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T

he Kdm6a (also known as UTX) gene encodes a histone
demethylase named lysine-specific demethylase 6A
(KDM6A), which is an important epigenetic regulator that
functions as a histone H3K27 demethylase. The role of
KDM6A as a tumor-suppressor in bladder cancer (BCa) has
been well recognized (1–3). Because loss of KDM6A has been
found to increase BCa risk and mutations, reduced expression
of KDM6A could not only be a predictor of poor prognosis in
BCa patients but may also indicate that KDM6A plays a critical
role in the tumorigenesis of BCa (4). Re-expression of exogenous KDM6A via Kdm6a-DNA plasmid in different Kdm6anull cancer cells resulted in reduced rates of cell growth and
proliferation (5–7). However, the functional consequences of
its inactivation and reactivation in the metastasis of BCa remain
largely unexplored. Considering that muscle-invasive (MI)
BCas (i.e., stages T2 to T4) have a higher chance of metastasizing to the lymph nodes or other organs (8), a clear understanding of the functional consequences of the relationship between
KDM6A status and BCa metastasis may guide future mechanistic and translational studies in BCa. Nevertheless, it is still difficult to effectively up-regulate the KDM6A levels in Kdm6a-null
BCa in situ to directly verify its therapeutic potential in inhibiting BCa metastasis due to various challenging hurdles.
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Currently, to the best of our knowledge, all attempts to introduce exogenous KDM6A have utilized DNA transfection methods (1, 5–7). Nonviral vector lipofectamine reagents and viral
vectors are currently the most commonly used tools for DNA
transfection. Nevertheless, 1) nonviral lipofectamine reagents
can be used only in vitro (due to poor in vivo stability) and 2)
viral vector–based technologies may raise concerns such as low
packaging capacity, high production cost, high immunogenicity,
and potential transmission into the environment. Moreover,
DNA transfection methods could increase the risk of genomic
integration and mutagenesis. Keeping in mind the future transition from an improved mechanistic understanding to translational cancer research, it will not be easy to design alternative
approaches that effectively introduce KDM6A functions while
avoiding the above-mentioned problems. The emerging
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Lysine-speciﬁc demethylase 6A (KDM6A), also named UTX, is frequently mutated in bladder cancer (BCa). Although known as a
tumor suppressor, KDM6A’s therapeutic potential in the metastasis of BCa remains elusive. It also remains difﬁcult to fulﬁll the
effective up-regulation of KDM6A levels in bladder tumor tissues
in situ to verify its potential in treating BCa metastasis. Here, we
report a mucoadhesive messenger RNA (mRNA) nanoparticle (NP)
strategy for the intravesical delivery of KDM6A-mRNA in mice
bearing orthotopic Kdm6a-null BCa and show evidence of
KDM6A’s therapeutic potential in inhibiting the metastasis of BCa.
Through this mucoadhesive mRNA NP strategy, the exposure of
KDM6A-mRNA to the in situ BCa tumors can be greatly prolonged
for effective expression, and the penetration can be also enhanced
by adhering to the bladder for sustained delivery. This mRNA NP
strategy is also demonstrated to be effective for combination cancer therapy with other clinically approved drugs (e.g., elemene),
which could further enhance therapeutic outcomes. Our ﬁndings
not only report intravesical delivery of mRNA via a mucoadhesive
mRNA NP strategy but also provide the proof-of-concept for the
usefulness of these mRNA NPs as tools in both mechanistic understanding and translational study of bladder-related diseases.
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messenger RNA (mRNA) nanotechnology provides a promising alternative to address these issues (9–12). Because chemically modified mRNA is primarily active in the cytoplasm,
mRNA transfection efficacy is high and genomic integration is
avoided (13, 14). This excludes the potential risk of deleterious
integration into the host genome (15), which is caused by viral
vectors or plasmid DNAs that bring about insertional mutagenesis. Even in hard-to-transfect or nondividing cells, mRNA can
still enable rapid and reliable protein expression. Additionally,
in contrast to the random-onset expression kinetics offered by
DNA therapeutics, mRNA enables more predictable and consistent expression kinetics both in vitro and in vivo (9, 10,
16–21). However, local delivery of mRNA drugs via a nanoparticle (NP) strategy to specific organs, especially bladder tissues,
still remains challenging.
Due to the unique structure of the bladder, systemic delivery
of drugs may hardly distribute to the bladder sites (i.e., blocked
by the physical barriers). Instead, intravesical therapy (i.e., the
instillation of drugs via a catheter into the bladder) is a common route of administration for the treatment of BCa in the
clinic. However, 1) in the bladder, almost all drugs are usually
rapidly washed out on first voiding of urine and 2) the exposure
of the BCa tumors to the drugs is low, greatly limiting treatment efficacy (22). To prolong the dwell time of therapeutic
NPs in the bladder and improve their uptake and penetration
into BCa tissue (23, 24), an mRNA NP strategy that can adhere
to the bladder for sustained and effective delivery of mRNA in
BCa tumors is therefore urgently needed. To date, the use of
mRNA NPs for intravesical delivery of mRNA to specific in
situ bladder tissues remains unreported.
Herein, we provide proof of principle for the use of a
mucoadhesive mRNA NP–mediated strategy to effectively
up-regulated KDM6A levels in Kdm6a-null BCa in situ and
explore the therapeutic potential role of KDM6A in BCa metastasis. The NPs were constructed from a Food and Drug Administration (FDA)-approved polymer, poly(lactic-co-glycolic) acid
(PLGA), and used to protect and load mRNA/lipid complexes
(9, 10). Because abundant functional groups (e.g., amine and
sulfydryl) can effectively promote adhesion to the bladder mucosal surface for intravesical delivery (23–25), we used terminal
functionalized lipid-polyethylene glycol (PEG) (i.e., DSPE-PEGNH2, DSPE-PEG-SH, or their mixture at a fixed ratio) to coat
the mRNA NP core and endow the surface of our mRNA NPs
with optimized mucoadhesive properties. Our results demonstrated that the surface-engineered, mucoadhesive mRNA NPs
could effectively adhere to the bladder tissue through intravesical administration, prolong the exposure of KDM6A-mRNA to
the in situ BCa tumors, enhance the NP uptake/penetration, and
improve the expression of KDM6A in Kdm6a-null BCa in situ.
The local mRNA delivery strategy via intravesical administration
could avoid unwanted protein throughout the body and potential
toxicity issues via systemic delivery. We also provide evidence for
the close relation between KDM6A levels and the BCa metastasis and, more importantly, showed that the therapeutic potential
of KDM6A in treating Kdm6a-null BCa metastasis. The therapeutic effects could also be enhanced by combining elemene,
which may potentially expand this mRNA NP strategy’s application for combination cancer therapy with other therapeutics.
Results
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On-Demand Introduction of Exogenous and Functional Proteins in
Kdm6a-null BCa Cells via a Universal Strategy Based on mRNA NPs.

To our best knowledge, no mRNA NPs have been applied in
BCa cells to date, and different cell lines may possess different
transfection efficacies. Therefore, before testing the functional
consequences of restoring KDM6A in Kdm6a-null BCa cells, it
was necessary to first determine whether our core mRNA NP
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technology could be used as a universal strategy for “ondemand” introduction of exogenous and functional proteins in
BCa cells. Engineered by an optimized nanoprecipitation
method, negatively charged mRNA was first absorbed by cationic lipids G0-C14 via electrostatic adsorption (9, 26), and the
complexes were then effectively loaded into an NP core formed
of clinically approved PLGA polymers (10). 1,2-distearoyl-snglycero-3-phosphoethanolamine–conjugated PEG (DSPE-PEG)
was used to coat the NP core to increase stability in physiological
conditions (27, 28). As can be observed from the transmission
electron microscopy (TEM) image, the obtained mRNA NPs
were relatively uniform and spherical in structure (Fig. 1A). The
average diameter of our NPs was ∼130 nm and can be maintained in phosphate-buffered saline (PBS) (containing 10%
serum) at 37 °C for 72 h (Fig. 1B), indicating acceptable stability
of these engineered NPs. The intracellular delivery of mRNA in
Kdm6a-null KU19-19 cells (i.e., model BCa cell line without
KDM6A expression in this study) was further assessed with Cy5labeled control mRNA (Cy5-mRNA) NPs through confocal
laser scanning microscopy (CLSM). Our NPs effectively delivered mRNA (red) to KU19-19 cells, while naked mRNA is
hardly able to enter cells (Fig. 1C). With an increase in incubation time, the mRNA carried by the NPs effectively escaped the
endosomes (green) and entered the cytoplasm.
To further confirm the efficacy of introducing exogenous and
functional proteins in KU19-19 cells via mRNA NPs, EGFPmRNA expressing enhanced green fluorescent proteins (EGFPs)
and Luc-mRNA expressing luciferase proteins were used as
model mRNAs. Both flow cytometry analysis, showing the
expression of EGFPs (SI Appendix, Fig. S1A), and bioluminescence imaging, showing the expression of luciferase proteins (SI
Appendix, Fig. S1 B and C), demonstrated that our mRNA NPs
effectively introduced exogenous and functional proteins in
KU19-19 cells. In addition, the amount of expressed proteins can
be up-regulated “on-demand” by simply increasing the mRNA
NP concentrations. Finally, we measured KDM6A expression in
the Kdm6a-null KU19-19 BCa cells after treatment with
KDM6A-mRNA NPs or empty NPs (control group) through
immunofluorescence (IF) staining assays. KDM6A was effectively
introduced in Kdm6a-null KU19-19 cells after the treatment of
KDM6A-mRNA NPs, while the control group hardly showed
any expression of KDM6A (Fig. 1D). Therefore, we were able to
confirm that our core mRNA NP technology holds the potential
to be a universal strategy for the “on-demand” introduction of
exogenous proteins including KDM6A (Fig. 1D and SI Appendix,
Fig. S2) in Kdm6a-null BCa cells.
Introduction of KDM6A via mRNA NPs in Kdm6a-null BCa Cells
Prevents the Invasion and Migration of BCa Cells In Vitro. After

verifying that our mRNA NPs successfully introduced exogenous
KDM6A, we focused on checking the functional consequence
after KDM6A introduction in Kdm6a-null BCa cells and exploring the role of KDM6A in BCa metastasis from a cellular level.
In the first part of this section’s study, it was interesting to find
that Kdm6a-null KU19-19 cells exhibited higher rates of cell invasion and migration than Kdm6a-wild-type RT-4 cells (i.e., model
BCa cell line with KDM6A expression in this study), via the realtime cell analyzer (RTCA) invasion and migration monitoring
assays (29) (SI Appendix, Fig. S3A). In vitro wound healing assays
also showed that Kdm6a-null KU19-19 cells migrated obviously
after 24 h of incubation, while Kdm6a-wild-type RT-4 cells seldom migrated during the same incubation period (SI Appendix,
Fig. S3B). In the transwell assays, we also observed that invasive
Kdm6a-null KU19-19 cells were significantly more numerous
than invasive Kdm6a-wild-type RT-4 cells (SI Appendix, Fig. S4).
Because previous studies have demonstrated that increased filopodia formation is an essential precondition for the invasion of
cancer cells (30), we then performed cell morphology and
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cytoskeleton analyses using rhodamine-conjugated phalloidin
staining by IF microscopy. Consistently, most Kdm6a-null KU1919 cells exhibited long and extended filopodia, while Kdm6awild-type RT-4 cells seldom exhibited any filopodia (SI Appendix,
Fig. S5). Judging from all these interesting phenomena between
the two cell lines, it might be possible that the loss of KDM6A in
BCa cells may contribute to invasive cellular migration.
Next, we further examined whether introducing KDM6A
in Kdm6a-null KU19-19 cells could lead to the inhibition of
cell proliferation, invasion, and migration. Both the colony
formation study and the proliferation assays demonstrated
that the introduction of KDM6A via mRNA NPs had an
antiproliferation effect on Kdm6a-null KU19-19 cells (SI
Appendix, Fig. S6), and this inhibition effect can be enhanced
by increasing the concentrations of KDM6A-mRNA NPs. A
transwell assay was performed in vitro to simulate the invasion and
migration of Kdm6a-null BCa cells with or without treatment of
mRNA NPs. Our results demonstrated that the treatment of
KDM6A-mRNA NPs effectively reduced the invasion and migration of Kdm6a-null KU19-19 cells in a dosage-dependent manner
(Fig. 2 A and B). In vitro wound healing assays further confirmed
that mRNA NP–mediated introduction of KDM6A significantly
inhibited the migration of KU19-19 cells (Fig. 2 C and D). Hence,
it is possible that loss of KDM6A promotes invasion and migration
of BCa cells in vitro, and our data showed that reintroducing the
functional KDM6A proteins in Kdm6a-null BCa cells could effectively alleviate the tendency toward invasion and migration of these
BCa cells.
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In addition, the PCR assay also showed that, compared with
control group and empty NPs group, the introduction of
KDM6A via mRNA NPs in KU19-19 cells significantly downregulated the expression of ITGB5, MMP9, CDH11, and
MMP10 (Fig. 2E), which are actively involved in the tumor progression and invasion pathways. Moreover, the expression of
E-Cadherin was significantly up-regulated after the treatment
of KDM6A-mRNA NPs. E-Cadherin is a critical determinant of
tumor progression through suppressing tumor invasion and
metastasis (31, 32). Up-regulation of E-Cadherin level via
KDM6A-mRNA NP treatment in KU19-19 cells indicates that
the metastasis-related pathways in epithelial mesenchymal transition (EMT) might be inhibited, which may further take a role
in preventing their invasion and migration in vitro.
Transcriptomic Analysis on the Relationship between KDM6A
Restoration via mRNA NPs in Kdm6a-null BCa Cells and Their
Metastasis. In this section of the study, to examine the effect of

KDM6A on BCa metastasis, we analyzed the gene expressions
at a transcriptomic level. Similarly, it was interesting to identify a large number of genes that were differentially expressed
due to the loss of Kdm6a in KU19-19 cells (versus Kdm6awild-type RT-4 cells) (SI Appendix, Fig. S7A). Among them,
metastasis-related genes were significantly up-regulated in
Kdm6a-null KU19-19 cells (versus Kdm6a-wild-type RT-4
cells) (SI Appendix, Fig. S7B). A subsequent gene ontology
analysis of the gene expression differences between Kdm6anull KU19-19 cells and Kdm6a-wild-type RT-4 cells revealed
PNAS j 3 of 12
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Fig. 1. On-demand introduction of exogenous and functional proteins in Kdm6a-null BCa cells via mRNA NPs. (A) mRNA NP morphology was observed
through TEM (Scale bar, 200 nm). (B) Stability of the mRNA NPs in PBS containing 10% serum throughout 72 h. The NP diameters were conﬁrmed
through dynamic light scattering measurements. (C) CLSM imaging of Kdm6a-null KU19-19 cells after different duration of incubation (1, 3, and 6 h) with
Cy5-mRNA NPs (red). CellLight Late Endosomes-GFP was used to stain endosomes (green), and Hoechst 33342 was utilized to stain nuclei (blue). Cells after
6 h of incubation with free Cy5-mRNA were assigned to the control group (Scale bars, 10 μm). (D) IF staining of KDM6A in Kdm6a-null KU19-19 cells after
treatment with empty NPs or KDM6A-mRNA NPs (Scale bars, 50 μm).
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Fig. 2. mRNA NPs restores KDM6A in Kdm6a-null BCa cells, inhibits metastasis-related pathways, and prevents the invasion and migration of BCa cells
in vitro. (A) Representative images of Kdm6a-null KU19-19 BCa cells after treatment with KDM6A-mRNA NPs at different concentrations in the
24-transwell system from transwell invasion assays. KU19-19 cells without NP treatment were assigned to the control group (Scale bars, 160 μm). (B) Quantitative analysis of the transwell invasion assays. Invasive cells were counted in ﬁve representative magniﬁed views per transwell. Experiments were carried out four times. Statistical signiﬁcance was deﬁned by ***P < 0.001. (C) Representative images of Kdm6a-null KU19-19 cells with or without treatment
with KDM6A-mRNA NPs from in vitro wound healing assays (incubation time: 24 and 48 h). Green cells represent invasive and migrating cells. Blue lines
represent the borderlines (Scale bars, 200 μm). (D) Quantitative analysis of the in vitro wound healing assays. Statistical signiﬁcance was deﬁned by ****P
< 0.0001. (E) qRT-PCR was carried out to measure the expression of KDM6A, ITGB5, MMP9, CDH11, MMP10, and E-Cadherin. Statistical signiﬁcance was
deﬁned as ***P < 0.001 and ****P < 0.0001 between control group and KDM6A-mRNA NPs Group.

that loss-of-Kdm6a strengthened the focal adhesion and cell
adhesion molecules (CAMs) pathways (SI Appendix, Fig.
S7C). Because both pathways are closely related to tumor
metastasis, these results indicate a potential promoting role of
loss-of-Kdm6a in the metastasis of BCa. Meanwhile, the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis also found that the genes linked to adhesion
pathways were among the most significantly expressed in
Kdm6a-null KU19-19 cells (SI Appendix, Fig. S7D). Moreover,
the results confirmed by the gene set enrichment analysis
(GSEA) also demonstrated that both the focal adhesion signaling pathway (***P < 0.001) and the CAMs signaling pathway (*P < 0.05) were significantly up-regulated in Kdm6a-null
4 of 12 j PNAS
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KU19-19 cells compared to those in Kdm6a-wild-type RT-4
cells (SI Appendix, Fig. S7 E and F).
To further investigate the KDM6A’s role in BCa metastasis,
we also performed a transcriptomic analysis between Kdm6anull KU19-19 cells (control group) and KDM6A-mRNA
NP–treated Kdm6a-null KU19-19 cells (KDM6A-mRNA NPs
group). After the restoration of KDM6A via mRNA NPs in
Kdm6a-null KU19-19 cells, 1,608 genes were significantly
down-regulated and 3,534 genes were significantly up-regulated
(versus control group) (Fig. 3A). Among them, metastasisassociated genes (such as ITGB5, MMP9, CDH11, MMP10,
etc.) were significantly down-regulated in Kdm6a-null KU19-19
cells after the treatment of KDM6A-mRNA NPs (Fig. 3B),
Kong et al.
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compared with both the control group and the empty NPs
group. In agreement with the previous results, the KEGG pathway analysis demonstrated that the genes linked to focal adhesion and cell migration pathways were among the most significantly expressed in Kdm6a-null KU19-19 cells, compared with
the Kdm6a-null KU19-19 cells after the treatment of KDM6AmRNA NPs (Fig. 3C). In addition, the GSEA results also confirmed that the focal adhesion signaling pathway (****P <
0.0001), microtubule-based movement signaling involved in the
cell migration pathway (****P < 0.0001), and the regulation of
microtubule cytoskeleton organization signaling involved in the
cell migration pathway (*P < 0.05) were significantly downregulated in Kdm6a-null KU19-19 cells after the treatment of
KDM6A-mRNA NPs, compared with the control group (Fig. 3
D–F). Overall, these transcriptomic-level findings support that
loss of Kdm6a might promote the metastasis of BCa, while restoration of KDM6A via mRNA NPs could inhibit the invasiveness tendency.
Engineering of Surface Mucoadhesive mRNA NPs for Effective
Intravesical Delivery of mRNA. To prolong the dwell time of

mRNA NPs in the bladder and improve their uptake and penetration, we further functionalized the surface of our NPs to be
mucoadhesive, enabling them to adhere to the bladder for sustained and efficient delivery of mRNA in the bladder. Therefore,
Kong et al.
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instead of coating the NP with nonfunctionalized DSPE-PEG, we
used functionalized DSPE-PEG-NH2 (100%), DSPE-PEG-NH2/
DSPE-PEG-SH hybrids (50 versus 50%), or DSPE-PEG-SH
(100%) to confer mucoadhesive properties. As shown in the
TEM images (SI Appendix, Fig. S8A), compared with the nonmucoadhesive mRNA NPs, the obtained mucoadhesive mRNA
NPs tend to cluster together with the increased ratios of thiol-terminated (-SH) surface modification. To further assess the
mucoadhesivity of mRNA NPs with different surface functionalizations, we performed ex vivo dual-staining experiments on mouse
bladder tissues after different mRNA NP treatments. Fluorescein
(FITC)-labeled PLGA and Cy5-labeled mRNA were used to
form these different NPs, allowing us to simultaneously track
both NPs via green signals and mRNA via red signals. PBS
containing dual-labeled NPs (i.e., nonmucoadhesive mRNA
NPs, mucoadhesive mRNA NPs-NH2, mucoadhesive mRNA
NPs-NH2/SH, or mucoadhesive mRNA NPs-SH) was used to
individually incubate the mouse bladder at 37 °C for 2 h. After
simple PBS washing, CLSM was performed to observe the signals of different mRNA NPs on the bladder wall (Fig. 4A).
All three kinds of mucoadhesive mRNA NPs showed higher
signals on the bladder walls than nonmucoadhesive mRNA
NPs. Meanwhile, the bladder wall receiving the mRNA NPsSH treatment exhibited the highest signals among the three
kinds of mucoadhesive mRNA NPs.
PNAS j 5 of 12
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Fig. 3. Transcriptomic analysis between Kdm6a-null KU19-19 cells (control group) and KDM6A-mRNA NP–treated Kdm6a-null KU19-19 cells (KDM6AmRNA NPs Group). (A) Volcano plot of gene expression (Control versus KDM6A-mRNA NPs; fold changes ≥ 2; P < 0.05). (B) Hierarchical clustering and
heatmap of representative gene expression resulting from control group, Empty NPs Group (i.e., empty NP-treated Kdm6a-null KU19-19 cells), and
KDM6A-mRNA NPs Group through transcriptomic sequencing. Row-scaled z-scores of quantile-normalized gene expression (from >5,000 genes; P <
0.0001; Green: down-regulated genes; Red: up-regulated genes). (C) KEGG pathway analysis on the signiﬁcant gene expression. (D) GSEA of the genes
associated with the focal adhesion signaling (P < 0.0001) in control group and KDM6A-mRNA NPs Group. (E) GSEA of the genes associated with the
microtubule-based movement signaling (P < 0.0001) in control group and KDM6A-mRNA NPs Group. (F) GSEA of the genes associated with the regulation
of microtubule cytoskeleton organization signaling (P = 0.0132) in control group and KDM6A-mRNA NPs Group.
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Fig. 4. Engineering of surface mucoadhesive mRNA NPs for effective intravesical delivery of mRNA. (A) CLSM volume view images of mouse bladder
walls after incubation (2 h) with nonmucoadhesive mRNA NPs, mucoadhesive mRNA NPs-NH2, mucoadhesive mRNA NPs-NH2/SH, or mucoadhesive mRNA
NPs-SH. mRNA was labeled with Cy5 (red ﬂuorescence), and NPs were labeled with Fluorescein (FITC) (green ﬂuorescence) (Scale bar, 400 μm). (B) CLSM
volume view images of mouse bladder walls after 2 h of incubation with different mRNA NPs, followed by another 3 h of incubation in urine (i.e., urine
wash). mRNA was labeled with Cy5 (red ﬂuorescence), and NPs were labeled with FITC (green ﬂuorescence) (Scale bar, 400 μm). (C) Sections of the bladder tissues from mice treating with nonmucoadhesive mRNA NPs, mucoadhesive mRNA NPs-NH2, mucoadhesive mRNA NPs-NH2/SH, or mucoadhesive
mRNA NPs-SH via intravesical administration (Scale bars in raw images, 500 μm; Scale bars in enlarged images, 50 μm). mRNA was labeled with Cy5 (red
ﬂuorescence).

To better mimic the activity in the clinical bladder treatment,
after the same treatment procedure with different NPs, we individually incubated the bladders with urine for an additional 3 h at
37 °C followed by simple PBS washing (Fig. 4B). Nonmucoadhesive mRNA NPs could easily be washed away by urine, as shown
almost all signals on the bladder wall were disappeared. However,
all three kinds of mucoadhesive mRNA NPs created detectable
signals on the bladder walls. Moreover, our data indicated that
mRNA NPs-SH showed the highest adhesive capacity and uptake
among the three kinds of mucoadhesive mRNA NPs. Similar
results were further confirmed through the sections from bladder
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tissues of mice after intravesical administration of different Cy5mRNA NPs (Fig. 4C) through an in vivo bladder tissue adhesion
and mucoadhesive assay. These results could be explained by the
fact that thiolated-NPs were able to form -S-S- bonds with
cysteine-rich domains of the mucus glycoproteins (24, 33), and
such covalent bonds had much stronger interactions than the noncovalent interactions (e.g., van der Waals forces, hydrogen bonds,
and ionic interactions with the anionic substructures of the mucus
layer) (33, 34). Because the mRNA NPs-SH showed the best
mucoadhesive properties for effective intravesical delivery of
mRNA, we used them in our subsequent studies.
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Mucoadhesive mRNA NPs Restore KDM6A in Mice Bearing
Orthotopic Kdm6a-null BCa Tumors and Inhibit Metastasis to
Adjacent Tissues and the Lymphatic System. To verify the func-

tional consequence of KDM6A restoration via mucoadhesive
mRNA NPs in BCa, we developed an orthotopic bladder tumor
model in athymic nude mice with Kdm6a-null KU19-19 cells.
The orthotopic bladder tumor models were established through
transurethral instillation of Kdm6a-null KU19-19 BCa cells into
the bladders of immunodeficient nude mice. After 1 wk of
implantation, the mice bearing orthotopic bladder tumors (with
similar sizes) received the treatments of PBS, empty NPs-SH, or
KDM6A-mRNA NPs-SH, respectively, via intravesical administration every 3 d, followed by ultrasonic monitoring on days 0, 4,
8, 12, and 16. The high-frequency ultrasound images showed that
KDM6A-mRNA NPs-SH treatment effectively inhibited the
growth of orthotopic primary bladder tumors compared with
those receiving PBS or empty NPs-SH treatment (SI Appendix,
Fig. S10). The immunohistochemistry (IHC) staining assays
showed that KDM6A proteins were widely expressed in orthotopic KU19-19 tumor sections after treatment with KDM6AmRNA NPs-SH, while no expression of KDM6A was found in
the tumor sections from animals receiving treatment with either
Kong et al.
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Mucoadhesive mRNA NP–Mediated Strategy on Mechanistic Understanding of KDM6A’s Role in Inhibiting the BCa Metastasis In Vivo.

To clarify the potential mechanism of KDM6A’s role in inhibiting
the BCa metastasis in vivo, the orthotopic BCa tumors from the
mice after different treatments were collected (Fig. 6A), and IF
staining analysis was further performed with these tumors. Consistent with the previous in vitro data (Fig. 2E), we observed that
the KDM6A (pink color) introduced in tumor sections by
KDM6A-mRNA NPs-SH effectively up-regulated the expression
of E-Cadherin (epithelial marker; red color) (Fig. 6 B–D). To
further confirm the role of KDM6A in inhibiting BCa
PNAS j 7 of 12
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usually be excreted by urine within several hours. Therefore,
they should be relatively stable in the solution at least for several hours (i.e., together with urine at 37 °C) and then attached
to the bladder tissues to realize the designed functions. We
then tested the stability of our mucoadhesive mRNA NPs-SH
in the urine at 37 °C. The results showed that the size of
mRNA NPs-SH did not have obvious changes within 24 h (SI
Appendix, Fig. S8B), and the stable time is enough for intravesical delivery. In terms of storage in the real clinic application,
the prepared mRNA NP solution is usually frozen and thawed
before use. Therefore, they should be stable in the solution
after being thawed before use. We thus stored the prepared
mRNA NPs-SH in both PBS solution and PBS solution containing 10% fetal bovine serum (FBS) and immediately froze
these fresh mRNA NPs-SH in a 20 °C condition. After different hours of storage/frozen, the mRNA NPs-SH were thawed,
and their size changes were subsequently monitored. As can be
observed from our results, the thawed mucoadhesive mRNA
NPs-SH were stable enough in both PBS solution (SI Appendix,
Fig. S8C) and PBS solution containing 10% FBS (SI Appendix,
Fig. S8D) at the tested time points.
We also checked if the thiolated-surface modification would
affect the endosome escape ability of mRNA NPs-SH. Similar
to the results from nonmucoadhesive mRNA NPs (Fig. 1C), the
mRNA (red) carried by the mucoadhesive NPs-SH also effectively escaped the endosomes (green) with an increase in
incubation time (SI Appendix, Fig. S9A), indicating the mucoadhesive surface modification does not affect the endosome escape
ability of these NPs. We further studied the cellular uptake and
intracellular transport pathways of mRNA NPs-SH via commonly used inhibitors (10, 26) and their effects on the transfection efficiency of mRNA NPs-SH in Kdm6a-null KU19-19 cells.
The results from KU19-19 cells pretreated with different inhibitors (SI Appendix, Fig. S9B) showed that the macropinocytosis
inhibitor pretreatment significantly decreased the transfection,
but the pretreatment with the caveolae-mediated inhibitor or
the clathrin-mediated inhibitor did not affect the transfection,
indicating the macropinocytosis mainly mediated the cellular
internalization of mRNA NPs-SH. Moreover, the pretreatment
with the proton-pump inhibitor also markedly decreased the
transfection, indicating that the NPs-SH could release the
mRNA cytosolically via inducing a proton-sponge effect after
entering the cells via macropinocytosis.

PBS or empty NPs-SH (SI Appendix, Fig. S11). Because the
introduction of KDM6A tumor suppressor significantly inhibited
the proliferation of KU19-19 cells in vitro, it is not surprising that
the orthotopic tumor growth in the KDM6A-mRNA NPs-SH
group was inhibited after the high expression of KDM6A in
KU19-19 tumors. Moreover, intravesical delivery of KDM6AmRNA via mucoadhesive NPs also significantly reduced the
number of mice with metastasis (SI Appendix, Fig. S12A) as well
as the number of metastatic lymph nodes (SI Appendix, Fig.
S12B), indicating the therapeutic potential of KDM6A introduced by mucoadhesive mRNA NPs in inhibiting the metastasis
of BCa in vivo. At 2 d after the last treatment, the bladders bearing orthotopic primary BCa tumors were entirely collected from
the mice after euthanasia for further evaluation. Compared with
the KDM6A-mRNA NPs-SH group, the orthotopic primary BCa
tumors in the PBS group and the empty NPs-SH group expanded
the bladders much larger, and the normal structures of bladders
were severely damaged by the orthotopic primary BCa tumors in
these two groups (Fig. 5 A and B). The hematoxylin and eosin
(H&E) staining assay showed more direct evidence that KDM6AmRNA NPs-SH treatment via intravesical bladder instillation
was able to effectively inhibit the growth of orthotopic primary
BCa tumors and prevented the invasiveness of primary BCa cells
into the mucosal layer and the muscle layer (Fig. 5C), avoiding
the BCa metastasis and protecting the bladder structures. It was
also found that KDM6A-mRNA NPs-SH treatment could effectively inhibit the blood vascular (BV) invasion and the lymphatic
vessel (LV) invasion (SI Appendix, Fig. S13). In addition, the
in vivo expression of KDM6A via KDM6A-mRNA NPs-SH could
also have significantly inhibited the BCa metastasis to lymph
nodes (Fig. 5 D–F), indicating the therapeutic potential of
KDM6A in treating the metastasis of BCa.
To further verify that the introduction of KDM6A via mRNA
NPs in BCa tumors can inhibit metastasis in vivo, we established
another luciferase-expressing orthotopic bladder tumor model
via transurethral instillation of Kdm6a-null luciferase–expressing
KU19-19 (KU19-19-Luc) cells into the bladders of athymic nude
mice. Tumor growth and adjacent tissue metastasis were monitored via evaluating the average radiance within tumor sites by
bioluminescence imaging. After 1 wk, mice with similar bioluminescence signals were randomly divided into three groups and
treated with PBS, empty NPs-SH, or KDM6A-mRNA NPs-SH
via intravesical administration every 3 d. Bioluminescence imaging studies were performed on days 0, 4, 8, 12, and 16. Compared with the control group (PBS) and the control NP group
(empty NPs-SH), intravesical treatment with KDM6A-mRNA
NPs-SH effectively reduced the orthotopic tumor burden and
adjacent tissue metastasis (SI Appendix, Figs. S14 and S15). The
BCa metastasis majorly occurred in the abdominal regions of
the mice at our tested experiment levels as reflected by the bioluminescence signals (SI Appendix, Fig. S14A). Taken all
together, we demonstrated that introduction of KDM6A via
mucoadhesive mRNA NPs in mice bearing orthotopic Kdm6anull BCa tumors can inhibit adjacent tissue metastasis and lymphatic metastasis, further indicating the key therapeutic role of
KDM6A in BCa metastasis.
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Characterization of the Mucoadhesive mRNA NPs with Thiol-Surface
Functionalization. The NP solution via bladder perfusion would
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Fig. 5. Introduction of KDM6A via mucoadhesive mRNA NPs in mice bearing orthotopic BCa tumors could inhibit metastasis potential of BCa. (A) Representative images of the entire bladders bearing orthotopic primary BCa tumors in different groups. (B) The weight (mg) and the size changes (% compared with the PBS group) of the harvested bladders from different groups. Data shown as means ± SEM (n = 10) with a two-tailed Student’s t test (**P
< 0.01, ****P < 0.0001). (C) Representative H&E staining sections from the entire bladders bearing orthotopic primary BCa tumors in different groups
(Scale bars in raw images, 1.25 mm; Scale bars in enlarged images, 100 μm). (D) Representative images of the maximum-volume lymph nodes collected
from each group (n = 10). (E) Histogram analysis of the volume calculated from all the lymph nodes in different groups. Data shown as means ± SEM (n =
10) with a two-tailed Student’s t test (***P < 0.001). (F) Representative H&E staining images of the lymph nodes from different groups (Scale bars, 400 μm).

metastasis, we also performed Western blot (WB) analysis to
detect the expression of several typical metastatic phenotype
markers in the orthotopic BCa tumors after different treatments.
Along with the re-expression of KDM6A in Kdm6a-null orthotopic BCa tumors via KDM6A-mRNA NPs-SH, the increased
expression of E-Cadherin was also solidly confirmed via WB
analysis (SI Appendix, Fig. S16), indicating that the metastasis
potential of BCa might be inhibited by KDM6A-mediated
E-Cadherin up-regulation. In addition, restoration of KDM6A
in vivo inhibited the mesenchymal markers Vimentin,
N-Cadherin, SNAIL, and SLUG expressions at varying degrees.
As N-Cadherin usually takes an active role in promoting tumor
migration via EMT (35), the introduction of KDM6A via
KDM6A-mRNA NPs-SH may also successfully stop the tumor
migration process via down-regulating N-Cadherin expression.
Taken together, these data suggest that KDM6A restoration via
mucoadhesive mRNA NP–enabled intravesical delivery of
KDM6A-mRNA may suppress BCa metastasis via signaling pathways in EMT (summarized in SI Appendix, Fig. S17).
8 of 12 j PNAS
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As KDM6A is a well-recognized tumor suppressor, it is not
surprising to find that its introduction to Kdm6a-null orthotopic
BCa tumors via KDM6A-mRNA NPs-SH can down-regulate
the proliferation markers Ki-67 (green color) (Fig. 6 B and E).
To verify the in vivo safety of this strategy, healthy mice receiving treatment with mucoadhesive KDM6A-mRNA NPs-SH (via
intravesical perfusion; local delivery) were euthanized and
major organs (heart, liver, spleen, lung, and kidneys) were harvested for H&E staining. We did not find any obvious histological differences between the organ sections from mice receiving
PBS treatments and those receiving KDM6A-mRNA NPs-SH
treatments (SI Appendix, Fig. S18), suggesting that the local
introduction of KDM6A via our mucoadhesive mRNA NPs can
be a safe strategy for in vivo use.
Clinical Significance of KDM6A on Metastasis of BCa and its
Potential Combination with Elemene. As can be summarized from

the Cancer Genome Atlas database, Kdm6a shows the highest
rate of mutation (29.37%) in BCa among the different cancer
Kong et al.
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Fig. 6. Local restoration of KDM6A in Kdm6a-null BCa tumors via a mucoadhesive mRNA NP–mediated strategy for the mechanistic understanding of
KDM6A’s role in inhibiting BCa metastasis in vivo. (A) H&E staining sections of the bladders bearing orthotopic primary BCa tumors that used for the following IF analysis (Scale bars, 200 μm). (B) IF analysis of the KDM6A (pink), E-Cadherin (red), and Ki67 (green) expression in orthotopic Kdm6a-null KU1919 tumors after different treatments (Scale bars in raw images, 200 μm; Scale bars in enlarged images, 50 μm). The nucleus was stained by DAPI (blue).
Quantitative analysis of (C) KDM6A (pink), (D) E-Cadherin (red), and (E) Ki67 (green) expression in the bladders bearing orthotopic primary BCa tumors
from different groups.

types (SI Appendix, Fig. S19A), indicating its potentially critical
role in BCa (36, 37). To examine the clinical relevance of
KDM6A as a potential target in treating human BCa invasiveness and metastasis, we collected a cohort of 110 BCa patients
and initially assessed the expression of KDM6A proteins by
IHC. As could be directly observed from the IHC images (SI
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Appendix, Fig. S20A), tumor sections (red arrow) from the bladder tissues in the non-MI (NMI) BCa patients (i.e., stages Ta
to T1; nonmetastatic BCa) showed extensive expression of
KDM6A, while those from MI BCa patients exhibited low to
undetectable levels of KDM6A. Clear boundaries of mucosa
(area I), submucosa (area II), and muscle (area III) could be
PNAS j 9 of 12
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observed in the bladder tissues from NMI BCa patients. However, due to the invasiveness and metastasis, no such boundaries could be distinguished clearly in the bladder tissues from
MI BCa patients. Moreover, both the numbers (n) and the
percentages (%) of BV invasive and LV invasive are significantly higher in KDM6A low-expression BCa patients than
those of KDM6A high-expression BCa patients (SI Appendix,
Fig. S20B), further suggesting that clinical significance of
KDM6A in the invasiveness and metastasis of BCa in patients.
The correlations between clinicopathological signatures of
the patients with BCa and KDM6A expression were further
analyzed (SI Appendix, Figs. S19B and S20C). These results
clearly showed that the invasive and metastatic BCa have much
lower KDM6A expression. For example, 97.06% of patients
with MI BCa (stages T2 to T4) exhibited low expression of
KDM6A (versus 81.58% of those in stages T1 to T2), as did a
full 100% of the BCa patients in TNM stage II to IV (versus
81.93% of those in TNM stage I). Similarly, 90.32% of the BCa
patients with lymphatic metastasis exhibited low KDM6A
expression (versus 84.81% of those without lymphatic metastasis). Moreover, KDM6A expression was remarkably correlated
with 3-y overall survival (OS) for patients with BCa (SI
Appendix, Fig. S20D). Compared with BCa patients exhibiting
high KDM6A expression, low expression of KDM6A was associated with a significantly lower percentage of 3-y OS in all
patients. Interestingly, within our sample, all female BCa
patients had low expression of KDM6A and a poor OS rate
(<40%). It is worth to mentioning that we also observed that
intravesical treatments with mucoadhesive KDM6A-mRNA
NPs-SH effectively improved the OS of BCa mice and these
mucoadhesive mRNA NPs might be applied in combination
therapy with other therapeutics (e.g., elemene, a clinical used
chemotherapeutic drug that can be used for intravesical infusion therapy of BCa) for enhanced therapeutic effects (SI
Appendix, Fig. S21). Together, these results indicate that low
expression of KDM6A is likely associated with an increased
risk of invasiveness, metastasis, and mortality (i.e., poor prognosis) in BCa patients. Therefore, restoration of KDM6A via
our mucoadhesive mRNA NP strategy might possess significant
clinical impacts on treating BCa patients and preventing invasiveness and metastasis.
Discussion
As a leading cause of tumor-associated deaths, BCa is more
prevalent in developed than in developing countries (38–40)
and is 3 to 4 times more common in males than in females.
NMI BCa (i.e., a more common type associated with a favorable prognosis) and MI BCa (i.e., a less prevalent type, typically
associated with a poor prognosis) are two broad subgroups of
this disease (41, 42). Notably, BCa is not only among the most
expensive malignancies to treat (40), but little progress has
been made in metastatic BCa treatment over the past two decades. Recent studies suggest that Kdm6a inactivation may be a
powerful driver in bladder oncogenesis, and a majority of
Kdm6a mutations are predicted to result in a total a loss-offunction or loss-of-expression in the JmjC domain of KDM6A
(over 70% of the mutations lead to a total loss-of-function in
this tumor type) (37). Therefore, the Kdm6a gene and the
KDM6A proteins that it encodes are of great significance in
BCa. As a well-recognized and key tumor suppressor in BCa
(1–3), KDM6A has been revealed to play a vital role in both
mechanistic and translational studies of BCa, which may offer
potential solutions to the current problems in the treatment of
BCa and provide deeper insights into the understanding of its
metastasis. However, until now, KDM6A’s function in the
metastasis of BCa remained largely unexplored.
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The most straightforward strategy to understand the role of
KDM6A is to verify the functional consequences after its 1)
inactivation/deletion and 2) reactivation in the biological system. While the former can be achieved simply using gene
knockout mice/cell lines, the latter remains difficult, especially
for in vivo introduction of KDM6A in the local site(s). At present, DNA transfection is the only reported strategy for
introducing the exogenous KDM6A (1, 5–7), and the most commonly used tools are either nonviral vector lipofectamine
reagents or virus vectors. However, both these useful tools have
formidable drawbacks: 1) because of poor stability, nonviral lipofectamine reagents can be used only for cellular experiments,
preventing their wider application in animals and translational
studies and 2) concerns such as low packaging capacity, high
production cost, high immunogenicity, and potential transmission into the environment may still exist for virus vector–based
technologies. Moreover, the risks of genomic integration and
mutagenesis may still present a major hurdle in the transition of
DNA transfection strategy. Therefore, alternative approaches
that can effectively introduce KDM6A while avoiding these
problems will likely hold great promise, from mechanistic understandings to translational cancer research.
Recently, emerging mRNA technologies have attracted considerable attention in various areas including vaccines against infectious diseases including COVID-19 and beyond (12, 43, 44), drugs
for regenerative angiogenesis in diabetes patients (45), tumorsuppressor restoration for cancer therapy (9, 10), targeted treatment for inherited metabolic liver disorder arginase deficiency
(46), and others. mRNA is essentially a single-stranded nucleic
acid molecule. Unlike DNA transfection, the retention time of
mRNA is temporary, and it will be degraded once the specific
functions are realized, which leads to “on-demand” up-regulation
of the specific proteins to manipulate the targeted pathways only
when needed. Because nuclear entry is not required for mRNA
to fulfill its transfection activity, integration into the host genome
and potential detrimental genotoxicity are no longer concerns.
mRNA-based strategies also work rapidly and cost effectively.
Once the specific target is identified, the design and production of
mRNA drugs are procedural and straightforward. In principle,
one mRNA drug can express multiple proteins, which offers convenience for multistage vaccines or multiprotein combination
treatments. At this writing, there are 60 different pharmaceutical
mRNAs in different stages of clinical trials. The first mRNA therapeutic has also been urgently approved in humans in order to
tackle the pandemic caused by COVID-19 (for example, mRNA
Prophylactic Vaccine mRNA-1273 by Moderna, Inc.) (11, 47).
Due to the distinctive properties of mRNA-based strategies,
chemically modified mRNA can be a biocompatible, straightforward, and highly promising modality for KDM6A introduction in
target cells or sites. Nevertheless, an effective method of delivery
of mRNA to in situ bladder tumors for target protein expression
remains a major challenge.
Emerging nanotechnology has provided opportunities to
improve the cytosolic delivery of different RNA therapeutics into
cancer cells, and some NPs have been used for systemic mRNA
delivery (9, 10, 48). However, for patients with BCa, intravesical
perfusion has the potential to selectively deliver high concentrations of mRNA to in situ bladder tumors, minimize systemic
exposure (23, 24), and offer greater benefit than systemic mRNA
delivery. To the best of our knowledge, the use of NPs for intravesical delivery of mRNA to specific in situ bladder tumors had
remained untested. For effective protein introduction at the local
site(s), NPs need to overcome different barriers associated with
intravesical mRNA delivery, such as nuclease degradation, rapid
clearance through the voiding of urine, lack of dwell time for sustained delivery, and insufficient mRNA escape from endosomes
to the cytoplasm (9, 10, 22, 49). Herein, we designed a
lipid–polymer hybrid NP platform in which 1) positively charged
Kong et al.
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critical role of KDM6A in controlling chromatin and cell fate,
development, various cancers, and other diseases (57–61) and 2)
the frequent inactivation of KDM6A in these diseases (37,
62–67), this study might also provide an effective and straightforward strategy to express KDM6A via NPs for both mechanistic
explorations and therapeutic applications in these diseases. We
expect that this mucoadhesive mRNA nanotechnology could be
used to specifically up-regulate other target proteins within
mucosal organs in situ for various applications.
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Materials and Methods
Detailed materials and methods are provided in SI Appendix, Materials
and Methods, including the cell culture and major reagents; in vitro transcription of chemically modiﬁed KDM6A-mRNA; xCELLigence RTCA invasion and migration assays; RNA library construction and sequencing; mass
spectrometry sample processing and analysis; transwell and in vitro wound
healing assays; WB assay; qRT-PCR; colony formation assays; synthesis of
nonmucoadhesive mRNA NPs and mucoadhesive mRNA NPs; physicochemical characterization of mRNA NPs; endosomal escape of the mRNA delivered by NPs in Kdm6a-null BCa cells; expressing exogenous and functional
proteins via mRNA NPs in Kdm6a-null BCa cells; ex vivo bladder tissue
adhesion and mucoadhesive assay; generation of KU19-19 cells with luciferase expression (KU19-19-Luc) for orthotopic BCa model; intravesical
delivery of mRNA via mucoadhesive NPs in the in vivo orthotopic BCa
mouse model; transabdominal high-frequency micro-ultrasound imaging;
IHC and IF staining; OS study and combination treatment strategy with
elemene; and statistical analysis. Animal protocol was approved by the
Institutional Animal Care and Use Committee at Harvard Medical School/
Brigham and Women’s Hospital and Hangzhou Normal University.
Data Availability. All study data are available within this manuscript and the
associated SI Appendix.
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G0-C14 was used to absorb the mRNA and promote endosomal
escape (9, 50, 51) and 2) the FDA-approved PLGA polymer was
applied to load the mRNA/C0-C14 complexes and avoid serum
nuclease degradation of mRNA (10, 52). DSPE-PEG-SH,
DSPE-PEG-NH2, or their hybrid was used to construct mucoadhesive mRNA NPs with prolonged dwell time in the bladder and
improved uptake into BCa tissue for the intravesical delivery of
mRNA (23, 24). It is also worth mentioning that such a straightforward and simple surface modification strategy, changing FDAapproved DSPE-PEG to DSPE-PEG-NH2 (or -SH) to generate
the mucoadhesive mRNA NPs, will provide maximum benefit in
terms of reproducibility and clinical translation. Our results demonstrate that KDM6A-mRNA can be efficiently loaded into
mucoadhesive NPs, which can adhere to the bladder for delivery
of mRNA into Kdm6a-null in situ bladder tumors and express
KDM6A. In the context of our previous studies using nonmucoadhesive NPs for the systemic delivery of mRNA (9, 10), this
study extends the application of mRNA NPs to specific delivery
for in situ bladders and expands our mechanistic understanding
of a critical target in the metastasis of BCa. Moreover, our results
also indicate the potential application of these mucoadhesive
mRNA NPs in combination therapy, which might expand their
potential application in clinic in the future. Nevertheless, as the
current design is limited to the surface engineering of mRNA
NPs for enhanced mucoadhesive properties, surface modification
with additional targeting ligands to achieve targeted or more specific delivery of mRNA to tumor cells could be needed to further
advance the clinical application of this mRNA delivery platform
in treating BCa. For example, neurotensin (NT) peptide, which
can efficiently target BCa cells via its specific binding to NT
receptor type 1 overexpressed on the BCa membrane (53, 54),
could be conjugated on the mRNA NPs-SH surface at an optimized ratio to simultaneously balance the mucoadhesive properties and targeted delivery. In addition, to further enhance the
transfection efficacy and reduce the dosage in future clinical
applications, more robust formulation strategies may be optimized to improve the stability of these mucoadhesive mRNA
NPs in urine at 37 °C for a longer time.
In summary, we not only provide evidence of KDM6A’s role
in inhibiting the metastasis of BCa via an mRNA strategy but
also develop a specific mucoadhesive NP platform for intravesical mRNA delivery to in situ bladder tissues. Considering the
potential role of KDM6A in promoting the antitumor immune
response in treating cancers including BCa (55, 56), it might be
worthwhile to expect the possible application of these KDM6AmRNA NPs in cancer immunotherapy. Moreover, given 1) the
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