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cancer cells

Lei Shi'#T, Bowen Li'", Jiyu Tan'", Ling Zhu*', Sicheng Zhang', Yuhan Zhang', Meng Xiang', Jie Li?, Yan Chen',
Xue Han?, Jiacheng Xie', Yao Tang', H. Rosie Xing'", Jingyu Li*" and Jianyu Wang?’

Abstract

The mean survival of metastatic lung adenocarcinoma is less than 1 year, highlighting the urgent need to understand
the mechanisms underlying its high mortality rate. The role of Extracellular vesicles (EVs) in facilitating the interac-
tions between cancer cells and the metastatic microenvironment has garnered increasing attention. Previous studies
on the role of EVs in metastasis have been primarily focused on cancer cell-derived EVs in modulating the func-

tions of stromal cells. However, whether cancer stem cells (CSCs) can alter the metastatic properties of non-CSC

cells, and whether EV crosstalk can mediate such interaction, have not been demonstrated prior to this report. In

the present study, we integrated multi-omics sequencing and public database analysis with experimental validation
to demonstrate, for the first time, the exosomal Mir100hg, derived from CSCs, could enhance the metastatic potential
of non-CSCs both in vitro and in vivo. Mechanistically, HNRNPF and HNRNPA2B1 directly binds to Mir100hg, facilitating
its trafficking via exosomes to non-CSCs. In non-CSCs, Mir100hg upregulates ALDOA expression, subsequently lead-
ing to elevated lactate production. Consequently, the increased lactate levels enhance H3K14 lactylation by 2.5-fold
and promote the transcription of 169 metastasis-related genes. This cascade of events ultimately results in enhanced
ALDOA-driven glycolysis and histone lactylation-mediated metastatic potential of non-CSC lung cancer cells. We
have delineated a complex regulatory network utilized by CSCs to transfer their high metastatic activity to non-CSCs
through exosomal Mir100hg, providing new mechanistic insights into the communication between these two het-
erogeneous tumor cell populations. These mechanistic insights provide novel therapeutic targets for metastatic lung
cancer, including HNRNPF/HNRNPA2B1-mediated Mir100hg trafficking and the histone lactylation pathway, advanc-
ing our understanding of CSC-mediated metastasis while suggesting promising strategies for clinical intervention.
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Introduction

Lung cancer ranks first in both incidence and mortality
among cancers. Late detection, high metastasis rate, high
recurrence, and acquired resistance are the main reasons
for its poor prognosis [1]. Cancer metastasis is a complex
process. The mechanisms of interactions among hetero-
geneous cancer cells within the tumor microenvironment
(TME) and metastatic microenvironment (MME), as well
as their impact on tumor progression, awaits further in-
depth research [2, 3]. The theory of cancer stem cells pro-
moting oncogenesis and metastasis has been established
[4]. To date, there are few reports on how they alter the
communication between heterogeneous cancer cells

within the tumor [5]. Gaining new insights into the role
of cancer stem cells in lung cancer metastasis may lead to
the development of innovative therapeutic approaches to
improve the prognosis of metastatic lung cancer patients.

The functionality and mechanisms of exosomes as
mediators of cell—cell interactions have been extensively
studied and have become a novel category of biomarkers
in cancer diagnosis and prognosis [6, 7]. Recent studies
have shown that exosomes can regulate the interaction
between cells in the tumor microenvironment, particu-
larly influencing the metastatic process through the
transfer of their contents, especially non-coding RNAs
[8]. While research has demonstrated the importance of
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exosomal communication in tumor progression, there
remains a significant knowledge gap regarding how CSCs
utilize exosomes to influence the tumor microenviron-
ment. Compared to miRNAs, the structure and mecha-
nisms of action of long non-coding RNAs (IncRNAs)
are more complex, involving multiple regulatory mecha-
nisms and diverse molecular interactions [9]. Although
research on IncRNAs has become a hot topic in cancer
research in recent years [10], understanding of their roles
in CSC-mediated tumor progression remains limited,
particularly in the regulation of interactions between
heterogeneous tumor cells [11, 12]. Additionally, the
transport and packaging mechanisms of biologically
active contents (such as non-coding miRNAs, IncRNAs)
within exosomes (whether selective or regulated) remain
unclear [13, 14], representing a critical knowledge gap in
understanding how CSCs may exploit these mechanisms
for tumor progression. Therefore, it is not yet known
whether exosomal transport could be a novel interven-
tion target for cancer treatment. Furthermore, there are
few reports on the synergistic and efficient mechanisms
by which exosomal IncRNAs reach target cancer cells and
regulate their metastatic ability. Particularly, our under-
standing is limited regarding how these IncRNAs might
simultaneously modulate multiple cellular processes,
such as metabolism and transcriptional regulation, to
promote metastasis. Thus, investigating the processes
by which exosomes select and transport IncRNAs, along
with the roles of these IncRNAs in recipient cells, is
essential for the development of new therapeutic strate-
gies aimed at targeting cellular communications.

Lactate, a primary by-product of glycolysis, is known
to directly induce histone lactylation [15]. Lactylation
is regarded as a vital link connecting cellular metabolic
states and gene expression regulation [16]. This novel
epigenetic modification is notably observed in envi-
ronments with elevated lactate levels, particularly in
tumor cells exhibiting increased glycolytic activity. Ma
et al. investigated the impact of lactate on the cellu-
lar metabolism of non-small cell lung cancer (NSCLC)
and found that elevated levels of lactate dehydrogenase
(LDH) are associated with a poor prognosis in NSCLC.
This suggests that lactate influences cellular metabolism
in NSCLC, partly through gene expression mediated
by histone lactylation [17]. Nonetheless, this research
did not specify the precise mechanisms by which lac-
tylation affects NSCLC. Liu et al. explored the impact of
lactate-mediated histone modification on IncRNAs [18].
They showed that lipopolysaccharide (LPS) from bacte-
ria could enhance LINC00152 expression by elevating
histone lactylation levels at the IncRNA promoter, con-
sequently promoting colorectal cancer progression. This
provides novel insights into the regulatory mechanism of
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histone lactylation on IncRNAs. However, the regulatory
mechanisms of exosomal IncRNAs on metabolic repro-
gramming and histone lactylation in the tumor microen-
vironment remain unclear, particularly in both CSCs and
non-CSCs.

The current study delves into the complex nature of
lung cancer progression, with a specific focus on the
regulatory network governing the exosomal secretion of
long non-coding RNAs (IncRNAs) and its role in pro-
moting lung cancer metastasis by facilitating interactions
among heterogeneous tumor cells. Notably, the findings
of this study highlight the multifaceted role of Mir100hg
in lung cancer metastasis. Importantly, the research
establishes a connection between metabolic reprogram-
ming and epigenetic regulation, elucidating the molecu-
lar mechanisms underlying the role of exosomal IncRNAs
lung cancer progression. Furthermore, the identification
of ALDOA and histone lactylation as key components in
this regulatory network provides valuable insights into
potential therapeutic targets for lung cancer treatment,
particularly in the context of exosomal communication
and epigenetic modifications. These findings contribute
to a deeper understanding of lung cancer biology and
may pave the way for the development of novel therapeu-
tic strategies targeting exosomal IncRNAs and histone
lactylation pathways.

Methods

Cell lines and culture

In the present study, we used the lung adenocarcinoma
cell line Lewis lung carcinoma (LLC) and CSC-like
Lewis lung carcinoma cells (LLC-SD) that we previously
reported, which were isolated and purified from the par-
ent LLC cells [19]. LLC cells were maintained in DMEM
high glucose (Gibco, USA) supplemented with 10% fetal
bovine serum (FBS) (Gibco, USA) and 1% penicillin—
streptomycin (Hyclone, USA). LLC-SD cells were cul-
tured in DMEM/F12 (Hyclone, USA) with the addition
of 1% B27 (Gibco, USA) and 1% penicillin—streptomycin
(Hyclone, USA).

Exosome extraction and characterization

Upon reaching 90% confluence, LLC-SD cells were pro-
cessed via differential centrifugation to collect the super-
natant for exosome extraction. This process involved:
centrifugation of the supernatant at 800 x g for 5 min at
4 °C, followed by further centrifugation of the samples
at 10,000xg for 45 min at 4 °C. Subsequently, centrifuga-
tion was performed at 2000Xg for 10 min at 4 °C using a
100 kDa MWCO (Millipore, USA) centrifugal concentra-
tor. The supernatant was then centrifuged at 100,000xg
for 70 min at 4 °C, and the supernatant was discarded.
The exosome precipitate was washed in 2 mL PBS and
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centrifuged once again at 100,000xg for 70 min at 4 °C.
The final exosome precipitate was resuspended in 200—
300 pL PBS and stored at — 80 °C. Transmission elec-
tron microscopy (TEM; JEM-1400PLUS, JEOL) was used
to analyze the morphology of exosomes. Nanoparticle
tracking analysis (NTA) was used to determine the size
distribution and concentration of exosomes. The TEM
and NTA characterization results were supported by Bei-
jing Zhongkebaice Technology Service Co., Ltd. Western
blot (WB) was employed to characterize and identify the
exosome markers.

Exosomes labeling and tracing

Following extraction and purification, PKH26 red fluores-
cent labeling stain (PKH26, Umibio Co., Ltd, Shanghai)
was thoroughly mixed with the exosomes and incubated
in the dark for 10 min. Next, PKH26-labeled exosomes
(100 pg) were added to the cultured LLC cells and then
collected at the indicated time points(1 h/2 h/3 h). Plates
were gently washed twice with PBS, then fixed in ice-cold
methanol for 30 min at 4 °C. Cells were stained with 10
uL of DAPI nuclear dye for 10 min at 37 °C in the dark.
Images were acquired using a confocal fluorescence
microscope (ANDOR, Dragonfly200).

RNA nucleoplasmic isolation

Cytoplasmic and nuclear RNA isolation was conducted
with the Cytoplasmic & Nuclear RNA Purification Kit
(Norgen Biotek). Cells were harvested and transferred
into 1.5 mL centrifuge tubes with 200 uL of ice-cold Lysis
Buffer ] for cell lysis. The lysate was then centrifuged at
12,000¢ for 10 min using a benchtop centrifuge. While
the supernatant contained the cytoplasm contents, the
insoluble precipitate was the content of the nucleus.
A column wash was performed to purify the RNA. The
RNA was then eluted into a new 1.7 mL elution tube.
This was followed by reverse transcription and qRT-PCR.

RNA immunoprecipitation (RIP)

RIP was carried out with the PureBinding® RNA Immu-
noprecipitation Kit (Geneseed Biotech Co., Ltd., P0102,
Guangzhou, China). Following cell lysis, A/G magnetic
beads were conjugated with IgG or specific RIP protein
antibodies, respectively and incubated overnight at 4 °C.
Purified RNA—protein complexes were subsequently ana-
lyzed using real-time PCR and WB.

Full-length IncRNA amplification

Following total RNA extraction, reverse transcription
into cDNA was performed, with subsequent design of
specific primers for the target IncRNA synthesis. For
the full-length RNA synthesis, 25 pL of Taq mix, 5 pL of
c¢DNA, 4 pL of primer, and 16 pL of ddH,O were added
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for PCR amplification. The amplification program was set
as the following: denaturing at 95 °C for 3 min, followed
by 95 °C for 15 s, and 35 cycles of amplification at 58 °C
for 15 s and primer extension at 72 °C for 80 s, complet-
ing with 72 °C for 5 min. and Electrophoresis was con-
ducted at 150 V for 50 min. Post-electrophoresis, the size
of RNA species was assessed by UV illumination. A gel
recovery kit (YiSEN) was utilized to purify the identified
PCR product as a template for transcription, yielding the
target RNA. RNA synthesized in vitro was labeled with
biotin (APExBIO, Houston, USA) and subsequently puri-
fied for future applications.

RNA-pulldown assays (RNA-PULLDOWN)

RNA-pulldown assays were performed using the
PureBinding®RNA—Protein pull-down Kit (Geneseed
Biotech Co., Ltd., P0201, Guangzhou, China). 50 pL
streptavidin magnetic beads were added to a 1.5 mL EP
tube. The supernatant was discarded after placing the
tube on a magnetic rack. The beads were washed with an
equal volume of 20 mM Tris buffer and then vortexed.
An equal volume of 1 X RNA capture buffer was then
added and the magnetic beads were resuspended again
by vortexing. 50 pmol (17 pg) of labeled RNA was added
and gently mixed using a pipette. Incubation with rota-
tion was carried out for 15-30 min at room temperature.
The tube was then placed on a magnetic rack and the
supernatant discarded. The beads were washed with an
equal volume of 20 mM Tris buffer and placed back on
the magnetic rack to discard the supernatant. The 10 X
Protein-RNA Binding Buffer was diluted to 1 X, and 100
uL of this buffer was added to the EP tubes containing the
magnetic beads and thoroughly mixed. A premix solu-
tion for the RNA-protein binding reaction was prepared.
The tube was placed on a magnetic rack, and superna-
tant A was collected after adding 100 pL of Master Mix
to release the bound RNA. The beads were then washed
with 100 pL of 1 X wash buffer, placed on the magnetic
rack, and supernatant B was collected. 50 uL of Elution
Buffer was added to the magnetic beads and thoroughly
vortexed. Incubation with rotation occurred at 37 °C for
15-30 min. After placing the tube on a magnetic rack,
the supernatant was discarded. The eluted samples were
heated at 95-100 °C for 5-10 min. Samples were pro-
cessed immediately or stored at — 20 °C until further use.

Immunofluorescence

Cells were seeded onto confocal dishes, and when the
confluence reached 70-80%, the medium was removed,
and the cells were fixed with paraformaldehyde for
30 min at room temperature. Cell membrane permea-
bilization was achieved using 0.2% Triton X-100 at 4 °C
for 20 min. Blocking was performed with 2% BSA for
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one hour. Incubation with the primary antibody mix-
ture occurred overnight at 4 °C. Following this, the sec-
ondary antibody mixture was incubated in darkness at
37 °C for 1 h. DAPI staining was conducted for 10 min
at room temperature. Slides were sealed with a fluores-
cence quenching agent and stored in darkness. Images
were acquired using a confocal fluorescence microscope
(ANDOR, Dragonfly200).

Fluorescence in situ hybridization (FISH)

Cells were seeded onto the 24-well plates, let grow to
70% confluence, and then fixed with 4% paraformalde-
hyde for 10 min at room temperature. This was followed
by permeabilization with 1% Triton X-100 and blocking
with 5% BSA for 1 h at room temperature. Cy3-labeled
IncRNA-Mirl00hg was incubated with the cells over-
night at 37 °C. The next day, cells were washed three
times with PBS and nuclei were stained with DAPI
(Sigma-Aldrich, USA) in darkness. The cell slides were
mounted using transparent resin, and a drop of anti-flu-
orescence quenching agent was applied before storing in
darkness. Images were acquired using a confocal fluores-
cence microscope (ANDOR, Dragonfly200).

Dual luciferase reporter assay

Mir100hg wild type reporter plasmid and mutant
reporter plasmid of ~500 bp upstream and downstream
of the miRNAs potential binding site were synthesized
by HanBio Tech (Shanghai, China). After cloning into the
psiCHECK-2 polyclonal site, the plasmid was co-trans-
fected with the mimics/NC of miRNA into 293 T cells,
and the luciferase activity was measured 48 h later.

Animal experiments

All animal experiments were conducted following the
National Institutes of Health (NIH Publication No.
85-23, revised 1996) Guidelines for the Care and Use
of Laboratory Animals. The studies were approved by
the Chongqing Medical University Ethics Committee
(#SCXK2022-0010) and reviewed by Chongqing Medical
University’s Committee for the Management and Use of
Laboratory Animals (IACUC-CQMU). Male NOD-SCID
mice, 7-8 weeks old, used in this study were obtained

(See figure on next page.)
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from Chongging Enswell Animal Company. Randomiza-
tion ensured equal mean weights of mice in each group.
5% 10° cells were injected into each mouse’s tail vein, and
body weights were recorded every three days. Animals
experiencing continuous weight loss for one week were
humanely euthanized by cervical dislocation. Follow-
ing gross dissection, a Salestromz87 fluorescent imager
(LUYOR, 3430-RB, Shanghai) was employed to observe
tumor colonization and metastasis.

Statistical analyses
All experiments were repeated to obtain three inde-
pendent biological replicas. Data are expressed as
means * standard error of the mean (SEM). Differences
between means were evaluated using the Student’s
t-test or Wilcoxon rank sum test. Asterisks indicate sig-
nificant differences as follows: *P<0.05, **P<0.01, and
**#*P <0.001.

A detailed description of the Materials and Methods
used in this study can be found in Supplementary Files.

Results

HNRNPF interacts with Mir100hg and promotes its
translocation from the nucleus to the cytoplasm in CSCs
Our previous study revealed that exosomes from LLC-
SD enhance the metastatic colonization capability of
LLC both in vitro and in vivo [20]. Here, we observed
higher expression of Mirl00hg in LLC-SD compared to
LLC cells (Fig. S1A). Knocking down Mir100hg in LLC-
SD cells resulted in decreased levels of Mir100hg in the
derived exosomes (LLC-SD-Exo) (Fig. S1B, C). LLC-
SD-Exo was characterized via Western blot, NTA, and
electron microscopy (Fig. S1D-F). After co-culturing
LLC-SD-Exo with LLC cells, the exosomes from the
Mir100hg knockdown group significantly lost their abil-
ity to promote migration and invasion (Fig. S1G). Using
the mouse tail vein lung metastasis model, the LLC-SD-
sh-Mir100hg-Exo group exhibited fewer metastases
in the lungs, heart, and chest wall, and less weight loss
compared to the control group (Fig. 1A, B; SIH-]). These
results suggest that Mir100hg plays a critical role in the
oncogenic effect of LLC-SD-Exo.

Fig. 1 HNRNPF interacts with Mir100hg and promotes its localization within the cytoplasm. A Schematic diagram of exosome-based animal
experiments; B Fluorescence imaging of mouse lung tumor (green) and hematoxylin and eosin (HE) stained lung section; C Nucleoplasmic
RNA isolation from LLC and LLC-SD cells; D Fluorescence in situ hybridization (FISH) of Mir100hg in LLC and LLC-SD cells; E RNA pulldown
assay for Mir100hg; F Venn diagram of RNA pulldown results; G Table of information related to HNRNP family protein profiles in RNA-pulldown
results; H Nuclear and cytoplasmic RNA isolation from LLC-SD after knocking down HNRNP family proteins; I FISH analysis of Mir100hg; J RNA
immunoprecipitation (RIP) for Mir100hg and HNRNPF; K RNA pulldown for Mir100hg and HNRNPF; L Fluorescence co-localization of Mir100hg
and HNRNPF. M Schematic representation of direct binding of Mir100hg to HNRNPF for nucleoplasmic translocation. (*p <0.05, **p <0.01,

**¥p<0.001)
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Several studies have demonstrated that Mirl00hg is
primarily localized in the nucleus, regulating transcrip-
tion through either in a cis- or trans- manner [21-23].
Intriguingly, Mir100hg displayed distinct localization
in LLC-SD and LLC cells, with primarily cytoplas-
mic localization in LLC-SD and nuclear localization
in LLC (Fig. 1C, D). To investigate the factors con-
tributing to the distinct nucleoplasmic localization of
Mir100hg, RNA pull-down assay (RNA-PULLDOWN)
was conducted (Fig. 1E). Forty-five proteins bound to
Mir100hg were identified, mainly involved in localiza-
tion and transporter pathyways (Fig. 1E, F, Fig. S2A,
B; Supplementary Table 1). Many of these proteins
belong to the hnRNP family (Fig. 1G). Analysis of The
Cancer Genome Atlas-Lung Adenocarcinoma (TCGA-
LUAD) database revealed significantly higher levels of
these hnRNP proteins in lung adenocarcinoma patients
compared to the non-tumor group (Fig. S2C). High
HNRNPF and HNRNPA2B1 expression correlated with
reduced overall survival (Fig. S2D).

To ascertain whether hnRNP family proteins medi-
ate the nucleoplasmic translocation of Mirl00hg, we
silenced HNRNPs in LLC-SD cells using small interfer-
ing RNA (siRNA) (Fig. S2E) and evaluated changes in
Mir100hg localization. Silencing HNRNPF significantly
altered Mir100hg localization, increasing nuclear and
decreasing cytoplasmic levels (Fig. 1H), confirmed by
FISH results (Fig. 1I). Analysis of the mass spectrom-
etry results of HNRNPF in MIR100HG-pulldown (Fig.
S2F), coupled with RNA immunoprecipitation (RIP),
RNA-pulldown assays, Immunofluorescence co-local-
ization and molecular docking simulations, confirmed
a direct interaction between HNRNPF and Mir100hg
(Fig. 1J-L; Fig. S2G). The predicted secondary struc-
ture of Mir100hg was used in the RNA pull-down assay
(Fig. S2H-]). The results showed high binding affinity
between Mir100hg and HNRNPF in the S1 (1-1247nt)
and S3 (2155-3022nt) fragments (Fig. 1K). Collectively,
these findings indicate that HNRNPF enhances the
cytoplasmic localization of Mirl00hg through direct
interaction, possibly leading to increased Mir100hg lev-
els in the exosomes of lung cancer stem cells, thereby
enhancing the metastatic potential of non-stem cancer
cells.

(See figure on next page.)
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HNRNPA2B1 enhances the metastatic potential

of LLC by facilitating the incorporation of Mir100hg

into exosomes

To confirm the exosomal transfer of Mirl00Ohg from
LLC-SD to LLC, a Cy5-Biotin-Mir100hg tracing experi-
ment was conducted (Fig. 2A). Reverse transcription
polymerase chain reaction (RT-PCR) and confocal
microscopy verified its transfection into LLC-SD cells
(Fig. S3A, B). Following co-culture of LLC-SD-Exo
with LLC cells, exogenous Mirl00hg was observed in
LLC cytoplasm (Fig. 2B), with increased expression
of Mir100hg in LLC cells (Fig. 2C), indicating the infil-
tration of LLC-SD exosomal Mirl00hg into LLC cells.
HNRNP silencing, particularly HNRNPA2B1, resulted
in reduced Mirl00hg levels in exosomes, suggesting its
role in regulating the entry of Mirl00hg into exosomes
(Fig. 2D). Mass spectrometry, molecular docking, RIP,
and RNA-PULLDOWN confirmed the direct binding
between HNRNPA2B1 and Mirl00hg (Fig. 2E, F; Fig.
S3C, D), with a strong affinity for S1 (1-1247nt) and S2
(1247-2155nt) fragments (Fig. 2F). FISH and immuno-
fluorescence assays showed colocalization of Mirl00hg
and HNRNPA2B1 in LLC-SD cells (Fig. S3E). Silenc-
ing HNRNPA2B1 in LLC-SD cells significantly reduced
the level of Mirl00hg in exosomes (Fig. 2G; Fig. S3F,
G). Co-culturing of LLC cells with exosomes from sh-
HNRNPA2B1-LLC-SD and sh-NC-LLC-SD showed
that HNRNPA2B1 silencing in LLC-SD cells reduced
Mirl00hg levels in recipient LLC cells (Fig. 2H) and
significantly diminished their migration and invasion
capability in vitro (Fig. 2I, J). Additionally, concomit-
tent silencing of HNRNPA2B1 and HNRNPF in LLC-SD
cells significantly reduced the migration and invasion of
co-cultured LLC cells (Fig. S3H). These findings indicate
that the pro-metastatic effect of LLC-SD-Mir100hg on
LLCs is dependent on HNRNPA2B1-mediated entry of
Mir100hg into the exsomes.

Mir100hg promotes the metastasis of lung cancer cells
in vitro and in vivo by up-regulating ALDOA expression
Cancer development and progression involve metabolic
shifts in cells to support its rapid growth [24]. To iden-
tify key metabolic regulators downstream of Mir100hg,
we performed RNA-PULLDOWN coupled with mass

Fig. 2 HNRNPA2B1 enhances the metastatic potential of LLC by facilitating the incorporation of Mir100hg into exosomes. A Schematic diagram

of exosomal Mir100hg tracing experiment; B Co-localization of Mir100hg and exosomes in LLC cells; C Bar graph showing differential expression

of Mir100hg in LLC cells post-exosome incubation; D Mir100hg expression in LLC-SD exosomes following HNRNP family protein knockdown; E RNA
immunoprecipitation (RIP) for Mir100hg and HNRNPA2B1; F RNA pulldown for Mir100hg and HNRNPA2B1; G Mir100hg expression in LLC-SD cells
following HNRNPA2B1 knockdown; H Mir100hg expression in LLC cells co-cultured with exosomes from HNRNPA2B1-knockdown LLC-SD cells; 1, J
Transwell for LLC cells post-co-culture with LLC-SD exosomes and the counting chart. (*p <0.05, **p <0.01, ***p <0.001)
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spectrometry analysis, which highlighted aldolase A
(ALDOA) as the only glycolysis-related protein among
Mir100hg-interacting proteins (Fig. 3A). ALDOA func-
tions as a rate-limiting enzyme in glycolysis, and our
analysis of TCGA database revealed its significant over-
expression in lung adenocarcinomas compared to non-
tumor tissues, with high expression correlating with
reduced patient survival (Fig. 3B, C). These findings led
us to hypothesize that Mir100hg promotes lung cancer
metastasis by upregulating ALDOA, thereby enhancing
glycolysis. We demonstrated that ALDOA expression is
positively correlated with Mir100hg expression (Fig. 3D).
Overexpression of Mirl00hg (OE-Mirl00hg) enhanced
the migration and invasion ability of lung cancer cells,
while knockdown of ALDOA in OE-Mirl100hg-LLC sig-
nificantly reversed this phenotype (Fig. 3E, F). The mouse
tail vein model and hematoxylin and eosin(HE) staining
results also showed a similar trend (Fig. 3G, H). These
results suggest that Mirl00hg enhances the metastatic
ability of lung cancer cells in an ALDOA dependent
manner. ALDOA is well-known for its role in catalyz-
ing the conversion of Fructose-1,6-bis-phosphate (FBP)
into Dihydroxyacetone Phosphate (DHAP) and Glycer-
aldehyde-3-phosphate (GADP) in glycolysis (Fig. 3I). To
investigate whether Mir100hg involving ALDOA affects
downstream metabolic processes, GADP was added
to ALDOA knockdown cells. We observed that GADP
could restore the reduced migration and invasion abilities
caused by ALDOA knockdown (Fig. 3]). These results
indicate that Mir100hg enhances the migration and inva-
sion ability of lung cancer cells, dependent on the glyco-
lysis process involving ALDOA.

Mir100hg positively regulates ALDOA mRNA and protein
levels through CeRNA and OTUD4-deubiquitination

It is well-established that IncRNAs can function as
scaffolds, influencing the ubiquitination of the bound
proteins [25-28]. Molecular docking, RIP, and RNA-
PULLDOWN (Fig. 4A, B; Fig. S4A) confirmed the
direct binding between ALDOA and Mirl00hg, with
the S1/S3 fragment showing stronger interaction. The
use of MG132, a proteasome inhibitor, can inhibit
the positive regulation of ALDOA by Mir 100hg, sug-
gesting that Mirl00hg may regulate ALDOA trough

(See figure on next page.)
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proteasomal degradation (Fig. 4C). To further validate
the role of Mir100hg in post-translational regulation of
ALDOA degradation, cells were treated with the pro-
tein synthesis inhibitor cycloheximide (CHX). Results
showed a faster decrease in ALDOA protein levels in
Mir100hg silencing (sh-Mirl100hg) cells than in con-
trols, while Mir100hg overexpression (OE-Mirl00hg)
delayed ALDOA degradation following CHX treat-
ment (Fig. 4D). We subsequently investigated whether
ubiquitination is involved in the Mir100hg-dependent
degradation of ALDOA. Immunoprecipitation analy-
sis revealed an inverse correlation between Mirl00hg
expression and ALDOA ubiquitination (Fig. 4E). These
findings confirm that Mir100hg enhances ALDOA sta-
bility through the ubiquitin—proteasome system. To
unravel the mechanism by which Mir100hg regulates
the ubiquitin—proteasome degradation of ALDOA,
we conducted ALDOA pull-down assays and identi-
fied OTUD4, a deubiquitinase (Fig. 4F; Supplementary
Table 2). The OTU family, as a major deubiquitinat-
ing enzyme group, is crucial for DNA repair, immune
response, metabolic balance, and tumor development
[29-33]. Thus, we hypothesized that OTUD4 may pro-
mote ALDOA deubiquitination. Silencing OTUD4 in
OE-Mir100hg cells significantly increased ALDOA
ubiquitination (Fig. 4G; Fig. S4B). We further inves-
tigated whether Mirl00Ohg regulates the interaction
between ALDOA and OTUDA4. Following Mirl00hg
silencing, there was a decrease in OTUD4 protein co-
precipitating with ALDOA compared to control cells
(Fig. 4H), while Mir100hg-overexpression resulted in
increased co-precipitation of OTUD4 with ALDOA
(Fig. 4I). Furthermore, RIP and RNA-PULLDOWN
experiments confirmed the strong and direct binding of
the S1/S2 fragment of Mir100hg to OTUD4 (Fig. 4], K).
Immunofluorescence and FISH experiments revealed
co-localization of Mir100hg, OTUD4, and ALDOA in
the cytoplasm (Fig. 4L). Transwell assays demonstrated
that OTUD4 knockdown in OE-100 cells significantly
reduced lung cancer cell migration and invasion in vitro
(Fig. S4C, D). These findings suggest that Mir100hg
recruits deubiquitinase OTUD4 to the ALDOA protein,
thus impeding its degradation via the ubiquitin—pro-
teasome system (Fig. 4M).

Fig. 3 Mir100hg promotes the metastasis of lung cancer cells in vitro and in vivo by up-regulating ALDOA expression. A Protein profile

of ALDOA in RNA-PULLDOWN; B ALDOA expression differences in TCGA-LUAD database; C Line graph of the effect of ALDOA on overall survival

in TCGA-LUAD database; D Analysis of ALDOA protein levels in Mir100hg knockdown (sh-Mir100hg) and overexpression cells (OE-Mir100hg); E, F
Transwell of the migration and invasion ability of LLC cells and the counting chart; G Lung tumors in various mouse groups (green); H Hematoxylin
and eosin (HE) stained lung sections (arrows indicate tumor areas); | Schematic diagram of ALDOA involvement in glycolysis; J Transwell migration
and invasion assays post-addition of GADP in ALDOA knockdown cells and the counting chart. (*p <0.05, **p <0.01, ***p <0.001)
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Our previous study demonstrated that Mirl00hg tar-
gets two miRNAs, miR-15a-5p and miR-31-5p, via the
competitive endogenous RNA (CeRNA) regulation
mechanism, thereby promoting lung cancer metasta-
sis [20]. We hypothesized that Mir100hg may not only
directly influence ALDOA expression through pro-
tein stability but also modulates its mRNA levels via
miR-15a-5p and miR-31-5p. In OE-Mirl00hg group,
a decrease in miR-15a-5p/miR-31-5p expression and
increased Aldoa mRNA levels were observed (Fig. S4E),
while knockdown of Mirl00hg led to elevated miR-
15a-5p/miR-31-5p expression and reduced Aldoa mRNA
levels (Fig. S4F). Additionally, simultaneous overexpres-
sion of miR-15a-5p and miR-31-5p in OE-Mir100hg-LLC
cells significantly inhibited Aldoa mRNA levels, while
their suppression in sh-Mirl00hg-LLC cells increased
Aldoa mRNA levels (Fig. S4G, H). These findings con-
firm the molecular relationships of the transcriptional
axis that involves the CeRNA network of Mirl00hg,
miR-15a-5p, miR-31-5p, and Aldoa. We then constructed
dual-luciferase reporter systems for both the wild-type
and mutant plasmids of ALDOA (Fig. S4I). The reduc-
tion in luminescence intensity in cells transfected with
Mir100hg-WT and Aldoa-WT plasmids indicates that
these microRNAs can directly target ALDOA. Impor-
tantly, the lack of significant change in luminescence
intensity when mutations were introduced at the cor-
responding binding sites suggests that Mirl00hg’s
interaction with ALDOA is mediated by sequester-
ing miR-15a-5p and miR-31-5p, preventing them from
binding to ALDOA (Fig. S4]). These results support our
hypothesis that Mir100hg binds to ALDOA and modu-
lates its expression through sequestration of miR-15a-5p
and miR-31-5p. To further confirm the inhibitory effect
of direct targeting of ALDOA by miR-15a-5p and miR-
31-5p on the metastatic potential of lung cancer cells,
we suppressed miR-15a-5p and miR-31-5p in wild-type
LLC cells (Fig. S4K), which resulted in increased ALDOA
expression (Fig. S4L). Subsequent Transwell assays
revealed that simultaneous suppression of miR-15a-5p
and miR-31-5p significantly enhanced the migratory and
invasive capabilities of LLC cells, whereas knockdown

(See figure on next page.)
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of ALDOA led to a noticeable reduction in these capa-
bilities (Fig. S4M). Importantly, we observed that GADP
could restore the reduced migration and invasion abili-
ties caused by overexpressing miR-15a-5p and miR-31-5p
(Fig. S4N). This suggests that the downstream effects of
the CeRNA network regulated by Mirl00hg are likely
dependent on the glycolytic process involving ALDOA.

Taken together, these findings suggest that Mir100hg
positively regulates ALDOA expression through CeRNA
and OTUD4-mediated deubiquitination, which subse-
quently enhances the migration and invasion of lung can-
cer cells.

Mir100hg facilitates lung cancer cell metastasis

by enhancing histone lactylation

Metabolomic analysis demonstrated a significant increase
in intracellular lactate production following Mir100hg
overexpression (Fig. 5A), suggesting that Mir100hg posi-
tively regulates lactate generation in lung cancer cells.
Additionally, utilizing Fila-Nuc, a recognized lactate sen-
sor [34], we observed a significant elevation in nuclear
lactate levels in OE-Mirl00hg cells compared to the
control group (Fig. S5A). Since lactate serves as the sub-
strate for histone lactylation [15], we posit that Mir100hg
may play a role in the regulation of histone lactylation in
lung cancer cells. Western blot and immunofluorescence
assays revealed a significant increase in histone lactyla-
tion levels, notably at H3K9, H3K14, H3K18, and H4K16,
with the most pronounced increase observed at H3K14
in OE-Mir100hg cells (Fig. 5B-D; Fig. S5B, C). Conse-
quently, we focused further investigation on the effect of
Mir100hg on H3K14 lactylation.

To validate the impact of glycolysis and histone lactyla-
tion on lung cancer cell functions, we employed the glu-
cose and glycolysis inhibitor 2-deoxy-Dp-glucose(2-DG),
along with lactate dehydrogenase A inhibitor GNE140
(GNE) and sodium lactate (Nala) (Fig. 5E). The find-
ings indicate that glucose significantly enhanced the
migration and invasion capabilities of lung cancer cells
(Fig. S5D), whereas 2-DG notably reduced their meta-
static potential (Fig. S5E). These results strongly sug-
gest that glycolysis plays a crucial role in augmenting the

Fig.4 Mir100hg positively regulates ALDOA mRNA and protein levels through CeRNA and OTUD4-deubiquitination. A RNA immunoprecipitation
(RIP) for Mir100hg and ALDOA; B RNA pulldown for Mir100hg and ALDOA; C Analysis of ALDOA protein levels post-MG132 treatment in Mir100hg
knockdown and overexpression cells; D Analysis of ALDOA protein levels and relative band intensity quantification at indicated time points
post-CHX treatment in Mir100hg knockdown and overexpression cells; E Ubiquitination levels of pulldown ALDOA protein analyzed by Western
blot in Mir100hg knockdown and overexpression cells; F Protein spectrum results for OTUD4; G Ubiquitination analysis of ALDOA protein
pulldown in OTUD4 knockdown cells by Western blot; H, I Analysis of OTUD4 levels following ALDOA protein pulldown in Mir100hg knockdown
cells and Analysis of OTUD4 levels following ALDOA protein pulldown in Mir100hg knockdown cells; J, K RNA immunoprecipitation (RIP)

and RNA-PULLDOWN for Mir100hg and OTUD4; L Fluorescence co-localization of Mir100hg with OTUD4 and ALDOA; M Schematic representation
of ALDOA ubiquitination inhibition by Mir100hg through OTUD4 (*p <0.05, **p <0.01, ***p <0.001)
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metastatic and invasive capacities of lung cancer cells.
Additionally, a significant reduction in global and H3K14
lactylation levels was observed in lung cancer cells after
GNE treatment (Fig. S5F), whereas Nala treatment led to
increases in these levels (Fig. S5G). Furthermore, in OE-
Mir100hg cells, GNE reduced both global and H3K14
lactylation, which was effectively reversed by Nala
(Fig. 5F). Transwell experiments demonstrated that lacty-
lation inhibition induced by GNE attenuated lung cancer
cell migration and invasion in vitro (Fig. S5H), whereas
Nala treatment increased their metastatic potential (Fig.
S5I). Notably, in the OE-Mirl00hg group, GNE or si-
Ldha reduced both migration and invasion, effects that
were reversed by Nala (Fig. 5G, H).

Taken together, these findings suggest that Mir100hg
enhances both global and H3K14 lactylation in lung can-
cer cells, thereby contributing to lung cancer metastasis.

H3K14 lactylation enhances the expression of genes
associated with lung cancer metastasis

To investigate the role of H3K14 lactylation in lung can-
cer, four experimental groups were established: OE-NC,
OE-Mir100hg, OE-Mirl00hg with GNE treatment
(GNE), and GNE treatment followed by Nala recovery
(GNE+NALA). Cleavage under targets and tagmenta-
tion (CUT&Tag) was employed to generate genome-
wide H3K14la histone modification maps. The analysis of
genomic coverage revealed elevated H3K14la modifica-
tion in the OE-Mir100hg and GNE+NALA groups, pri-
marily enriched at the promoter regions (Fig. 6A), with
typical sharp peaks confined to transcription start site
(TSS) (Fig. 6B). RNA-Seq and CUT&Tag data showed
the highest H3K14la enrichment at promoter regions in
the top 25% expressed genes, with a progressive decrease
observed in lower quartiles, suggesting a positive cor-
relation between H3K14la and mRNA expression levels
(Fig. 6C). We analyzed Assay for Transposase-Accessi-
ble Chromatin sequencing (ATAC-Seq) data from GEO
and found that genes with H3K14la enrichment in pro-
moter exhibited higher chromatin accessibility in lung
cancer, indicating that H3K14la regulates transcription
by establishing chromatin accessibility (Fig. 6D). We
hypothesized that Mirl00hg promotes lung cancer cell
metastasis by enhancing H3K14la-triggered gene tran-
scription. RNA sequencing (RNA-Seq) and CUT&Tag

(See figure on next page.)
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data from the OE-Mir100hg and control groups revealed
that upregulated genes in OE-Mir100hg group exhib-
ited higher H3K14la accumulation at promoter regions
(Fig. 6E). Gene set enrichment analysis (GSEA) analysis
(Fig. 6F) revealed significant enrichment of tumor metas-
tasis-related genes in the OE-Mir100hg group, with 63%
of the upregulated genes displaying H3K14la enrichment
(Fig. 6G). Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis of these genes suggested a close asso-
ciation with tumorigenesis and metastasis pathways
(Fig. 6H). Additionally, we identified 169 genes upregu-
lated by Mir100hg overexpression and rescued by GNE,
hypothesizing their regulation by the Mir100hg-H3K14la
axis (Fig. 6I). Among these, 58% were associated with
tumor metastasis (Fig. 6]), and 70% of these metastasis-
associated genes showed significant H3K14la enrichment
at the promoter region (Fig. 6K). Expression trends of
several tumor metastasis-related genes increased in the
OE-Mir100hg group and decreased following GNE addi-
tion (Fig. 6L). PTGS2 was chosen for detailed analysis,
showing significant increases in expression and H3K14la
peaks in the OE-Mir100hg group, which decreased fol-
lowing GNE addition (Fig. 6M). Similarly, 145 genes
regulated by the Mir100hg-H3K14la axis in the GNE and
GNE +NALA groups. (Fig. S6A-E). These changes in the
expression of tumor metastasis-associated genes and the
H3K14la peaks in their promoters were highly correlated
between the OE-Mirl00hg group and the other groups
(Fig. 6N). These findings suggest that Mir100hg enhances
the metastatic potential of lung cancer cells by facilitating
the transcription of tumor metastasis-related genes via
H3K14la.

To ascertain the role of the Mirl00hg-H3K14la axis
in lung cancer metastasis, five key genes were identified
through CUT&Tag, RNA-Seq, RT-PCR and prognosis
analysis (Fig. 7A). Analysis of the TCGA-LUAD database
confirmed the high expression of these five genes in lung
adenocarcinoma compared to non-cancerous tissues
(Fig. 7B). Compared to the control group, overexpres-
sion of Mir100hg significantly increased H3K14 modifi-
cations near the TSS and expression levels of these five
genes. Under Mirl00hg overexpression, GNE reduced
the H3K14 modifications and expression levels of these
genes, while NALA significantly restore them (Fig. 7C).
Furthermore, survival analysis suggested that high

Fig. 5 Mir100hg facilitates lung cancer cell metastasis by enhancing lactylation. A Metabolomics heatmap; B Global lactylation and H3K14la levels
detected by Western blot (WB); C, D Immunofluorescence detection of global lactylation and H3K14la levels; E Schematic diagram illustrating
glycolytic steps affected by various drugs and inhibitors; F Global lactylation and H3K14la levels in OE-Mir100hg cells post-GNE treatment

and subsequent NALA exposure; G Transwell of migration and invasion ability of LLC cells after si-Ldha and the counting bar chart. H Transwell
migration and invasion assays of LLC cells post-GNE and NALA and the counting bar chart (*p <0.05, **p <0.01, ***p <0.001)
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expression of these genes correlated with significantly
lower overall survival in lung adenocarcinoma patients.
Lastly, following siRNA-mediated knockdown of these
five genes, transwell assays were performed. As shown
in Fig. 7D, the knockdown of the five genes significantly
inhibited lung cancer cell migration.

Collectively, our findings suggest that Lmanl, Ostc,
P4hal, Tex30, and Tmem65 are downstream genes pro-
moting tumor metastasis, influenced by the Mir100hg-
H3K14la regulatory axis in lung cancer.

Discussion
Cancer stem cells (CSCs) play crucial roles in tumor pro-
gression and metastasis, yet the mechanisms by which
they influence the tumor microenvironment remain
poorly understood. A critical gap in our knowledge
has been how CSCs communicate with and modify the
behavior of non-CSC tumor cells. Our study addresses
this gap by revealing a novel mechanism through which
CSCs enhance the metastatic potential of non-CSCs via
exosomal transfer of the IncRNA Mirl00hg. Our previ-
ous work identified that Mir100hg can regulate metasta-
sis through miR-15a-5p/31-5p [20]. Here, we significantly
extend these findings by uncovering a complex regula-
tory network involving nuclear-cytoplasmic trafficking,
metabolic reprogramming, and epigenetic modification.
In this study, we have made the following new findings:

1. HNRNPs regulates the cytoplasmic translocation
of nuclear Mir100hg and its entry into exosomes in
CSCs.

The biological function and mechanism of action of a
LnRNA depends on its intracellular localization [35].
Within the nucleus, IncRNAs are capable of interact-
ing with a multitude of molecular entities exerting
regulatory influences over chromosomal architec-
ture and functionality. In the cytoplasmic domain,
the roles of IncRNAs extend to the mediation of
signal transduction pathways, translational machin-
eries, and the post-transcriptional modulation of
gene expression. The nuclear-cytoplasmic translo-

(See figure on next page.)
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cation of IncRNAs is a complex biological process
[36]. We uncovered a novel distinction in the nuclear
and cytoplasmic localization of Mirl00hg between
lung CSCs and non-CSCs. Mechanistically, HNRNP
F facilitates the translocation of Mirl00hg from
nucleus to cytoplasm and maintains its cytoplasmic
presence in CSCs, which is crucial for its packaging
into exosomes. However, our results indicate that
while HNRNP F is involved in the nucleocytoplas-
mic translocation of Mir100hg, it is likely one of sev-
eral factors in this process, as its knockdown did not
completely inhibit Mir100hg’s cytoplasmic localiza-
tion.

Notably, inhibitors targeting the PI3K/AKT signal-
ing pathway significantly reduce HNRNPF expres-
sion and impact tumor metastasis [37]. Given that
the PI3BK/AKT pathway is aberrantly activated in
CSCs, these findings suggest a potential link between
PIBK/AKT signaling, HNRNPF expression, and
tumor metastasis. While our current study provides
comprehensive evidence for the roles of HNRNPF
and HNRNPA2B1 through multiple experimental
approaches including RNA pulldown, RIP assays,
and functional validation, future structural studies
employing point mutations and competitive binding
assays could further elucidate the precise molecu-
lar interfaces mediating these protein-RNA interac-
tions. Future studies will also focus on investigating
the regulation of HNRNPF by the PI3K/AKT path-
way and how HNRNPA2B1 mediates the selective
entry of Mir100hg into exosomes, which will provide
insights into the fundamental mechanisms of exoso-
mal IncRNA transport in the tumor microenviron-
ment. Such detailed molecular characterization could
potentially reveal targetable interfaces for therapeutic
intervention in the exosomal transport of oncogenic
IncRNAs.

. Mir100hg regulates ALDOA expression by OTUD4-

mediated de-ubiquitination and by targeting miR-
15a-5p/31-5p

Fig. 6 Multi-omics analysis reveals the involvement of the Mir100hg-H3K14la axis in the transcription of tumor metastasis-related genes. A

Bar graph showing the number of H3K14la peaks enriched across four groups; B Heatmap of H3K14la enrichment in TSS regions across four
groups; C Enrichment of H3K14la in TSS regions of genes exhibiting varied expression levels in RNA-Seq; D Differential chromatin opening

in H3K14la-enriched genes within TSS regions; E Differential heatmap in RNA-Seq of upregulated genes in OE-Mir100hg and corresponding

TSS region heatmap in CUT&Tag; F GSEA analysis indicating enrichment of differentially expressed genes in OE-Mir100hg within tumor
metastasis-related gene set; G Pie chart of the percentage of H3K14la-enriched genes among upregulated genes in OE-Mir100hg group; H KEGG
analysis of pathways associated with H3K14LA-enriched upregulated genes; I-L Display of genes rescued post-addition of GNE in OE-Mir100hg
group; M Ptgs2 peaks identified in RNA-Seq and CUT&Tag; N Heatmap of TSS region enrichment for tumor metastasis-related genes in CUT&Tag
and log fold change (logFC) heatmap in RNA-Seq (*p <0.05, **p <0.01, ***p <0.001)
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Our study revealed that Mirl00hg regulates ALDOA
expression through two distinct mechanisms. The
first mechanism involves the competing endogenous
RNA (ceRNA) network, a concept first proposed
by Salmena et al. in 2011 [38]. The ceRNA hypoth-
esis suggests that RNA transcripts can regulate each
other’s expression by competing for shared microR-
NAs, functioning as molecular sponges to seques-
ter microRNAs and prevent them from binding to
their target mRNAs [39]. This mechanism has been
increasingly recognized as a crucial regulatory layer
in cancer development and progression [40]. For
instance, in hepatocellular carcinoma, the IncRNA
HULC acts as a ceRNA to regulate PTEN expression
by sequestering miR-485-5p [41]. Similarly, in breast
cancer, the IncRNA NEAT1 functions as a ceRNA for
miR-124, thereby regulating STAT3-mediated cancer
progression [42]. In our study, Mirl00hg functions
as a ceRNA by competitively binding to miR-15a-5p
and miR-31-5p, thereby preventing these microRNAs
from suppressing ALDOA expression. This finding
adds to the growing body of evidence supporting the
importance of ceRNA networks in cancer progres-
sion.

The second mechanism involves post-translational
modification, where Mirl00hg acts as a molecular
scaffold to facilitate the interaction between ALDOA
and the deubiquitinating enzyme OTUD4, prevent-
ing ALDOA ubiquitination and increasing its pro-
tein abundance. This dual-regulatory mechanism
is particularly noteworthy as it demonstrates that
IncRNAs can simultaneously control gene expres-
sion at both transcriptional and post-translational
levels. Our RNA pull-down assays further revealed
that Mir100hg contains multiple protein-interacting
domains, with distinct fragments (S1/S3 and S1/S2)
mediating interactions with different protein part-
ners. This structural versatility enables Mir100hg to
function as an effective molecular scaffold, coordi-
nating various regulatory processes. Future studies
will focus on characterizing the specific binding sites
and understanding how these multiple regulatory
mechanisms are coordinated in cancer progression.

. H3K14 lactylation represents a specific histone mod-
ification linking metabolic state to gene regulation.
Among various histone lysine residues, we found
H3K14 exhibits unique sensitivity to cellular lac-
tate levels. Through metabolomic analysis and Fila-
Nuc lactate sensor detection, we demonstrated
that Mir100hg-induced ALDOA activation leads to
increased nuclear lactate accumulation. Recent stud-
ies have revealed that lactylation is achieved through
a two-step enzymatic cascade: first, lactate is con-

Page 18 of 20

verted to lactyl-CoA by specific synthetases like
GTPSCS and ACSS2 [43, 44]; then lactyltransferases
such as p300/KAT2A transfer the lactyl group to spe-
cific lysine residues [44, 45]. Notably, we found that
elevated lactate preferentially enhances H3K14 lac-
tylation compared to other lysine residues (H3KO9,
H3K18, and H4K16), suggesting unique structural
properties of H3K14 that facilitate its recognition by
lactylation machinery.

The site-specificity of H3K14 lactylation is further
validated by our pharmacological studies and mech-
anistic analyses. Treatment with glycolysis inhibi-
tor 2-DG or LDHA inhibitor GNE140 significantly
reduced H3K14 lactylation levels, while sodium lac-
tate supplementation restored these effects. This
dynamic response suggests the existence of dedicated
enzymatic machinery for H3K14 lactylation. Recent
structural studies have shown that specific lactyl-
transferases contain recognition motifs that prefer-
entially target H3 histone lactylation, distinguishing
it from other lysine residues [46]. The unique posi-
tion of H3K14 in the histone tail and its surrounding
amino acid sequence likely contribute to this prefer-
ential modification, providing a molecular basis for
the observed site-specificity of lactylation. Future
studies will aim to elucidate this process further,
focusing on lactylation’s impact on chromatin struc-
ture and gene expression. These studies will involve
identifying and characterizing enzymes involved in
lactylation and delactylation, determining enzyme
activation/inhibition mechanisms, and examining
lactylation’s role in cellular metabolism and signaling
pathways.

Conclusions

In summary, our study elucidates the regulatory mecha-
nism underlying the complex process of IncRNA transfer
between heterogeneous tumor cells via exosomes, aided
by multiple binding proteins. This transfer influences
lactylation in recipient cells and enhances the metastatic
potential of tumor cell populations. Our findings unveil
the intricate and extensive regulatory network within
tumor cell populations, offering new insights into tumor
metastasis.
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