified MCM5 mRNA to promote their stability and
upregulate MCMS5 protein levels, leading to p-EMT-induced can-
cer cell plasticity. It is of note that although our study demon-
strates the essential role of METTL3-dependent m®A modifica-
tion in both the pro-metastatic effects of IGF2BP3/MCMS5 and
Notch signaling activation, high-level METTL3 expression in
LUAD tissue is clinical stage-independent and remains similar
in metastatic versus non-metastatic LUAD tissue, indicating that
since METTL3-written m°®A modification globally provides fun-
damental regulation pattern of RNA levels especially during tu-
mor development, the fates of m®A-modified RNAs, such as RNA
stability or translation efficiency, which are normally regulated
by m°A readers, may be fairly important in determining expres-
sion levels of the m®A-modified RNAs.[*¢] Taken together, our
current study identifies crucial roles of the m°A reader IGF2BP3
and m°A modification in shaping cellular plasticity and conse-
quent tumor metastasis. Therefore, targeting m°A modification
through inhibiting IGF2BP3 may represent a potentially valuable
therapeutic strategy for treatment of LUAD metastasis.

Several reports have also shown that Notch overactivation fa-
cilitates tumor cells to undergo p-EMT and promotes tumor
metastasis.*7~*1 Although Notch signaling overactivation is com-
monly shown in metastatic tumor tissue, genetic alterations in
genes involved in Notch signaling are rare in LUAD.!"$] In our
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present study, we demonstrate a m°A reader IGF2BP3-mediated
mechanism through which m°A-dependent epigenetic overacti-
vation of Notch signaling is achieved in LUAD cells undergo-
ing p-EMT. Notably, the role of m°A modification on Notch ac-
tivity seems context-dependent. During zebrafish embryogene-
sis, m®A modification on notchla mRNA could repress Notch
signaling to promote hematopoietic stem and progenitor cell
specification.®® In Hela cells, YTHDF2-recognized m°A mod-
ification of Notchl mRNA accelerates Notchl mRNA degrada-
tion, whereas in esophageal cancer cells METTL3-catalyzed m°A
modification on Notchl mRNA increases Notch1 expression and
promotes Notch1 activation.!?21:5051] Interestingly, by analyzing
public m®A MeRIP-seq odatasets of LUAD cells (GSE54365) (Fig-
ure 3A), no specific m°A modifications across Notch1 transcripts
are found. We show that in LUAD cells m®A-modified MCM5
mRNA leads to high-level expression of MCMS5 protein, which
directly binds NICD1 to competitively abrogate SIRT1-mediated
deacetylation of NICD1 and thus increases NICD1 protein stabil-
ity. Of note, NICD turnover is strictly controlled to ensure optimal
strength of the Notch1 signaling and previous reports mainly fo-
cus on phosphorylation regulation of NICD1 stability.l'617:3¢] The
current study demonstrates the importance of MCMS5/SIRT1
mediated acetylation regulation of NICD1 turnover, providing
a distinct mechanistic insight in m°A-dependent overactivation
of Notchl signaling in a phosphorylation-independent man-
ner, which should be helpful for developing Notch1 signaling-
targeted inhibitors.

4. Experimental Section

Cell Culture: All tumor cell lines and human embryonic kidney cell
line HEK293FT were obtained from the cell bank of Shanghai Institutes
of Biological Sciences (Shanghai, China), Fu Erbo Biotechnology Co., Ltd
(Guangzhou, China) or American Type Culture Collection (ATCC, Manas-
sas, VA, USA), and maintained in DMEM medium (Invitrogen, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum (HyClone, Logan,
UT, USA). All LUAD cell lines were authenticated by short tandem repeat
(STR) fingerprinting at the Laboratory of Forensic Medicine of Sun Yat-sen
University (Guangzhou, China), and were confirmed to be mycoplasma-
free.

Tumor Specimens and Blood Samples from Patients: Tumor specimens
of lung cancer patients diagnosed at the Sun Yat-Sen University Cancer
Center were obtained as described in our previous reports.[>233] LUAD
subject data and clinical samples were collected from the Integrated Tradi-
tional Chinese and Western Medicine Hospital of Southern Medical Uni-
versity. Matched primary or metastatic samples were obtained from the
Jiangmen Central Hospital affiliated to Sun Yat-sen University. Peripheral
blood samples were obtained from 9 metastatic LUAD patients diagnosed
in The First Affiliated Hospital of Sun Yat-sen University for circulating tu-
mor cells (CTCs) isolation. The approval number for human participants
was Zhongshan Medical Ethics [2019] No. 026. All experiments were car-
ried out with the full, informed consent of the subjects. The histological
characterization and clinicopathologic staging of LUAD tissues were de-
termined by standards provided in the newest version of Union for Inter-
national Cancer Control (UICC) Tumor-Node-Metastasis (TNM) classifi-
cation.

RNA Extraction, Real-Time PCR, and RNA Stability Assay: Total RNA
was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instruction, and cDNA was synthesized
on 2 pg of the total RNA template with random primers using the Go-
Script Reverse Transcription Mix (Promega, Madison, WI, USA). Real-time
PCR (RT-PCR) was performed with 2xSYBR Green Master Mix (Promega,
Madison, W1, USA). Expression of each gene of interest was normalized to
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reference gene GAPDH, and relative quantification was calculated by us-
ing 2722 method. For RNA stability assay, indicated cells were seeded to
achieve 50% confluence and subsequently treated with 10 um actinomycin
D (APExBio, Houston, TX, USA), followed by collection at indicated time
points. Total RNAs were extracted and analyzed by qRT-PCR.

Plasmids, siRNAs, and Transfection: Coding sequences of MCMS5,
NICD1, IGF2BP3, SIRT1, METTL3, and METTL3 MUT (aa395-398,
DPPW/APPA) proteins with tag (HA or Flag) were generated by PCR
subcloning and inserted into lentiviral transfer plasmid pSin-puro (Ad-
dgene, Cambridge, Massachusetts, USA) or retroviral transfer plas-
mid pQcxip-puro (Clontech, Palo Alto, CA, USA). To deplete MCM5
or IGF2BP3 expression, specific human sgRNA sequences (sglGF2BP3:
ATATCCCGCCTCATTTACAG; sgMCM5: ATGTCGGGATTCGACGATCC), re-
spectively, were cloned into the LentiCRISPRv2/Cas9 plasmid to gener-
ate LentiCRISPRv2/Cas9-sgIGF2BP3 and LentiCRISPRv2/Cas9-sgMCMS5.
siRNAs of IGF2BP3, METTL3, MCMS5, Notch1, SIRT1, and HUR were
purchased from Ribobio (Guangzhou, China), and their corresponding
shRNA sequences were cloned into the pSupper-neo plasmid (Clontech,
Palo Alto, CA, USA). Transfection of plasmids or oligonucleotides was per-
formed using the Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instruction.

The dCas13b-ALKBHS5 and non-targeting gRNA plasmids were pro-
vided by Prof. Hongsheng Wang from Guangdong Key Laboratory of Chi-
ral Molecule and Drug Discovery, School of Pharmaceutical Sciences, Sun
Yat-sen University.

Cell Invasion and Migration Assays: As described in previous
reports,[52] indicated cells (3 x 10%) were plated on the top side of
the Transwell chambers (Corning Costar Corp, Cambridge, MA, USA)
coated without or with Matrigel (BD Biosciences, San Jose, CA, USA) and
incubated at 37 °C for 22 h, followed by removal of cells inside the upper
chamber with cotton swabs. Cells migrating or invading to the bottom
side of the membrane were fixed with a mixture of methanol and acetic
acid (3:1), stained with crystal violet, photographed, and quantified in 5
random fields.

Tumor Xenografts In Vivo: ~ All animal experimental procedures were ap-
proved by the Institutional Animal Care and Use Committee of Sun Yat-
sen University, and approval number is SYSU-IACUC-2019-B619. Female
BALB/c-nu mice (6-8 weeks of age, 18-20 g) were used to investigate
the pro-invasive and pro-metastatic effects of IGF2BP3 and MCMS5. To as-
sess local invasion, indicated cells were injected subcutaneously into the
flanks of mice (1 x 108 cells suspended in 100 pL sterile PBS, A549-Vector
left and A549-IGF2BP3 or A549-MCMS5 right, n = 5), and the number of
mice with local invasion was counted. To determine distant lung dissem-
ination, 1 x 10° indicated cells were injected into the lateral tail vein (n
= 5), and metastases were monitored and analyzed by bioluminescent
imaging assisted with Spectrum Living Image 4.0 software (Caliper Life
Sciences, Hopkinton, MA, USA). Alternatively, vector control or IGF2BP3-
overexpressing A549 cells (5 X 10°) were intracardiacally injected. At the
indicated experimental endpoints, mice were anesthetized and sacrificed,
and lung tissues were fixed in picric acid containing 4% formaldehyde.
Subcutaneous tumors and lung tissues were resected, sectioned (5 mm
in thickness) and histologically examined by H&E staining. All the animal
data had statistical analyses as presented and described.

Immunoprecipitation and Protein Purification: Immunoprecipitation
(IP) assay was performed as we previously described.l’233] Lysates were
prepared from 3 x 107 HEK293FT cells transfected with HA-tagged NICD'1
in an NP-40-containing lysis buffer supplemented with protease inhibitor
cocktail (Roche, Basel, Switzerland), and then immunoprecipitated with
HA affinity agarose (Sigma-Aldrich, Burlington, MA, USA) overnight at
4 °C. Beads containing affinity-bound proteins were washed five times
with immunoprecipitation wash buffer (300 mm NaCl, 10 mm HEPES pH
7.4,0.1% NP-40) to purify recombinant HA-NICD1. Purification of recom-
binant Flag-SIRT1 or Flag-MCM5 was achieved by immunoprecipitation
with Flag magnetic beads and subsequent elution with 3xFlag peptide,
followed by incubation with HA-NICD1. After five-time washes with im-
munoprecipitation wash buffer (150 mm NaCl, 10 mm HEPES pH 7.4,
0.1% NP-40), the precipitated protein was denatured, separated on SDS-
polyacrylamide gels and detected by WB analysis.
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Immunofluorescence Assay:  Cells were seeded on coverslips in 24-well
plates and fixed with 4% paraformaldehyde. After 15 mins, cells were per-
meabilized with phosphate-buffered saline (PBS) containing 0.2% Triton
X-100 (PBST) for 5 min and then blocked with 1% bovine serum albu-
min in PBST. Immunostaining was performed using primary antibodies,
rabbit anti-cleaved-Notch1 (Immunoway, plano, TX, USA) and mouse anti-
MCMS5 (Proteintech, Chicago, IL, USA), rabbit anti-Keratin 5 (Abcam, Cam-
bridge, UK) and mouse anti-Vimentin (Huaan Biotechnology, Hangzhou,
China), respectively overnight at 4 °C. After PBS washing for three times,
the slides were incubated with Alexa Fluor 555 donkey anti-rabbit IgG and
Alexa Fluor 488 goat anti-mouse IgG (Beyotime, Beijing, China) at room
temperature for 1h. The slides were counterstained with DAPI (Beyotime,
Beijing, China) and images were captured using the Zeiss microscope
(Carl Zeiss, Jena, Germany).

Proximity Ligation Assay: The DuoLink In Situ Fluorescence (Sigma-
Aldrich, Burlington, MA, USA) protocol was used to perform the proxim-
ity ligation assay (PLA). Cells seeded on coverslips were fixed in PBS con-
taining 4% paraformaldehyde for 15 min and then washed three times for
5 min with PBS. The fixed cell cultures were incubated in Duolink Block-
ing Solution for 1 h at 37 °C and replaced with the primary antibodies
diluted in Duolink Antibody Diluent for 1 h at room temperature. The pri-
mary antibodies used for PLA included MCM5 (Proteintech, Chicago, IL,
USA) and cleaved-Notch1 (Immunoway, plano, TX, USA). The coverslips
were washed twice for 5 min with Wash Buffer A, incubated with indicated
PLA Probes (Sigma-Aldrich, Burlington, MA, USA) for 1 h at 37 °C, re-
washed three times with Wash Buffer A and incubated in the ligation solu-
tion for 30 min at 37 °C, followed by another three-time washing and incu-
bation cycle in amplification solution for 100 min at 37 °C. The coverslips
were then washed three times for 10 min in Wash Buffer B (Sigma-Aldrich,
Burlington, MA, USA) and were counterstained with DAPI (Beyotime, Bei-
jing, China). PLA images were captured using the confocal laser scanning
microscope system Olympus FV1000 (Olympus Medical Systems).

Luciferase Reporter Assay:  After seeding in triplicates in 24-well plates
and allowed to settle for 24 h, indicated cells were transfected with 200 ng
signaling luciferase reporter (OriGene, Rockwell, Maryland, USA) plus
5 ng pRL-TK renilla reporter plasmid (Promega, Madison, WI, USA), and
siRNA (siNC or siMCMS5) or pGL3-MCM5-3’UTR (wild-type or mutant)
plasmid by using the Lipofectamine 3000 reagent (Invitrogen, Carlsbad,
CA, USA). Dual-Luciferase reporter assays were performed after 48 h trans-
fection according to the manufacturer’s protocol using the Dual Luciferase
Reporter Assay Kit (Promega, Madison, WI, USA).

RNA Immunoprecipitation and MeRIP-gPCR: Indicated cells were
crosslinked and harvested for RIP by using anti-Flag magnetic beads
or protein-G beads (Sigma-Aldrich, Burlington, MA, USA). Input and
co-immunoprecipitated RNA was extracted using the Magna RIP RNA-
Binding Protein Immunoprecipitation Kit (Millipore, Bedford, MA, USA),
and the extract was analyzed by qPCR. Subsequently, MeRIP was per-
formed on an Illumina Novaseq 6000 platform commercially by the LC-BIO
Bio-tech Ltd. (Hangzhou, China). Fifty microgram of total RNA was subject
to isolation of Poly (A) mRNA using poly-T oligonucleotide-attached mag-
netic beads (Invitrogen, Carlsbad, CA, USA). After purification, the mRNA
fraction was chemically fragmented into 2100 nt-long oligonucleotides,
followed by incubation with m® A-specific antibody (Synaptic Systems, Ger-
many) in IP buffer (50 mm Tris-HCI, 750 mm NaCl and 0.5% Igepal CA-
630) supplemented with BSA (0.5ug uL™'). The mixture was then incu-
bated with protein-A beads and eluted with elution buffer (1 x IP buffer
and 6.7 mm mPA). Eluted RNA was precipitated by 75% ethanol. Enrich-
ment of méA-modified mRNAs was analyzed with qRT-PCR.

SELECT-qPCR: SELECT was performed based on qPCR amplification
of single-base elongation and ligation, during which m®A modification hin-
ders the single-base elongation activity of DNA polymerases and the nick
ligation efficiency of DNA ligases.[3334] Total RNA was extracted using the
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instruction, and 1 g total RNA of indicated cells was mixed with
40 nm upstream and downstream primers and 5 um dNTP in the CutSmart
buffer (New England Biolabs, Harrisburg, PA, USA). The mixture was in-
cubated with the following program: 90 °C for 1 min, 80 °C for 1 min, 70 °C
for 1 min, 60 °C for T min, 50 °C for 1 min, and 40 °C for 6 min. The sample
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was further mixed with 0.5 U SplintR ligase (New England Biolabs, Har-
risburg, PA, USA), 10 nm ATP (Sangong Bioengineering, Shanghai, China)
and 3 pL of 0.01 U Bst 2.0 DNA polymerase (New England Biolabs, Har-
risburg, PA, USA) and incubated at 40 °C for 20 min and denatured at 80
°C for 20 min. Subsequently, the product was analyzed by qPCR with the
following program: 95 °C, 5 min; (95 °C, 10's; 60 °C, 35 s) x 40 cycles; 95
°C, 15's; 60 °C, 1 min; 95 °C, 15 s; 4 °C held. Results were calculated by
normalizing the Ct values of the samples to their corresponding Ct values
of control.

Western Blotting Analysis:  Western blotting analysis was performed ac-
cording to a standard method previously described by using the follow-
ing antibodies: anti-MCMS5 (Proteintech, Chicago, IL, USA),[52'53] and anti-
IGF2BP3 (Abcam, Cambridge, UK), anti-Flag and anti-HA (Cell Signaling,
Danvers, USA), anti- cleaved-Notch1, and anti-SIRT1 (Immunoway, plano,
TX, USA), respectively. Blotted membranes were stripped and re-blotted
with an anti-p84 rabbit monoclonal antibody (Sigma, St. Louis, MO, USA)
or anti-p-actin rabbit monoclonal antibody (Sigma, Saint Louis, MO, USA)
as loading controls.

Immunohistochemistry Assays: Paraffin-embedded LUAD sections
were immunostained with antibodies against MCMS5 (Abcam, Cam-
bridge, UK, 1:200), cleaved-Notch1 (Immunoway, plano, TX, USA,
1:200), IGF2BP3 (Abcam, Cambridge, UK, 1:150), and METTL3 (Huaan
Biotechnology, Hangzhou, China, 1:100), respectively. The degree of
immunostaining of indicated proteins was evaluated and scored by two
independent observers with both the proportions of positively stained
tumor cells and the staining intensities. Scores representing the propor-
tion of positively stained tumor cells was graded as: 0 (no positive tumor
cells), 1 (<5%), 2 (5%-25%), 3 (25%—-50%), and 4 (>50%). The intensity
of staining was determined as: 0 (no staining); 1 (weak staining = light
yellow), 2 (moderate staining = yellow brown), and 3 (strong staining =
brown). The staining index (SI) was calculated as the function of staining
intensity X percentage of positive tumor cells, resulting in scores of 0,
1,2,3, 4,6, 8,9, and 12. Cutoff values for high- and low-expression of
protein were chosen based on a measurement of heterogeneity using
the log-rank test with respect to overall survival. The optimal cutoff was
identified as: the S| score >4 was considered as high expression, and
<3 as low expression. Chi-squared (y?) tests were used for contingency
tables.

CTCs Isolation and CTCs Immunostaining: CTCs isolation was per-
formed using negative enrichment approach according to the instruction
of Guangzhou Xinde Pharmaceutical Company. Peripheral blood (5 mL)
from metastatic LUAD patients was collected in a tube with acid citrate
dextrose (ACD) anticoagulant (containing 0.8 mL of anticoagulant), and
CTCs isolation was performed by using a CEP8 amplificated CTC detec-
tion kit (Cyttel, Cyttel Bio, China). In brief, 5 mL of peripheral blood were
transferred into 50 mL tubes containing 40 mL CS1 working solution after
thorough mixing. Subsequently, the solution was centrifuged at 500 g for
5 min at room temperature. Supernatants were discarded and CS2 work-
ing buffer was added into the tubes to remove the red blood cells. CS3
working buffer and magnetic beads were subsequently used to deplete
the majority (>99.9%) of leukocytes by magnetic separation and gradi-
ent centrifugation. The middle cell layer was transferred to another clean
tube for further centrifugation. Following centrifugation, the upper liquid
(100 uL) was discarded and 200 uL CF1 stationary liquid was added to re-
suspend the remaining cells. Finally, the cells were applied onto coated
CTC PEN membrane slides and dried overnight at room temperature for
immediate immunofluorescence staining of epithelial and mesenchymal
markers by corresponding primary antibodies, namely, rabbit anti-Keratin
5 (Abcam, Cambridge, UK) and mouse anti-Vimentin (Huaan Biotechnol-
ogy, Hangzhou, China), respectively. The slides were counterstained with
DAPI (Beyotime, Beijing, China) and images were captured using the Zeiss
microscope (Carl Zeiss, Jena, Germany).

Public ~ Sequencing Datasets and Data Analysis: The RIP-seq
(GSE90639), MeRIP-seq (GSE29714; GSE54365), and RNA-seq
(GSE90684; GSE126548) databases were obtained from the public
database Gene Expression Omnibus (GEO) of National Center for
Biotechnology Information (NCBI) website. For these sequencing data,
low quality read ends and remaining parts of sequencing adapters were
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trimmed by using Cutadapt v1.15.[*] The processed reads were mapped
to human genome version hg19 by HISAT2 v2.1.0 with default settings.[5>]
Differential gene expression was calculated by Cuffdiff v2.2.1.1¢] For the
RIP-seq, the RIP targets were defined as genes with RPKM (reads per
kilobase, per million reads) values >1, immunoprecipitation/input ratio
>2, and p <0.05. For the m®A-seq experiment, after trimming and map-
ping, confident m®A peaks were calculated by exomePeak v2.14.0 with
immunoprecipitation/input ratio >2 and p < 0.01.157] For the RNA-seq,
raw counts were generated by htseq v0.11.2.18] Differentially expressed
genes were analyzed by DESeq2 v1.28.1.5°]

RNA Sequencing and Analysis:  Total RNA was isolated from METTL3-
knocked down or vector-control A549 cells using TRIzol (Invitrogen, Carls-
bad, CA, USA) and were subjected to RNA sequencing by the LC-BIO Bio-
tech Ltd. (Hangzhou, China). Reads were mapped to human genome ver-
sion hg19 by HISAT2 version 2.1.0 with default settings, and raw counts
were generated by htseq v0.11.2. Differential gene expression was calcu-
lated by R package DESeq2 v1.28.1. The volcano map of the differentially
expressed genes was produced by the R package ggplot2 v3.3.0. These
RNA-seq data were deposited in the NCBI GEO (http://www.ncbi.nlm.nih.
gov/geo/), with accession number GSE211425.

Gene Set Enrichment Analysis: The Cancer Genome Atlas
(TCGA) LUAD datasets were downloaded from dataset portal
(https://www.tcga-data.nci.nih.gov/). GSEA software (version 4.0.2,
http://www.broadinstitute.org/gsea) was used to identify the association
of metastasis-related or Notch-related gene signatures with MCM5 or
IGF2BP3. The normalized enrichment score (NES) and nominal p-value
were calculated for comparison. Bioinformatic analysis for visual heatmap
was performed using the MeV 4.4 program.

Data Availability:  The raw data and processed data of single-cell RNA-
sequencing data and single-cell VDJ-sequencing data were deposited in
the Gene Expression Omnibus (GEO) database under accession code
GSE167036. The raw data and processed data of spatial transcriptomic
data generated in this study were deposited in the Gene Expression Om-
nibus (GEO) database under accession code GSE190811. The publicly
available single cell dataset used in this study were available from the
Gene Expression Omnibus (accession numbers GSE11472712). Source
data are provided in this paper as a Source data file. The remaining data are
available within the Article, Supplementary Information, or Source Data
file. Source data are provided with this paper.

Study Approval:  The study was approved by the Medical Ethics Com-
mittee of the Sun Yat-Sen University. For in vivo tumor experiments, all
procedures were approved by the Institutional Animal Care and Use Com-
mittees of Sun Yat-Sen University.

Statistical Analysis:  All statistical analyses were performed using the
SPSS 20.0 (International Business Machines Corporation, Armonk, NY,
USA\) statistical software package. For clinical survival analysis, LUAD pa-
tients were divided into two groups according to median value of IGF2BP3,
MCMS5, METTL3, or NICD1 expression and were comparatively analyzed
by the Kaplan—Meier method with a log rank test. Univariate and multivari-
able survival analysis were performed using Cox regression analysis. Cor-
relations were analyzed by using Pearson’s correlation. Comparisons be-
tween groups for statistical significance were performed with a two-tailed
Student’s t-test. Error bars represent mean + SD derived from three inde-
pendent experiments. In all cases, p value < 0.05 was considered statis-
tically significant. All experiments were performed for at least three times
independently under similar conditions, unless otherwise specified in the
figure captions.
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