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Nimbolide-based nanomedicine inhibits breast
cancer stem-like cells by epigenetic reprogramming
of DNMTs-SFRP1-Wnt/b-catenin signaling axis
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Triple-negative breast cancer (TNBC) harbors a high percentage
of breast cancer stem-like cells (BCSCs) that significantly
contribute to poor prognosis, metastasis, and relapse of the dis-
ease. Thus, targeting BCSCs could be a promising approach to
combat TNBC. In this context, we investigated nimbolide
(Nim), a limonoid triterpenoid that has potent anticancer prop-
erties, butpoorpharmacokinetics and lowbioavailability limit its
therapeutic application. So, to enhance the therapeutic potential
of Nim, Nim-encapsulated poly(lactic-co-glycolic acid) (PLGA)
nanoparticles (Nim NPs) were formulated and the anticancer
stem cell (CSC) effects evaluated in vitro and in vivo. In vitro
studies suggested that Nim NPs significantly inhibited several
inherent characteristics of BCSCs, such as stemness, self-renew-
ability, chemoresistance, epithelial-to-mesenchymal transition
(EMT), and migration in comparison to native Nim. Next, the
mechanism behind the anti-CSC effect of Nim was explored.
Mechanistically, we found that Nim epigenetically restores
tumor suppressor gene secreted frizzled-related protein 1
(SFRP1) expression by downregulatingDNAmethyltransferases
(DNMTs), leading to Wnt/b-catenin signaling inhibition.
Further, in vivo results demonstrated that Nim NPs showed
enhanced anti-tumor and anti-metastatic effects compared to
native Nim in two preclinical models without any systemic
toxicity. Overall, these findings provide proof of concept that
Nim-based phytonanomedicine can inhibit BCSCs by epigenetic
reprogramming of theDNMTs-SFRP1-Wnt/b-catenin signaling
axis.
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INTRODUCTION
Triple-negative breast cancer (TNBC) is an aggressive subtype of
breast cancer, accounting for approximately 15%–20% of newly diag-
nosed cases with poor clinical outcomes.1,2 Several studies have
shown that drug resistance, metastasis, and tumor relapse are driven
by a minor population of tumor-initiating cells called breast cancer
stem-like cells (BCSCs), which exhibit properties such as quiescence,
self-renewal, drug resistance, and epithelial-to-mesenchymal transi-
tion (EMT).3–5 The current first-line treatment approach for TNBC
patients consists of chemotherapeutics, mainly taxanes such as pacli-
taxel or docetaxel, which target rapidly proliferating cancer cells,
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whereas cancer stem cells (CSCs) remain unharmed due to quies-
cence and high expression of ABC transporters that leads to an
increase in stemness, aldehyde dehydrogenase (ALDH)-positive
BCSC population, and pro-inflammatory cytokines that drive tumor
relapse and metastasis.6–8 Therefore, targeting BCSCs is a promising
approach for TNBC treatment.

Recently, phytochemicals have garnered significant attention as anti-
cancer agents owing to their safety profile and efficacy in preclinical
models due to their selectivity toward cancer cells and CSCs.9,10

Nimbolide (Nim), a limonoid triterpene derived from the leaves of
Azadirachta indica, has potent anticancer effects by regulating oxida-
tive stress and inhibiting cell proliferation, EMT, metastasis, and
angiogenesis in several cancers, including breast cancer.11–13 Nim
shows potential anticancer effects without exhibiting any side effects
on normal cells,14 making it an interesting candidate to be explored in
clinical settings. However, its effect on BCSCs is still unknown; thus,
we investigated its effect on BCSCs.

Aberrant epigenetic modifications of self-renewable pathways such
as Wnt/b-catenin, Hedgehog, and Notch by DNA methylation or
histone modification contribute to several inherent characteristics
of BCSCs.15,16 Wnt/b-catenin signaling is the master regulator of
self-renewability, stemness, and migration in BCSCs.17,18 Studies
have reported that the tumor suppressor gene secreted frizzled-
related protein 1 (SFRP1) negatively regulates Wnt/b-catenin
signaling.19 Epigenetic silencing of SFRP1 is mediated by promoter
hypermethylation, resulting in a poor prognosis in breast cancer.19–21

In consonance with this, human cancer database (Gene Expression
Profiling Interactive Analysis [GEPIA2]) analysis revealed that
SFRP1 expression is significantly lower in breast cancer tissues than
in normal breast tissues. Thus, restoration of SFRP1 expression can
lead to the downregulation of Wnt/b-catenin signaling in BCSCs.
Hence, identifying a novel agent that can epigenetically reprogram
rapy: Nucleic Acids Vol. 34 December 2023 ª 2023 The Authors. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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BCSCs has far-reaching potential in TNBC treatment. Studies have
reported that phytochemicals such as genistein, EGCG, curcumin,
sulforaphane, and resveratrol exhibit anticancer activity via epigenetic
modulation of oncogenes and tumor suppressor genes through DNA
methyltransferases (DNMTs) and histone deacetylases (HDACs)
modifications.22–24 Therefore, we investigated the effect of Nim on
epigenetic modulation in BCSCs. However, poor pharmacokinetics
and low bioavailability of Nim limit its therapeutic applications.

Nanotechnology is a cutting-edge technology that has paved the way
for cancer drug delivery to enhance the inherent characteristics and
improve the targeting ability of drugs through passive or active target-
ing.25 Previously, we developed a forskolin-based nanomedicine that
significantly improved the pharmacokinetics and targeting ability of
forskolin, resulting in enhanced therapeutic efficacy of the phyto-
chemical in a TNBC xenograft model.5 In this study, we have formu-
lated Nim-encapsulated poly(lactic-co-glycolic acid) (PLGA) nano-
particles (Nim NPs) and examined the anti-CSCs effects of Nim
and Nim NPs in both in vitro (mammospheres) and in vivo (zebrafish
and nude mice xenograft) models. In vitro results demonstrated that
Nim NPs significantly reduced several inherent characteristics of
BCSCs through epigenetic reprogramming of the DNMTs-SFRP1-
Wnt/b-catenin signaling axis compared to native Nim. In vivo studies
in two different preclinical models showed that Nim NPs enhanced
anti-tumor and anti-metastatic efficacy compared to native Nim.
Furthermore, it has been demonstrated through several assays on
excised tumor tissues that epigenetic reprogramming results in the
observed anti-tumor effects. Taken together, we conclude that Nim-
based phytonanomedicine is a promising candidate for inhibiting
BCSCs and can offer an efficient strategy for TNBC therapy.

RESULTS
Formulation, physicochemical characterization, and in vitro

cellular uptake of formulated NPs

Nim-encapsulated PLGA NPs (Nim NPs) were formulated using
polyvinyl alcohol (PVA) and D-a-tocopherol polyethylene glycol
1000 succinate (TPGS) as emulsifying agents by the single-emulsion
solvent evaporation method (Figure S1A). The entrapment efficiency
of Nim in Nim NPs was found to be�90%, as estimated by high-per-
formance liquid chromatography (HPLC), with a loading efficiency of
Nim of �9%. The average particle size of Nim NPs was found to be
�250 nm, with a low polydispersity index (PDI) of�0.3, and zeta po-
tential of approximately �23 mV, as determined by dynamic light
scattering (Figures 1A and S1B). The scanning electron microscopy
and atomic force microscopy (AFM) images showed uniform size
with spherical morphology and smooth surface topology of the
Nim NPs (Figures 1B and S1C). The transmission electron micro-
scopy (TEM) images showed that the size of the Nim NPs was within
Figure 1. Physicochemical characterization and cellular uptake of PLGA NPs

(A) Size of NimNPsmeasured by DLS (n = 3). (B) Representative scanning electronmicro

cellular uptake study of 6-coumarin or 6-coumarin NPs (100 mg/mL) in BCSCs at diff

represented as mean ± SEM (n = 3), unpaired two-tailed Student’s t test. (E) Represent

BCSCs at different time intervals (0.5, 2, 4, and 8 h) by fluorescence microscopy. Scal
the range of �130 nm (Figure 1C). The difference in particle size
measured by zeta sizer and TEMmay be due to hydrodynamic diam-
eter and hydration of the surface-associated PVA probably contrib-
uting toward the hydrodynamic diameter of the NPs.13,26 Fourier
transform infrared (FTIR) spectra of void NPs, Nim, and Nim NPs
are shown in Figure S1D. As there were no significant changes or
loss of functional peaks between the spectra of Nim, void NPs, and
Nim NPs, it can be concluded that there was no interaction between
Nim and polymers in the formulation, so Nim has been encapsulated
to the NPs efficiently. Previously, our group has formulated different
drug-loaded PLGA NPs and has reported similar types of spectra to
confirm the drug has been entrapped in NPs.4,27 Further, we have
studied the cellular uptake of NPs in MDA-MB-231-derived mam-
mospheres using a fluorescent dye, 6-coumarin, incorporated in
PLGA NPs. The dye is an excellent probe for NPs and offers a sensi-
tive method to determine their intracellular uptake.28 The quantita-
tive intracellular uptake study showed that mammospheres treated
with 6-coumarin NPs exhibited significantly higher fluorescence in-
tensity in comparison to native 6-coumarin at different time points
(Figure 1D). The above result was further corroborated by qualitative
intracellular uptake of 6-coumarin NPs, and results revealed
increased cellular uptake of 6-coumarin NPs as compared to native
6-coumarin in mammospheres at all the time points (Figure 1E).

Nim NPs induced cytotoxicity in BCSCs

The cytotoxic effects of Nim or Nim NPs were evaluated by 3-[4, 5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assay. Results showed a higher cytotoxic effect of Nim NPs than
that of native Nim in BCSCs in a concentration-dependent manner
(Figures S2A and S2B). The half maximal inhibitory concentration
(IC50) values of native Nim and Nim NPs were 16.28 and 9.32 mM
respectively 48 h post treatment, whereas they were 10.64 and
5.68 mM, respectively, 72 h post treatment (Table S1). The void
NPs (PLGA NPs without Nim) used in this study were non-toxic.
Further, the apoptotic potential of Nim or Nim NPs was evaluated,
and results indicated that Nim NPs induced higher apoptosis
compared to Nim in a concentration-dependent manner (Fig-
ures S2C and S2D). Cancer cells are known to elude apoptosis by
downregulating pro-apoptotic proteins and constitutively activating
anti-apoptotic proteins. To further validate the apoptotic potential,
immunoblotting was performed, and results indicated that Nim
NPs significantly upregulated pro-apoptotic proteins, whereas they
downregulated anti-apoptotic proteins as compared to Nim, thereby
delineating that Nim induced apoptosis in BCSCs (Figure S2E).
Studies have reported that CSCs maintain low reactive oxygen species
(ROS) and high expression of anti-oxidative enzymes through Nrf2
signaling, which regulates cellular redox homeostasis and facilitates
resistance to therapies, self-renewability, and survival.29–31 It has
scope image of NimNPs. (C) Representative TEM image of NimNPs. (D) Quantitative

erent time intervals (0.5, 2, 4, and 8 h) by fluorescence spectrophotometer. Data

ative images of qualitative cellular uptake study of 6-coumarin or 6-coumarin NPs in

e bar, 200 mm.
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been documented that Nim induces ROS in osteosarcoma and
pancreatic cancer cells in vitro.14,32 In this context, we have checked
intracellular ROS production in BCSCs by treating Nim or Nim
NPs at different time points, and results demonstrate that Nim NPs
induced higher ROS production as compared to Nim (Figure S3A).
We have also checked the protein expression of Nrf2 and its down-
stream antioxidant enzymes superoxide dismutases (SOD), catalase,
glutathione peroxidase (GPX), and glutathione reductase (GR)
upon treatment with Nim or NimNPs on BCSCs. Our results indicate
that increased ROS production downregulates antioxidant protein
expression in a concentration-dependent manner upon treatment
with Nim or Nim NPs respectively (Figure S3B).

Nim NPs reduce stemness and self-renewability in BCSCs

High ALDH activity has been associated with stemness traits and is
well documented as a putative CSCs marker, whereas the overex-
pression of stemness-specific transcription factors (Oct4, Sox2,
and Nanog) may contribute to the maintenance of BCSCs.5,33 In
this context, we examined the effect of Nim or Nim NPs on
ALDH-positive populations in BCSCs by ALDEFLUOR assay.
Following treatment with Nim NPs, the ALDH-positive population
was significantly reduced in comparison to native Nim (Figures 2A
and 2B). Similarly, the stemness-associated markers Oct4, Sox2, and
Nanog were significantly downregulated at both the mRNA and
protein levels following treatment with Nim NPs compared to
native Nim (Figures 2C and 2D). To further understand the effect
of Nim and its nanoformulation on the self-renewal ability of
BCSCs, we performed in vitro mammosphere formation assay.
We evaluated the post-treatment sphere formation assay (Fig-
ure S4A), and the results indicated that the number and size of pri-
mary spheres treated with Nim or Nim NPs reduced in a concentra-
tion-dependent manner relative to control (Figures 2E, 2F, and
S4B). Further, the study was carried out to understand whether
these treated cells possess any residual stemness property after treat-
ment. Hence, treated primary spheres were reseeded without further
drug treatment for a week and exhibited reduced capacity of sec-
ondary sphere formation (Figures 2G, 2H, and S4C). It is worth
mentioning that either Nim or Nim NPs inhibits the sphere forma-
tion, even at a low concentration of 5 mM, and Nim NPs (5 mM)
showed better inhibitory effect than their native counterpart. The
results indicate that BCSCs lose their self-renewal capacity after
treatment. Thereafter, we performed preventive sphere formation
assay (Figure S4D) and results showed that, upon treatment of
Nim or Nim NPs, sphere-forming ability of MDA-MB-231 cells
Figure 2. Nim NPs reduce stemness and self-renewability in BCSCs

(A) Representative flow cytometry images of ALDH assay upon treatment with varying

represented as mean ± SEM (n = 3). (C) Real-time PCR assay showing mRNA expression

with Nim or Nim NPs. Data represented as mean ± SEM (n = 3), one-way ANOVA with T

expression of stemness markers Oct4, Sox2, and Nanog following treatment with Nim

spheres post treatment with varying concentrations of either Nim or Nim NPs respectiv

secondary mammospheres after treatment with Nim or Nim NPs at different concentrat

way ANOVA with Tukey’s multiple comparison test. (I) Immunoblotting analysis demons

signaling (non-phospho [Active] b-catenin), Hedgehog signaling (Gli1), and Notch signa
was hampered and further Nim NPs possessed a greater ability to
prevent primary conversion of bulk tumor cells into BCSCs
(Figures S4E–S4G). Further, to understand the self-renewability in
BCSCs, we explored Wnt/b-catenin, Hedgehog, and Notch path-
ways that help to maintain the self-renewal characteristics. In this
context, we have checked the above self-renewal pathways associ-
ated with protein expressions such as non-phospho (active) b-cate-
nin (Wnt/b-catenin pathway), Gli1 (Hedgehog pathway), Hes1, and
Notch1 (Notch pathway) after treatment with either native Nim or
Nim NPs. Results show that Nim downregulated above protein
expression in a concentration-dependent manner and protein
expression is more downregulated in the case of Nim NPs than
native Nim (Figure 2I).

NimNPs reduce drug resistance, EMT, andmetastasis in BCSCs

Drug resistance and metastasis are major causes of treatment failure
and relapse in cancer patients.34 In this regard, expression of drug
efflux transporter (i.e., ABC transporter [ABCG2]) was analyzed in
BCSCs following treatment with native Nim or Nim NPs for 48 h.
Our results suggest that the expression of ABCG2 at both the
mRNA and protein levels was considerably downregulated following
treatment with Nim NPs compared to native Nim (Figures 3A and
3B). Studies suggest that EMT is a potential factor involved in CSC
maintenance and metastasis.35 Therefore, the expression of EMT
master proteins were analyzed to determine whether Nim or Nim
NPs inhibit CSCs migration by altering the EMT process. We evalu-
ated the protein expression of the epithelial marker E-cadherin and
mesenchymal markers N-cadherin, vimentin, Twist, and Snail. Re-
sults demonstrated that Nim or Nim NPs treatment significantly up-
regulated epithelial protein expression and downregulated mesen-
chymal protein expression, however, Nim NPs have shown a more
prominent effect as compared to the native Nim (Figure 3C). By
immunofluorescence assay, it was observed that E-cadherin expres-
sion was upregulated and vimentin expression was downregulated
upon treatment with Nim or Nim NPs in a concentration-dependent
manner (Figure 3D). Further, the effect of Nim or Nim NPs on CSCs
migration was analyzed. Results indicated that chemokine receptor 4
(CXCR4; a prognostic metastatic breast cancer marker) expression
was profoundly reduced in a concentration-dependent manner by
Nim or Nim NPs both at mRNA and protein levels (Figures 3E and
3F). To study the effect of Nim on migration of CSCs, Transwell
migration assay was performed. Results indicated that Nim NPs
significantly reduced migration ability of mammospheres compared
to Nim (Figures 3G and 3H).
concentrations of Nim or Nim NPs. (B) Representative graph of ALDH assay. Data

of stemness-associated genes, such asOCT4, SOX2 andNANOG upon treatment

ukey’s multiple comparison test. (D) Immunoblotting analysis demonstrating protein

or Nim NPs. (E and G) Representative images of primary and secondary mammo-

ely. Scale bar, 50 mm. (F and H) Graphical representation of number of primary and

ions respectively. ND, not detected. Data represented as mean ± SEM (n = 3), one-

trating protein expression of different self-renewal pathways such as Wnt/b-catenin

ling (Notch1 and Hes1) following treatment with Nim or Nim NPs.

Molecular Therapy: Nucleic Acids Vol. 34 December 2023 5

http://www.moleculartherapy.org


A B

C D

F

H

E

G

42

kDaNim (10 μM)
Nim NPs (10 μM)

Nim (20 μM)
Nim NPs (20 μM)

- - + -
- - +

-
-

- + - - -

-
- - - +-

β-actin

N-cadherin

E-cadherin

Vimentin

Twist

Snail

135

28

29

57

130

42

72

β- actin

ABCG2

Nim (10 μM)
Nim NPs (10 μM)

Nim (20 μM)
Nim NPs (20 μM)

- - + -
- - +

-
-

- + - - -

-
- - - +-

kDa

β- actin

CXCR4

42

47

Nim (10 μM)
Nim NPs (10 μM)

Nim (20 μM)
Nim NPs (20 μM)

- - + -
- - +

-
-

- + - - -

-
- - - +-

kDa

E

H

B

D

Nim NPs

Nim

Control

DAPI E-cadherin Vimentin Merged

C
on

tr
ol

10
μM

N
im

10
μM

N
im

N
Ps

20
μM

N
im

20
μM

N
im

N
Ps

(legend on next page)

Molecular Therapy: Nucleic Acids

6 Molecular Therapy: Nucleic Acids Vol. 34 December 2023



www.moleculartherapy.org
Nim inhibits DNMTs expression and promotes hypomethylation

of SFRP1 promoter, leading to inactivation of Wnt/b-catenin

signaling in BCSCs

Wnt/b-catenin signaling plays an important role in the regulation of
self-renewability and maintenance of the BCSCs.36 The aberrant
activation of Wnt/b-catenin signaling occurs through epigenetic
silencing of tumor suppressor gene SFRP1.20,37,38 Hence, we investi-
gated the underlying epigenetic mechanism of SFRP1-Wnt/b-catenin
signaling axis. The "Database: GEPIA2", data analysis portal revealed
that SFRP1 expression was significantly (p < 0.05) lower than SFRP2/
3/4/5 isoforms in breast cancer tissues compared to normal breast tis-
sue (Figure 4A). Furthermore, gene expression and methylation status
of SFRP1were analyzed by "Database: cBioportal", which revealed that
the gene expression level of SFRP1 was negatively correlated with the
promoter methylation state in breast tumor cells (Figure 4B). b-Cate-
nin (CTNNB1) gene is an important oncogene of Wnt/b-catenin
signaling, and amplification of the CTNNB1 gene is a possible mech-
anism of b-catenin overexpression in cancer, leading to carcinogen-
esis.39 The pan-cancer analysis of RNA sequencing (RNA-seq) data
by the "Database: TNMplot", demonstrated that SFRP1 expression
was significantly low in different tumor tissues compared to normal
tissues, and CTNNB1 expression was significantly higher in different
tumor tissues than in normal tissues, particularly in breast cancer (Fig-
ures S5A and S5B). The pan-cancer "Database: TNMplot", heatmap
analysis of RNA-seq data demonstrated that DNMTs (DNMT1,
DNMT3A, DNM3B) expression was high, SFRP1 expression was
low, and CTNNB1 expression was high in different tumor tissues
compared to normal tissues, particularly in breast cancer (Figure S5C).
Genome-wide transcriptomic data in breast invasive carcinoma also
corroborated with the above analysis in tumor and metastatic tissues
compared to normal breast tissue (Figure S5D). Thus, from the above
analysis, we inferred that high DNMTs expression silences SFRP1
gene, resulting in the upregulation of Wnt/b-catenin signaling.
Thus, inhibition of DNMTs expression can lead to the restoration of
SFRP1 expression, resulting in the downregulation of Wnt/b-catenin
signaling. To prove our hypothesis, we successfully performed lentivi-
ral-mediated short hairpin RNA (shRNA) knockdown of DNMTs
(DNMT1, DNMT3A, and DNMT3B) (Figures S6A–S6C) and found
SFRP1 expression was upregulated and, consequently, Wnt/b-catenin
signaling was downregulated (Figures S6D–S6G).

We have analyzed the protein expression of DNMT isoforms
(DNMT1, DNMT3A, and DNMT3B) in BCSCs and the results sug-
Figure 3. Nim NPs reduce drug resistance, EMT, and migration in BCSCs

(A) Real-time PCR assay showing mRNA expression of drug-resistance-associated gen

(n = 3), one-way ANOVA with Tukey’s multiple comparison test. (B) Immunoblotting ana

treatment with Nim or Nim NPs. (C) Immunoblotting analysis demonstrating protein exp

N-cadherin, vimentin, Twist, and Snail following treatment with Nim or Nim NPs. (D) Imm

(vimentin) upon treatment with different concentrations of Nim or Nim NPs. Images ta

expression of a migration-associated gene CXCR4 upon treatment with Nim or Nim NP

comparison test. (F) Immunoblotting analysis demonstrating protein expression of mig

images of Transwell migration assay before and after treatment with Nim or Nim NPs (

representation of the number of cells migrated by counting cells in five random fields usin

multiple comparison test.
gested that DNMT1 and DNMT3A expression was high compared
to DNMT3B (Figures S7A–S7C). Hegde et al. have also reported
similar results by analyzing DNMTs isoforms in different breast can-
cer subtypes (luminal, Her2 positive, and TNBC) compared to
normal, where they found DNMT1 and DNMT3A expression to be
high in TNBC in comparison to DNMT3B.40 We therefore focused
on DNMT1 and DNMT3A for detailed mechanism studies. Interest-
ingly, in our study, we found that Nim inhibited the mRNA and pro-
tein expression of DNMTs in a concentration-dependent manner
(Figures S8A and S8B). From the above results, we chose a lower con-
centration (5 mM) of Nim or NimNPs, compared it with positive con-
trol 5-aza-20-deoxycytidine/DAC (US Food andDrug Administration
[FDA]-approved drug), and results revealed that both Nim and Nim
NPs inhibited mRNA and protein expression of DNMTs (Figures 4C
and 4D). Immunofluorescence results also corroborated the above
analysis (Figures S8C–S8E). Further, we also found that expression
of SFRP1 was upregulated upon treatment with Nim, Nim NPs, or
DAC; however, Nim NPs and DAC showed better effect compared
to native Nim (Figures 4E and 4F). The above results suggested that
treatment of Nim or Nim NPs led to downregulation of DNMTs
and upregulation of SFRP1 expression, indicating that Nim or Nim
NPs possibly regulate SFRP1 through DNMTs. To further confirm
that Nim inhibits SFRP1 hypermethylation by suppressing DNMT
expression, cells were transiently overexpressed with DNMT1 and
DNMT3A. The overexpression of DNMT1 and DNMT3A reduced
the expression of SFRP1 and activated Wnt/b-catenin signaling
upon Nim or Nim NPs treatment (Figures 4G and 4H). Furthermore,
the overexpression of DNMTs also significantly prevented the inhib-
itory effects of Nim or Nim NPs on the cell viability of BCSCs
(Figures S8F and S8G). Next, to understand the change in DNA
methylation patterns of CpG islands before and after treatment
with Nim or Nim NPs, we performed methylation-specific PCR
(MSP) assay using different methylated and unmethylated specific
primers from three different regions of SFRP1 CpG island
(SCpGR1, SFRP1 CpG island region 1; SCpGR2, SFRP1 CpG island
region 2; SCpGR3, SFRP1 CpG island region 3) (Figures S9A–S9C)
(Table S4). The MSP results showed that treatment with Nim or
Nim NPs significantly decreased the methylation ratio of SFRP1
(methylated/unmethylated) in BCSCs, where Nim NPs showed better
inhibition compared to its native counterpart and also comparable to
DAC (Figures 4I–4K and S10A–S10C). These global changes along
with SFRP1 gene expression changes prompted us to investigate
DNMTs’ occupancies on different genomic loci in the SFRP1 gene
e- ABCG2 upon treatment with Nim or Nim NPs. Data represented as mean ± SEM

lysis demonstrating protein expression of drug resistance marker ABCG2 following

ression of epithelial marker such as E-cadherin and mesenchymal markers such as

unofluorescence images of epithelial marker (E-cadherin) and mesenchymal marker

ken at 63� objective. Scale bar, 7.5 mm. (E) Real-time PCR assay showing mRNA

s. Data represented as mean ± SEM (n = 3), one-way ANOVA with Tukey’s multiple

ration marker CXCR4 following treatment with Nim or Nim NPs. (G) Representative

10 mM) in BCSCs. Images taken at 40� objective. Scale bar, 50 mm. (H) Graphical

g ImageJ software. Data represented asmean ±SEM, one-way ANOVAwith Tukey’s
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before and after treatment with Nim, Nim NPs, or DAC (Figures 5A
and S11A). Chromatin immunoprecipitation (ChIP) followed by
qPCR with DNMT1- and DNMT3A-specific antibodies showed their
enrichment at the promoter and transcription start site (TSS) regions
of SFRP1 gene, whereas, upon treatment with Nim or Nim NPs,
DNMT1 andDNMT3A occupancies significantly reduced. Moreover,
the reduced enrichment of DNMTs with NimNPs was very similar to
DAC (Figures 5B–5I). We also used primers specific to a region up-
stream (non-CpG P10 �3.5 kb) and downstream (INT P9 18.5 kb)
of TSS and showed that DNMTs do not get enriched in the absence
of CpG islands (negative control), showing target specificity of the
TSS primers used. Further, immunoblotting analysis demonstrated
that protein expression of p-GSK3b (Ser9), non-p-active b-catenin,
p-b-catenin (Ser552), cyclin D1, and c-myc downregulated upon
Nim, NimNPs, or DAC treatment in BCSCs (Figure 5J). Finally, these
results indicate that Nim inhibits the ALDH-positive cell population
by SFRP1-mediated Wnt/b-catenin signaling inhibition in BCSCs
(Figures S8H–S8I).

In vivo pharmacokinetics and biodistribution of formulated NPs

We compared the pharmacokinetic profile of NimNPs with native Nim
after intravenous injection in BALB/c mice at a dose of 20 mg/kg body
weight and estimated the concentration of Nim in blood serum at 0.5,
2, 6, 24, and 48 h post injection through HPLC. Results indicated that
native Nim showed rapid clearance from blood and it was not detected
in serum after 24 h of injection, whereas, in the case of Nim NPs, a
high level of Nim was detected at initial time points, which gradually
decreased but continued to be detected even after 48 h of injection (Fig-
ure S12A).Moreover, the half-life ofNimwas significantly higher inNim
NPsbesides improvement in all of the otherpharmacokinetic parameters
(Table S7). Thus, the above results indicated that nanoformulation
improved the pharmacokinetic parameters of Nim in an in vivo system.

The in vivo biodistribution of IR 780-loaded PLGANPs and native IR
780 dye was evaluated by intravenous administration into tumor-
bearing nude mice through in vivo live imaging system (IVIS spec-
trum). As Nim has no intrinsic fluorescence to image in vivo through
IVIS, IR 780 dye is used as a near-infrared probe that shows high and
stable fluorescence intensity for in vivo imaging. Results indicated
that fluorescence intensity of IR 780 NPs was significantly higher
Figure 4. Nim inhibits DNMTs expression and restores SFRP1 expression in B

(A) Boxplot showing the expression of SFRPs in breast cancer patients (GEPIA 2 datab

ferential analysis is the one-way ANOVA, using disease state (tumor or normal) as the va

representing a distinct tumor or normal sample. Red boxplot, tumor tissues (n = 1085); b

between the gene expression level of SFRP1 and methylation rate of SFRP1 promote

showing mRNA expression of DNA methyltransferases (DNMTs) such as DNMT1, DNM

asmean ± SEM (n = 3), one-way ANOVAwith Tukey’s multiple comparison test. (D) Imm

with Nim, Nim NPs, and DAC (5 mM) respectively in BCSCs. (E) Real-time PCR assay s

Data represented as mean ± SEM (n = 3), one-way ANOVA with Tukey’s multiple comp

following treatment with Nim, Nim NPs, and DAC. (G and H) pcDNA3/Myc-DNMT1 and

Nim or Nim NPs (5 mM) for 48 h and subjected to immunoblotting with indicated antibo

different regions of SFRP1 CpG island (SCpGR1, SCpGR2, and SCpGR3) in bisulfite-co

by methylation-specific PCR (MSP) using methylation and unmethylation-specific prime

comparison test. SCpGR1, SFRP1 CpG island region 1; SCpGR2, SFRP1 CpG island
at tumor site compared to native IR 780 in a time-dependent manner
post injection (Figure 6A). Further, qualitative and quantitative
ex vivo results demonstrated that uptake of IR 780 NPs was almost
three times higher than native IR 780 in the tumor, suggesting NPs
taken up by tumor tissue through the enhanced permeability and
retention (EPR) effect.41 In contrast, IR 780 NP accumulation in ma-
jor organs was low compared to native IR 780 (Figures 6B and 6C).
Furthermore, 3D fluorescence imaging tomography (FLIT) fluores-
cence images of mice 24 h post injection were reconstructed with
whole-body transillumination images using living image software
4.7.3, and the 3D region of interest (ROI) of the tumor was evaluated,
indicating that IR 780 NPs accumulation at the tumor site was
six times higher compared to native IR 780 (Figures 6D and 6E;
Videos S1 and S2). The sensitivity of fluorescence detection can be
improved through a calibration method called normalized transmis-
sion fluorescence (NTF) efficiency. Thus, the measured and simulated
NTF efficiency profile of native IR 780 and IR 780 NPs were
compared to check the reconstruction quality, providing good-quality
3D reconstruction (similar measured and simulated NTF efficiency)
(Figures S13A and S13B). These biodistribution profiles indicated
that the above nanoformulations have higher tumor accumulation
ability through the EPR effect and remain longer at the tumor site.42
Therapeutic and anti-metastatic effect of Nim NPs in zebrafish

xenograft

ALDHhigh BCSCs were labeled with Dil dye and injected into the peri-
vitelline space of 2 days post-fertilization (dpf) transgenic zebrafish
Tg(kdrl: EGFP) larvae. At 48 h post injection (hpi), embryos were
treated with Nim or Nim NPs (1 or 2 mM) for 48 h to evaluate its
anti-tumor and anti-metastatic efficacy (Figure 7A). Results indicated
that, 48 h post treatment (hpt) with Nim or Nim NPs, there was signif-
icantly reduced tumor volume compared to the control group
(Figures 7B and 7C). We assessed the cluster of metastatic cells in the
tail of zebrafish before and after treatment. Results demonstrated that
Nim NPs significantly decreased the number of metastatic cell clusters
compared to native Nim or control group (Figures 7D and 7E). Taken
together, these results indicate that Nim NPs reduced tumor volume
and inhibited metastasis compared to native counterpart in zebrafish
xenograft model. Further, we evaluated the expression of DNMT3A
CSCs

ase). The y axis log scale is represented as log2(TPM + 1), and the method for dif-

riable for calculating differential expression and statistical significance, with each dot

lue boxplot, normal tissues (n = 291). TPM, transcript per million. (B) The correlation
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unoblotting analysis demonstrating protein expression of DNMTs following treatment

howing mRNA expression of SFRP1 upon treatment with Nim, Nim NPs, and DAC.

arison test. (F) Immunoblotting analysis demonstrating protein expression of SFRP1

pcDNA3/Myc-DNMT3A were transiently overexpressed and cells were treated with

dies respectively. (I–K) Bar graph demonstrates quantification of methylation level at

nverted DNA with or without treatment with Nim, Nim NPs, or DAC (5 mM) measured

rs. Data represented as mean ± SEM (n = 3), one-way ANOVA with Tukey’s multiple

region 2; SCpGR3, SFRP1 CpG island region 3.
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and b-catenin by immunofluorescence assay and results showed that
NimorNimNPs significantly reducedDNMT3Aandb-catenin expres-
sion in zebrafish tumors (Figures 7F, 7G, S14A, and S14B).

ALDHhigh BCSCs induced tumorigenicity and therapeutic

efficacy of Nim NPs in nude mice xenograft

We explored the tumorigenic ability of sorted ALDHhigh/ALDHlow

cells in vivo (Figure S15A). It was observed that ALDHhigh cells gener-
ated tumors more aggressively than ALDHlow cells in Balb/c nude
mice (Figures S15B–S15D). A similar result was reported by Mori
et al., where they found injection of ALDHhigh cells showed aggressive
tumor as compared to ALDHlow cells.43 The in vivo therapeutic effi-
cacy of Nim or Nim NPs was accessed in orthotopic tumor-bearing
nude mice as shown in Figure 8A. It has been observed that the tumor
volume and tumor weight in the Nim- or Nim NP-treated groups
were significantly reduced compared to control group throughout
the study (Figures 8B–8D). The higher anti-tumor effect was observed
in Nim NPs (20 mg/kg); more importantly, Nim NPs (10 mg/kg)
showed better anti-tumor effect than Nim (20 mg/kg). Moreover,
we found that there was no change in body weight, suggesting that
the above injected nanoformulation was non-toxic (Figure S16A).
In addition, no mice in any group died during the experiment or
showed damage to their major organs, as depicted by hematoxylin-
eosin (H&E) staining performed at the end of the experiment, indi-
cating that the above dose is non-toxic (Figure S16B). Further, to eval-
uate the anti-metastatic properties of Nim and Nim NPs, we studied
the metastatic nodes in different organs. It is well documented that
breast cancer spreads from its primary site to secondary sites of the
body, but mainly metastasizes to the bone, lungs, and liver.44 In our
study, we found that the metastatic nodules decreased in the major
organs such as liver, lungs, and spleen in Nim or Nim NP-treated
groups compared to control group, whereas no metastatic nodes
were found in the Nim NPs (20 mg/kg) treatment group (Figure 8E).
Next, we evaluated protein expression of the DNMTs-SFRP1-Wnt/
b-catenin signaling axis in excised tumor tissue of different treatment
groups. Nim or Nim NPs treatment significantly reduced the protein
expression of DNMTs and induced SFRP1 expression, which led to
downregulation ofWnt/b-catenin signaling-associated proteins in tu-
mors of mice xenograft. Further, we found that stemness proteins,
such as Oct4, Sox2, and Nanog, were also downregulated upon treat-
ment in mice tumor tissue as compared to control (Figure 8F). Immu-
nohistochemistry (IHC) results demonstrated that the numbers of
Ki67-positive cells in tumor tissue were significantly reduced in
Nim or Nim NP-treated groups compared to the control group
(Figures 8G and 8H), suggesting that proliferation was inhibited.
Figure 5. Nim inhibits SFRP1 promoter hypermethylation and consequently do

(A) Schematic representation of SFRP1 gene locus and regions analyzed before and afte

(red) represent the regions evaluated to estimate methylation status before and after tr

represent negative controls selected from upstream and downstream of non-CpG region

DNMT3A) enrichment in different CpG island regions such as transcription start site (TS

Nim, Nim NPs, and DAC (5 mM) respectively in BCSCs. IgG pull-down was used as th

multiple comparison test. (J) Immunoblotting analysis demonstrating protein expression

NPs, and DAC (5 mM), respectively, in BCSCs.
Furthermore, IHC results revealed that the expression of b-catenin
in tumor tissues from Nim or Nim NP-treated groups was lower as
compared to the control group (Figures 8I and 8J). Taken together,
these results demonstrated that Nim NPs markedly inhibited tumor
growth and stemness and also suggested that Nim has a potent
anti-tumor effect in the breast cancer mice xenograft model.

DISCUSSION
Accumulating evidence has implicated BCSCs as a major cause of
chemoresistance, metastasis, and relapse in TNBC. BCSCs exhibit
resistance to current treatment regimens due to several intrinsic char-
acteristics, including high expression of ABC transporters, low ROS
level, increased ALDH activity, EMT, self-renewability, and differen-
tiation.45,46 Self-renewal ability is an important characteristic of
BCSCs that helps to reinitiate tumors, leading to relapse.47 Studies
suggest that, among all self-renewal pathways, Wnt/b-catenin
signaling is the key regulator of self-renewability, chemoresistance,
andmigration in BCSCs.36,47,48 However, theWnt/b-catenin pathway
is aberrantly activated by epigenetic modifications that contribute to
the initiation and progression of various human cancers, including
breast cancer.16 SFRP1, a tumor suppressor gene, acts as an antagonist
to Wnt/b-catenin signaling, and further evidence suggested that
epigenetic silencing of SFRP1 is linked with the abnormal activation
of Wnt/b-catenin signaling.38 From The Cancer Genome Atlas
(TCGA) database cBioportal, GEPIA2, and TNMplot analysis, we in-
ferred that SFRP1 expression is significantly lower in breast cancer tis-
sues than in normal breast tissues due to frequent hypermethylation
leading to poor prognosis. Thus, targeting BCSCs by epigenetic re-
programming of the SFRP1-Wnt/b-catenin signaling axis may be
an effective approach for breast cancer management. Recently, phyto-
chemicals have gained immense attention as potent anti-oxidative
and anticancer agents because of their safety profile and privileged
scaffold, which allows the inhibition of multiple targets within a com-
mon oncogenic pathway or many oncogenic pathways simulta-
neously to target cancer cells and CSCs.9,10 Nim is a phytochemical
that exhibits potent anticancer effects in a variety of solid tumors,
including breast cancer, but its effect on BCSCs remains unknown.
Hence, we explored the anti-CSC effect and mechanism of action of
Nim in BCSCs. However, Nim is associated with low bioavailability
and poor pharmacokinetics, which limits its therapeutic applica-
tion.49 In this context, we employed a nanomedicinal approach to
enhance the therapeutic index of Nim, as nanomedicine has proved
its potential in increasing pharmacokinetics and bioavailability of
the drug by delivering the drug at the tumor site through the EPR ef-
fect.50 PLGA is an effective polymer used in nanomedicine because of
wnregulates Wnt/b-catenin signaling in BCSCs

r Nim or NimNP treatment. The solid box (green) represents SFRP1 CpG island, lines

eatment of Nim or Nim NPs compared to the positive control DAC, and lines (blue)

. (B–I) Chromatin immunoprecipitation (ChIP)-qPCR represents DNMT (DNMT1 and

S 1–6) and promoter (PRM 7–8) of the SFRP1 gene before and after treatment with

e control. Data represented as mean ± SEM (n = 3), one-way ANOVA with Tukey’s

of Wnt/b-catenin signaling associated markers following treatment with Nim, Nim
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its controlled drug release profile and excellent biocompatible and
biodegradable properties.42 Thus, in this study, we formulated
Nim-encapsulated PLGA NPs as it can mitigate the intrinsic proper-
ties of Nim, and, further, we investigated the therapeutic efficacy of
Nim NPs compared to native Nim in in vitro and in vivo models.

Enhanced cellular internalization of drug-loaded NPs is a prerequisite
for an efficient cancer-therapeutic approach.51 In our study, PLGA
nanoformulations containing 6-coumarin as a fluorescent marker ex-
hibited significantly higher intracellular uptake efficiency than its
native counterpart in BCSCs.NimNPs showed higher in vitro cytotox-
icity as compared to native Nim in BCSCs. It has been reported that
CSCs maintain low ROS levels and high expression of anti-oxidative
enzymes through Nrf2 signaling, which regulates cellular redox ho-
meostasis and facilitates chemoresistance and survival.52–55 In this
context, in our study, Nim or Nim NPs elevated ROS levels in
BCSCs by downregulating Nrf2 and various antioxidant proteins.
Furthermore, the reduced expression of stemness and ALDH-positive
cell populations indicated that the cells lost their stemness characteris-
tics significantly following treatment with Nim NPs compared to Nim
in BCSCs. Next, to understand the effect of Nim or Nim NPs on the
self-renewal ability of BCSCs, sphere formation assay was performed,
which is a well-established in vitro method for assessing the self-
renewal properties of CSCs.5 We observed that low concentrations of
Nim or Nim NPs reduced the sphere-forming ability of primary and
secondary mammospheres, with Nim NPs showing better inhibitory
effect as compared tonativeNim. Further, preventive sphere formation
assay showed that Nim NPs significantly inhibit the sphere-forming
ability of adherent cells to mammospheres, suggesting that Nim NPs
inhibited self-renewal ability of BCSCs more efficiently compared to
Nim. Further, we examined the effect of Nim or Nim NPs on the pro-
tein expression of the self-renewal pathways such as Wnt/b-catenin,
Hedgehog, and Notch signaling and found that NimNPs showed pro-
found inhibitory effects compared to Nim. Accumulating evidence
suggests that BCSCs are responsible for drug resistance through the
overexpression of efflux transporters.3 In our study, we observed that
Nim NPs significantly reduced the expression of ABCG2, which is a
marker for drug resistance in BCSCs compared to Nim. Recent evi-
dence suggests that CSCs play a key role in the metastasis and relapse
of tumors by undergoing EMT.56,57 In this milieu, we have demon-
strated that either native Nim or Nim NPs inhibited EMT-associated
protein expression and the migration ability of BCSCs; however,
Nim NPs inhibit better than native Nim. The above in vitro studies
Figure 7. In vivo anti-tumor and anti-metastatic efficacy of Nim NPs in zebrafis

(A) Experimental layout for therapeutic and anti-metastatic studies in tumor-bearing zeb

into transgenic zebrafish embryos (Tg(kdrl: EGFP)) at the perivitelline space 48 h post fer

imaged by stereomicroscope and then treated with Nim or Nim NPs (1 or 2 mM). Zebrafis

treatment (n = 6). Whole-fish images were taken at 25� objective. Scale bar, 1.1 mm.

Graphical representation showing reduction of tumor volume after treatment with NimNP

Tukey’s multiple comparison test. (D) Effect on tumor cell metastasis was detected upo

zebrafish xenograft. Zoomed images of the tail were taken at 75� objective. Scale bar

treatment with Nim or Nim NPs. Data represented as mean ± SEM (n = 3), one-way A

orescence images by stereomicroscope shows the expression of DNMT3A and b-caten

were taken at 126� objective. Scale bar, 172.1 mm.
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demonstrated thatNimand its nanoformulation significantly inhibited
several inherent characteristics of BCSCs.

Next, we investigated the detailedmechanism of action responsible for
the multimodal effect of Nim on BCSCs. As discussed above, Wnt/
b-catenin signaling is the key regulator in BCSCs and epigenetic
silencing of SFRP1 contributes to abnormal activation of this
pathway.17,19,20 Thus, our focus was to understand the effect of Nim
on the epigenetic reprogramming of the SFRP1-Wnt/b-catenin
signaling axis. As proof of the hypothesis, we observed in our study
that shRNA-mediated knockdown of DNMTs induced SFRP1 resto-
ration that led to downregulation of Wnt/b-catenin signaling. We
evaluated the expression levels of different DNMTs isoforms in
BCSCs and found that DNMT1 and DNMT3A expression was high
as compared to DNMT3B, and a similar result was also reported in
TNBC patients.40 We therefore mainly focused our study on
DNMT1 and DNMT3A. Further, we tried to understand the effect
of Nim on DNMTs as it is responsible for SFRP1 hypermethylation
and found that, at a lower concentration of Nim, Nim NPs and
5-aza-20-deoxycytidine/DAC (positive control) showed downregula-
tion of DNMT expression and upregulation of SFRP1 expression.
ChIP gave direct evidence that DNMT recruitment is compromised
with Nim or Nim NPs treatment resulting in hypomethylation of
SFRP1 promoter and its upregulation. In a similar line, a study by
Xie et al. showed that treatment of 5-aza-20-deoxycytidine increases
the expression of SFRP1 by reducing the enrichment of DNMTs at
SFRP1 promoter inHBV-related hepatocellular carcinoma.58 Further,
treatment with Nim or Nim NPs after overexpression of DNMTs re-
sulted in reversing the effects of Nim orNimNPs on SFRP1 and b-cat-
enin, suggesting that indeed Nim shows anti-CSCs effects through
DNMTs-SFRP1-Wnt/b-catenin signaling axis. These findings suggest
that reduced enrichment of DNMTs and concomitant upregulation of
SFRP1 is due to reduced levels of DNMT proteins, suggesting that the
recruitment defect could bemerely a result of reduced gene expression.

During the past decade, Nim has shown promising anticancer efficacy,
but its poor pharmacokinetics and low bioavailability in animal models
diminish its therapeutic effect.59 In this context, we have formulated
Nim-loaded PLGA NPs that have shown improved pharmacokinetic
parameters and tumor-targeting ability upon systemic administration
in mice. The in vivo biodistribution profiles of the NPs showed better
tumor accumulation through the EPR effect and significantly higher
retention at the tumor site for a longer period (i.e., more than 24 h
h xenograft

rafish xenograft model. (B) ALDHhigh BCSCs were stained with Dil and transplanted

tilization (hpf) under the microscope. Further, 48 h post-injection (hpi) zebrafish were

h were again imaged 48 h post treatment (hpt) to estimate the tumor reduction after

Zoomed images of the head were taken at 75� objective. Scale bar, 368.4 mm. (C)

s compared to Nim. Data represented asmean ± SEM (n = 6), one-way ANOVAwith

n treatment with Nim or Nim NPs (1 or 2 mM) using a stereomicroscope at 48 hpt in

, 368.4 mm. (E) Graphical representation of metastatic cell clusters before and after

NOVA with Tukey’s multiple comparison test. (F and G) Representative immunoflu-

in before and after treatment of Nim or Nim NPs (2 mM) in zebrafish xenograft. Images
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post treatment) than native counterpart. Further, we have validated the
therapeutic and anti-metastatic effects of Nim or Nim NPs in zebrafish
andmice xenograftmodels. Recently, zebrafishhavegainedmuchatten-
tionas an idealmodel for cancer researchbecause of cost-effectivemain-
tenance, dynamic visualization of tumor growth, and rapid validation of
anticancer or anti-metastatic drugs in vivo.60 In our study, we have
demonstrated that a lower dose of Nim or Nim NPs significantly
reduced tumor size in perivitelline space aswell as number ofmetastatic
cell clusters in the tail of zebrafish xenografts, whereasNimNPs showed
better anti-tumor and anti-metastatic potential as compared to Nim. In
consonance with the in vitro results, we observed that DNMT3A and
b-catenin were significantly downregulated in tumor after treatment
with Nim or Nim NPs in zebrafish embryos. Next, the anti-tumor effi-
cacy of Nim or NimNPs was investigated in another preclinical model,
orthotopicmouse xenograft, which is an excellentmodel for therapeutic
and metastatic studies as it resembles human tumorigenesis.61 In vivo
results in mice demonstrated that administration of a single dose of
Nim or Nim NPs (10 mg/kg or 20 mg/kg) significantly reduced tumor
volume; however, Nim NPs (10 mg/kg) showed better anti-tumor effi-
cacy than nativeNim (20mg/kg). Interestingly, we found that 20mg/kg
Nim NPs drastically reduced the tumor burden after 7 weeks of treat-
ment compared to the other treatment groups. Here, it is noteworthy
to mention that the administered doses of formulated nanomedicine
and its native counterpart showed no systemic toxicity (as no major
change in body weight and no damage in major organs) inmice. Breast
cancer spreads from its primary site (breast) to secondary sites in the
body, such as bone, lungs, liver, brain, lymph nodes, and spleen.62 It
has been reported that, in the orthotopic mice xenograft model, micro-
metastasis starts after 1 week and large micrometastatic nodules from 2
to 5 weeks after cancer cell implantation.63 As our experimental setup
was for a longer period of time, we observed metastatic nodes in lungs,
liver, and spleenofmice xenograft.However, inour study,we found that
the numberofmetastatic nodes decreased in different treatment groups,
whereas Nim NPs (20 mg/kg) as a dose showed better anti-metastatic
effect in the mouse model. We made an interesting observation that,
apart from inhibiting tumor growth, Nim NPs significantly reduced
metastasis as well. We next validated the mechanism of action of Nim
in different tumors of mice xenograft and found downregulation of
DNMTs, upregulation of SFRP1, and reduced active b-catenin and its
downstreamproteins uponNimorNimNPs treatment. From the above
in vitro and in vivo study, we conclude that Nim NPs showed better
inhibitory effects in BCSCs by epigenetic reprogramming of DNMTs-
SFRP1-Wnt/b-catenin signaling axis.
Figure 8. In vivo anti-tumor or therapeutic efficacy of Nim NPs in nude mice xe

(A) Experimental layout for therapeutic studies in tumor-bearing female Balb/c nudemice

experiment was terminated. (B) Tumor volumes were measured at indicated time points

void NPs) and (n = 5 or 6 for Nim or Nim NPs treatment groups), one-way ANOVA with

different treatment groups at the experimental endpoint. (D) Tumor weight was measure

with Tukey’s multiple comparison test. (E) The distant metastatic nodes in the liver, lun

xenograft. (F) The expression of DNMTs, SFRP1, Wnt/b-catenin signaling, and stemne

frommice xenograft at the end of the experiment. (G and I) Graphical representation dem

IHC assay. Data represented as mean ± SEM (n = 3), one-way ANOVA with Tukey’s m

Ki67 and b-catenin in mice tumor tissues respectively by IHC staining. Scale bar, 20 m
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In conclusion, our research demonstrates that Nim inhibits BCSCs by
epigenetic reprogramming of the DNMTs-SFRP1-Wnt/b-catenin
signaling axis that plays an important role in maintaining several
intrinsic characteristics of BCSCs in vitro and in vivo. Our results sug-
gested that Nim-based nanomedicine shows better therapeutic and
anti-metastatic effects in preclinical models due to higher cellular up-
take and passive tumor accumulation through the EPR effect. Hence,
this formulated Nim-loaded phytonanomedicine has the potential to
be explored in the clinical setting to achieve complete tumor eradica-
tion in TNBC patients.

MATERIALS AND METHODS
Reagents

Nimbolide was purchased from Asthagiri Herbal Research Foundation
(AHRF) (Tamil Nadu, India). 5-Aza-20-deoxycytidine was purchased
from Sigma-Aldrich (catalog # A3656). PLGA (copolymer ratio 50:50,
I.V. = 0.55–0.75) was purchased from Birmingham Polymers (Birming-
ham, AL). StemPro Accutase was procured from Gibco Laboratories
(MD, USA). Annexin V/PE apoptosis detection kit was purchased
from BD Biosciences (CA, USA). The 3-[4, 5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT), 20,70-dichlorofluorescein
diacetate (DCFDA), propidium iodide, RNase, insulin, bovine serum
albumin (BSA), and Triton X-100 were procured from Sigma-Aldrich,
(St. Louis, USA).

Preparation of drug-loaded PLGA NPs

Nim-loaded PLGA NPs were prepared by oil-in-water (O/W) single-
emulsion solvent evaporation method (loading 10% w/w with respect
to the weight of the polymer). Briefly, 2% PVA (average molecular
weight [MW] 31,000–50,000; Sigma-Aldrich, St. Louis, USA) and
0.1% D-a-tocopherol polyethylene glycol 1000 succinate (TPGS)
(Sigma-Aldrich, St. Louis, USA) was dissolved in 12 mL of H2O
w/v with stirring followed by dissolving 100 mg of PLGA polymer
in 3 mL of organic solvent (chloroform) (HPLC grade; Merck, India).
Then 10mg of Nimwas added to the polymeric solution and vortexed
until it dissolved to form a primary emulsion loading 10% (w/w) of
the polymer. The emulsion was further emulsified in an aqueous
phase (PVA and TPGS dissolved in H2Ow/v) drop by drop while vor-
texing to form an oil-in-water emulsion. The above solution was son-
icated using a sonicator (VC 505, Vibracell Sonics, USA) at 37%
amplitude for 2 min in the ice bath. Then the organic solvent evapo-
rated by continuous stirring overnight. The next day, washing was
done three times using ultracentrifuge at 40,000 rpm for 20 min at
nograft

. Tumor volume and body weight measured twice a week for 51 days, after which the

and growth curves of tumors were summarized asmean ± SEM (n = 3 for control and

Tukey’s multiple comparison test. (C) Image showing tumor excised from mice in

d at the end of the experiment. Data represented as mean ± SEM, one-way ANOVA

g, and spleen before and after treatment of Nim or Nim NPs in tumor-bearing mice

ss-associated protein markers was examined by immunoblotting in tumors isolated

onstrating the expression of Ki67 and b-catenin in mice tumor tissue respectively by

ultiple comparison test. (H and J) Representative images showing the expression of
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4�C (Hitachi Ultracentrifuge CP100NX). After washing, recovered
NPs were dispersed in 2 mL of H2O and sonicated at 37% amplitude
for 5 min in the ice bath. Finally, it was lyophilized (LYPHLOCK,
Labconco, USA) for 48 h at a temperature of �48�C and pressure
of 0.020 mBar. The lyophilized NPs were used for further studies.
Void NPs were prepared by the same procedure except that no
Nim was added. As the drug is not fluorescent, 6-coumarin NPs
were prepared by the same procedure where 100 mg of 6-coumarin
was added to the polymeric solution before emulsification loading
0.1% (w/w) of the polymer. The fluorescent 6-coumarin dye incorpo-
rated in NPs is a good marker as the dye does not leach from the NPs
and has been used in our previous studies to determine the cellular
uptake of NPs. IR 780 dye-loaded NPs were prepared similarly, where
5 mg of IR 780 was added to the polymeric solution before emulsifi-
cation loading 5% (w/w) of the polymer.

Physicochemical characterization of drug-loaded NPs

Particle size measurement

Particle size and polydispersity index of Nim-loaded PLGA NPs were
evaluated by dynamic light scattering (DLS) (Zetasizer, Nano ZS,
ZEN3600, Malvern Instrument, UK) based on quasi-elastic light scat-
tering. Briefly, �1 mg/mL of NPs suspension was prepared in MilliQ
water and sonicated using a sonicator (VC 505, Vibracell Sonics,
USA) for 30 s at 37% amplitude in an ice bath. The sizes of Nim
NPs were measured in triplicates following a 1/100 (v/v) dilution of
NPs suspension in MilliQ water at 25�C.

Scanning electron microscope

NimNPs were evaluated for surface morphology and size by scanning
electron microscope (EVO18, Carl Zeiss, Germany) operating at an
accelerating voltage of 10–30 kV. For this purpose, a sample of NPs
(1 mg/mL) was suspended in water and sonicated using a sonicator
(VC 505, Vibracell Sonics, USA) for 20 s at 30% amplitude in an
ice bath. Then, 100 mL of this suspension was placed over a coverslip
and allowed to dry at 65�C overnight and the images were captured
under the microscope.

TEM

The morphology and size of Nim NPs were examined by the TEM
2100 plus electron microscope (JEOL, Tokyo, Japan). A dilute sus-
pension of Nim NPs (1 mg/500 mL dilution) was prepared in dou-
ble-distilled water and sonicated. One drop of this solution was
placed on the TEM grid (01800-F, Ted Pella) for 30 min followed
by the NPs stained with 2% uranyl acetate for 3 min then washed
twice with double-distilled water and allowed to dry overnight.
Images were captured and observed at an accelerating voltage of
120 kV under a microscope as per previously published protocol.13

The entrapment efficiency of Nim-loaded NPs

Nim entrapped inside the nanoformulation was estimated by the
reverse phase isocratic mode of HPLC using the Waters e2695 consist-
ing of a C18 column, 250 mm � 4.6 mm � 5 mm. Briefly, �1 mg of
lyophilizedNim-loadedNPswas dissolved in 1mLof acetonitrile (Spec-
trochem) and vortexed for 4 min. Then, samples were sonicated at 37%
amplitude for 1 min in the ice bath and centrifuged at 13,000 rpm for
10 min at 25�C to extract the drug present in the solution. Then,
1mL of the supernatant was collected and analyzed using a specificmo-
bile phase; i.e., acetonitrile:water (80:20) ratio. The separation was
achieved by isocratic solvent elution at a flow rate of 1 mL/min. Nim
level was quantified by UV detection at a wavelength of 207 nm. The
amount of Nim in NPs was determined from the peak area correlated
with the standard plot prepared under identical conditions. All analysis
was performed in triplicates. The entrapment efficiency of Nim used in
the formulation was calculated using the following equation: entrap-
ment efficiency (%) = weight of the drug in nanoparticles/weight of
drug loaded in the formulation� 100.

Cell line and culture condition

Human TNBC cell lineMDA-MB-231 was purchased fromAmerican
Type Culture Collection (ATCC) (Manassas, VA). Cells were
routinely maintained in DMEM media supplemented with 10% fetal
bovine serum (PAN-Biotech, Germany) and 1% penicillin-strepto-
mycin (Sigma-Aldrich, St. Louis, USA) at 37�C in a humidified atmo-
sphere of 5% CO2 (Hera Cell, Thermo Scientific, Waltham, MA).

MDA-MB-231 cells were plated for mammospheres culture at a den-
sity of 1� 105 cells per well in an ultra-low attachment six-well plates
(Corning, NY, USA) in stem cell-specific growth medium for a week.
The medium from six-well plates was replaced by freshly prepared
stem cell growth media on the fourth day. The mammospheres
formed on the eighth day were used for experimental purposes. Pre-
viously, our lab showed that TNBC adherent cells cultured in stem cell
growth media for a week can form mammospheres.5

In vitro cellular uptake study

Cellular uptake study was performed by treating mammospheres with
100 ng/mL of native 6-coumarin or 6-coumarin NPs for different
points (0.5, 2, 4, and 8 h). At the end of the incubation period, cells
were washed with cold PBS and lysed with 100 mL of cell lysis buffer
(Sigma-Aldrich, St. Louis, USA) for 30 min. Then cell lysates were
lyophilized for 24 h and were reconstituted in 1 mL of acetonitrile
and incubated for 2 h in a shaker in the dark. Further, samples
were centrifuged once at 14,000 rpm for 10 min at 4�C and the super-
natant was collected. The fluorescence intensity of the supernatants
was measured by a fluorescence spectrophotometer (PerkinElmer,
USA) at an excitation wavelength of 480 nm and an emission wave-
length of 525 nm. Qualitative analysis was performed by fluorescence
microscopy (Leica, Germany). The differential interference contrast
(DIC) and fluorescence images were merged using ImageJ software
(NIH, USA).

ALDEFLUOR assay

Aldehyde dehydrogenase (ALDH) enzyme activity in viable cells was
determined using a fluorogenic dye-based ALDEFLUOR assay kit as
per the manufacturer’s instruction. Briefly, mammospheres were cul-
tured as described above and then treated with different concentrations
of nativeNim andNimNPs for 48 h. Following treatment, themammo-
spheres were dissociated enzymatically using accutase. The obtained
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single cellswere incubatedwithALDHsubstrate for 45min at 37�C.The
samples were incubated under an identical condition in the presence of
the ALDH inhibitor diethylaminobenzaldehyde (DEAB), which served
as the negative control. The ALDH-positive population following treat-
ment was determined through a flow cytometer (LSR Fortessa, BD Bio-
sciences, CA).

Mammospheres formation assay

For post-treatment assay, primary mammospheres formed after
8 days were treated with different concentrations of native Nim or
Nim NPs for 48 h. Following treatment, the number and size of intact
mammospheres were determined through the microscope. Mammo-
spheres with a diameter R 50 mm were taken into consideration. To
assess the residual sphere-forming ability of these treated cells, the
cells were enzymatically dissociated using accutase. Then, 5,000 live
cells were reseeded in ultra-low attached six-well plates and allowed
to grow for an additional 8 days. These cells’ sphere-forming ability
(secondary spheres) was assessed microscopically by assessing the
number and diameter of spheres. Mammospheres with a diameter
R 50 mm were taken into consideration. For the preventive assay,
MDA-MB-231 cells were seeded at a density of 2 � 104 cells/well
along with various concentrations of Nim or Nim NPs in stem cell-
specific growth medium. After 8 days, the sphere-forming ability of
these treated cells was studied through the microscope. Further, the
number of mammospheres formed with a diameter R 50 mm were
counted manually and representative images were acquired using a
Leica DM IL LED inverted microscope.

Immunoblotting analysis

MDA-MB-231 cells were plated in six-well plates at a density of
1 � 105 cells per well and grown as mammospheres. Mammospheres
were treated with different concentrations of Nim (both native and
NPs) for 48 h. After the specified time, total proteins from the
above-treated cells or tumor tissues (excised at the end of the exper-
iment) were extracted using radioimmunoprecipitation assay (RIPA)
lysis buffer (Sigma-Aldrich, St. Louis, USA) with phosphatase and
protease inhibitors. The cell or tissue homogenates were centrifuged
at 10,000 rpm for 20 min at 4�C and supernatant was collected.
The protein concentration was determined with aMicro BCA Protein
Assay Kit (Thermo Fisher Scientific, USA). Whole-cell lysates con-
taining an equal amount of protein were subjected to SDS-polyacryl-
amide gel electrophoresis and transferred onto polyvinylidene di-
fluoride (PVDF) membrane (GE Healthcare, USA). Membranes
were blocked in 5% skim milk powder for 60 min and further incu-
bated with respective primary antibodies (1:1,000 dilutions) over-
night at 4�C. Anti-mouse or anti-rabbit horseradish peroxidase-con-
jugated antibodies were used as secondary antibodies (1:5,000
dilutions) for 45 min at room temperature. The positive signals
from the membranes were detected with the reagents in the chemilu-
minescence detection kit (ECL system; GE Healthcare, USA) accord-
ing to the manufacturer’s instructions. The total intensity of the band
for each protein was calculated with ImageJ software (NIH, USA) and
normalized with that of b-actin. Primary antibodies used for immu-
noblotting are listed in Table S2.
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Real-time PCR analysis

Mammospheres were treated with different concentrations of Nim
and Nim NPs for 48 h. RNA was extracted using TRIzol (Invitrogen)
by following the manufacturer’s protocol. Total mRNA was reverse
transcribed to cDNA using a first-strand cDNA synthesis kit
(Thermo Fisher Scientific, USA). cDNA was amplified using GoTaq
qPCR Master Mix (Promega) in real-time PCR (QuantStudio 6 Flex
Real-Time PCR, Applied Biosciences, USA) using specific primers.
Relative quantification of gene expression was executed using the
18S housekeeping gene expression in DDCT. Reactions were per-
formed in triplicate. The primers used in qRT-PCR are listed in
Table S3.

Immunofluorescence analysis

Mammospheres were treated with Nim or Nim NPs for 48 h and
were plated on a poly-L-lysine (Sigma-Aldrich, USA)-coated
coverslip overnight for attachment. The next day, cells were fixed
in 4% paraformaldehyde for 15 min at 4�C, permeabilized with
0.1% Triton X-100 (Sigma-Aldrich, St. Louis, USA) for 5 min, fol-
lowed by blocking with 3% BSA for 1 h at room temperature.
Cells were then incubated with the primary antibody overnight
at 4�C. Next day, cells were washed thrice with PBS, followed by
1-h incubation with secondary antibody at room temperature.
The secondary antibodies used included goat anti-mouse conju-
gated to FITC (Santa Cruz Biotechnology, sc-2010, 1:1,000), goat
anti-rabbit conjugated to Alexa Fluor 647 (Invitrogen, A21244,
2:1,000), and goat anti-rabbit conjugated to Alexa Fluor 488
(Invitrogen, A11008, 1:1,000), respectively. The nuclei of cells
were stained with DAPI (Sigma-Aldrich, St. Louis, USA) for
30 min. Cells were again washed thrice with PBS, mounted (Pro-
long gold antifade, Invitrogen, USA), air-dried, and visualized
using a Leica confocal microscope. The primary antibodies used
included mouse anti-vimentin (sc-6260, 1:50), rabbit anti-E-cad-
herin (Cell Signaling Technology, 3195S, 1:100), rabbit anti-
DNMT1 (Cell Signaling Technology, 5032S, 1:100), rabbit anti-
DNMT3A (Cell Signaling Technology, 3598S, 1:100), and rabbit
anti-DNMT3B (Cell Signaling Technology, 57868S, 1:100).

Transwell invasion assay

Cell migration was performed by Transwell assay using 12-well
Millicell hanging cell culture inserts (8 mm pore size, Merck Milli-
pore, Billerica, MA). The inserts were coated with 100 mL of 1:1 dilu-
tion of DPBS/Matrigel (BD Biosciences) and incubated for 6 h in an
incubator at 37�C. Mammospheres were treated with 10 mM Nim or
Nim NPs for 48 h in low serum DMEM/F12 medium and added to
the upper chamber of the insert. The lower chamber of the Transwell
contained stem cell-specific medium. Then, chambers were incu-
bated for 24 h in a CO2 incubator at 37�C to allow the cells to invade.
After incubation, the cells that invaded through the filter toward the
lower side were fixed with 4% paraformaldehyde for 20 min at 4�C.
The cells were then stained with 0.6% crystal violet for 3 min and the
invaded cells were imaged using ZEISS Primostar 3 microscope. The
cells in three randomly selected fields were quantified using ImageJ
software.
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Databases used and bioinformatics analysis

The GEPIA2 database (http://gepia2.cancer-pku.cn) was used to
compare the gene expression profile of SFRP1/2/3/4/5 in breast tumor
tissue and normal tissue (p < 0.05). The cBioportal database (https://
www.cbioportal.org) was used to analyze the correlation between
SFRP1 mRNA expression and methylation levels.

DNA isolation, clean-up, and bisulfite modification

After treatment with Nim, Nim NPs, and DAC, mammospheres were
lysed and genomic DNA was isolated by use of RNA Biotech (GD-50)
kit according to the manufacturer’s protocol. Further, the genomic
DNA was cleaned up using the Zymo Research (D4065) kit according
to themanufacturer’s protocol. GenomicDNAwas chemicallymodified
by sodiumbisulfite to convert all unmethylated cytosines to uracilswhile
leavingmethyl cytosines unaltered followed by purification of the bisul-
fite-converted DNA using the Zymo EZ DNA methylation kit (Zymo
Research, D5001) according to the manufacturer’s instructions.

MSP assay

For the identification of CpG islands prone to hypermethylation in the
SFRP1 sequence, MethPrimer software64 was used for MSP primer
design. To do this, detection criteria were set as default with CpG island
size >100 bp, CG percentage >50%, and CpG ratio >60%. Further, the
purified and bisulfite-converted DNA was then amplified in a thermo-
cycler using the TaqDNApolymerase and themethylation-specific and
unmethylation-specific primers described in Table S4. The following
PCR conditions were used: initial denaturation at 95�C for 2 min of
one cycle, 35 cycles of 95�C for 30 s, annealing at 55�C for 30 s of 35 cy-
cles, extension at 72�C for 30 s of 35 cycles, and final extension at 72�C
for 5 min of one cycle, and the reaction was kept at 4�C until use. After
amplification, the MSP products were analyzed by 2% agarose gel elec-
trophoresis. Then, methylation and unmethylation level was quantified
through ImageJ software and the relative intensity fold changewas eval-
uated as the ratio of methylated/unmethylated.

ChIP assay

At room temperature, 5 � 106 cells were cross-linked with 1% form-
aldehyde for 10 min and quenched with 125 mM glycine. ChIP assay
was performed by suspending cells in lysis buffer for 15 min on ice
and chromatin sonicated using the bioruptor (Bioruptor Pico, Diage-
node) for 18 cycles at 4�C. The sheared chromatin was centrifuged at
13,000 rpm for 10 min at 4�C and soluble chromatin was incubated
overnight with blocking using 5% BSA followed by 15 mL of magnetic
beads (Pierce ChIP-grade Protein A/G Magnetic Beads, Thermo
Fisher Scientific, 26162) and 1 mg of antibody against DNMT1
(Thermo Fisher Scientific, PA5120552), and DNMT3A (Thermo
Fisher Scientific, PA1882), and immunoglobulin (Ig) G as a negative
control (Diagenode, C15410206). Primary antibodies used for ChIP
are listed in Table S5. An input fraction corresponding to 1% of start-
ing chromatin was kept for chromatin normalization. Subsequently,
beads were separated on a magnetic stand and washed four times
on ice with different wash buffers containing different salt concentra-
tions, and bound protein-DNA complexes were eluted from the beads
using elution buffer at room temperature. DNA was purified by pro-
teinase K digestion, phenol-chloroform extraction, and ethanol pre-
cipitation. The resulting pellet was resuspended in DNA elution
buffer (Zymo Research, D3004-4-10). Relative enrichment was
measured by ChIP-qPCR. The primers used in ChIP-qPCR are listed
in Table S6. ChIP experiments were performed as triplicates. ChIP-
qPCR data were normalized by the fold enrichment method (2�DDCt).

Mice xenograft

The Institutional Animal Ethical Review Committee approved all the
mice used in the experiment and experimental protocols involved in
the animal study (project number ILS/IAEC-128-AH/AUG-18). All
of the animals were maintained under pathogen-free conditions in
the animal house. For biodistribution, tumorigenicity, and therapeu-
tic studies, 6- to 8-week-old female BALB/c nude mice were used. The
orthotopic mice xenograft model was established by injection of
1� 104 sorted ALDHhigh BCSCs suspended in 100 mL of PBS andMa-
trigel (1:1) into the mammary fat pad of nude mice.

In vivo biodistribution study

For in vivo biodistribution studies, once the tumor reached 300–
400 mm3 volume, the mice were randomly divided into two groups
(n = 3) and each mouse received IR 780 dye intravenously either in
native form or in nanoformulation (0.5 mg/kg) dissolved in 100 mL
of PBS. The 2D and 3D fluorescence images of the mice were taken
at different time points (0.5, 2, 6, and 24 h) post intravenous injection
using an in vivo imaging system (IVIS Spectrum, PerkinElmer) at an
excitation wavelength of 745 nm to collect the signal of IR 780. At 24 h
after injection, the mice were sacrificed and the tumor, along withma-
jor organs such as the liver, lungs, spleen, kidney, and heart, was iso-
lated and ex vivo fluorescent imaging was performed.

In vivo therapeutic study

After the tumor reached �100 mm3 in size, the mice were randomly
divided into six groups and intravenously administered with a single
dose of void NPs, native Nim (10 mg/kg), native Nim (20 mg/kg),
Nim NPs (10 mg/kg), Nim NPs (20 mg/kg), and control (treated
with only dosing solution) (for control and void NPs n = 3 and for
all other groups, n = 6 mice were taken). As mentioned above, all
the drug solutions were prepared in a 100-mL dosing solution. The
amount of void NPs used was the same as used for Nim NPs
(20 mg/kg). Tumor volume and body weight were monitored twice
a week for 51 days. Tumor volumes were calculated as follows:
V = (L � W2/2), where L is the long diameter of the tumor and W
is the shortest diameter as measured using a digital Vernier caliper.
We kept all treated mice under observation for more than 7 weeks
and sacrificed them after 51 days of treatment. At the end of the study,
tumor and the major organs such as liver, lungs, spleen, kidney, and
heart were isolated, fixed in formalin, and embedded in paraffin for
further histological studies through H&E staining and IHC.

IHC

Tumors were isolated, fixed in formalin, and embedded in paraffin
wax. Further, tumor tissues were fixed in formalin and embedded
in paraffin, and 5-mm-thick sections were cut using a microtome
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(Leica RM2125 RTS) and transferred to positively charged slides and
allowed to dry overnight. Slides were warmed for 10 min at 65�C
before being deparaffinized with xylene, rehydrated in graded
ethanol, and hydrated with deionized water subjected to immunohis-
tochemical analysis. Antigen retrieval was done using sodium citrate
buffer (Vector Laboratories) at 100�C for 20 min, after which slides
were allowed to cool down to room temperature. Inhibition of endog-
enous peroxidase activity was performed with 3%H2O2 (inmethanol)
for 20 min, followed by blocking with horse serum for 1 h at room
temperature. Sections were incubated with primary antibody over-
night at 4�C and then incubated with horse anti-rabbit/mouse IgG
biotinylated universal secondary antibody (Vector Laboratories, Bur-
lingame, CA) for 1 h at room temperature followed by incubation
with ABC reagent for 30 min. To develop stain, 3,30-diaminobenzi-
dine (DAB; Vector Laboratories) was used as a substrate according
to the manufacturer’s instructions, and hematoxylin was used as a
counter-stain. Sections were dehydrated with ethanol, cleared with
xylene, and mounted with VectaMount permanent mounting me-
dium. Sections were observed under the microscope (ZEISS Axio
Imager.M2) and images were captured at 40�magnification. Primary
antibodies used for IHC, such as Ki67 (ab15580, 1:100) and b-catenin
(9562S, 1:100).

Zebrafish xenograft

Zebrafish study was performed by a protocol approved by the Institu-
tional Animal Care and Use Committee (IACUC), ILS (ILS/IAEC-
214-AH/APR-21). Embryos were cultured in E3 medium (5 mM
NaCl, 0.17 mM KCl, 0.33 mM CaCl2, and 0.33 mM MgSO4) at 28�C.
ALDHhigh BCSCs stainedwithDil (VybrantDiI Cell-Labeling Solution,
V22885) for 20 min were transplanted at density of 200 cells/nL, and
�400 cells weremicroinjected (Femtojet microinjector) into the perivi-
telline space of transgenic zebrafish embryos (Danio rerio) (Tg (kdrl:
EGFP)) 48 h post fertilization (hpf). Injected embryos were sorted
and, 48 h post-injection (hpi), zebrafish were imaged by fluorescence
stereomicroscope (Leica MZ16) followed by treatment with either 1
or 2 mM Nim/Nim NPs. At 48 h post treatment (hpt), zebrafish were
again imaged to estimate the tumor reduction after treatment. The
tumor growth was assessed by an increase or decrease in fluorescence
intensity and area at 48 hpt compared to 48 hpi. The quantitation of
fluorescence intensity was performed using ImageJ software.

Whole-mount immunofluorescence

Zebrafish xenografts were fixed in 4% formaldehyde overnight and
stored in methanol at�20�C. Embryos were washed with 0.1% Triton
X-100 in PBS and thenblocked for 1 h inPBSwithBSA, goat serum, and
10% Triton X-100 at room temperature. Primary antibodies used were
anti-DNMT3A (CST, 3598S, 1:100) and anti-b-catenin (CST, 9562S,
1:100), and they were incubated overnight at 4�C and then washed
with 0.05% Tween/PBS for 30 min three times. Secondary antibodies
Alexa Fluor 488 goat anti-rabbit (1:200) (Invitrogen, A11008) were
used and nuclei were counterstained with DAPI diluted in blocking so-
lution. The secondary antibody was removed, washed with 0.05%
Tween/PBS, fixed for 20 min in 4% paraformaldehyde, and washed in
0.05% Tween/PBS. After washing, the embryos were mounted in
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aqueousmountingmediumand stored at 4�C.All imageswere obtained
in a fluorescence stereomicroscope (Leica MZ16) and quantification
analysis was done with ImageJ software.

Statistical analysis

The mean values of all experiments are given with a standard error of
the mean (SEM). The statistical significance of differences was calcu-
lated by Student’s t test or one-way/two-way ANOVA wherever
applicable using GraphPad Prism 9.0.0 software. A p value %0.05
is considered significant. Significant differences are indicated by
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Detailed methods are provided in the supplemental “materials and
methods” section.
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