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Endometrial cancer progression driven by PTEN-deficiency

requires miR-424(322) 503
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Endometrial cancer is the most frequent type of cancer in the female reproductive tract. Loss-of-function alterations in PTEN,
leading to enhanced PI3K/AKT activation, are among the most frequent molecular alterations in endometrial cancer. Increased PI3K/
AKT signaling resulting from PTEN loss promotes cellular proliferation and confers resistance to TGFf-mediated apoptosis, a key
regulator of endometrial homeostasis. In this study, we have analyzed the role of miRNAs in driving these altered cellular responses.
A comprehensive transcriptomic analysis of miRNA expression revealed the upregulation of several miRNAs caused by PTEN
deficiency and/or TGFf stimulation. The miR-424(322)7503 cluster drew our attention due to its involvement in regulating apoptosis
and proliferation. However, miR-424(322)~503 cluster has a paradoxical role in cancer, exhibiting either oncogenic and tumor
suppressive functions depending on cell type or context. To ascertain the function of miR-424(322)7503 in endometrial
carcinogenesis caused by PTEN deficiency, we generated a double Pten/miR-424(322)7503 knock-out mice. We demonstrate that
loss of miR-424(322)7503 impairs proliferation of both wild type or Pten deficient endometrial organoids by interfering with growth
factor and PI3K/AKT signaling. Furthermore, the absence of miR-424(322)~503 restores TGFB-induced apoptosis, which is otherwise
compromised by PTEN deficiency. In vivo, Pten/miR-424(322)503 knock-out mice exhibit reduced endometrial cancer progression

compared to Pten deficient mice through a cell-autonomous mechanism.
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INTRODUCTION

Endometrial cancer (EC) is the most common malignancy affecting
the female reproductive tract [1, 2], with its incidence steadily
rising worldwide. The molecular mechanisms underlying EC
development are complex and multifaceted, involving key
signaling pathways such as PI3K/AKT and TGFf/Smad, which play
crucial roles in maintaining endometrial homeostasis. Dysregula-
tion of these pathways significantly contribute to the initiation
and progression of EC. Among these alterations, loss-of-function
mutations in PTEN are the most frequent molecular events in EC.
These mutations lead to hyperactivation of the PI3K/AKT signaling
pathway, promoting uncontrolled cellular proliferation and
survival. The pivotal role of PTEN mutations in EC development
has been extensively validated through genetically engineered
mouse models. These include models with heterozygous Pten
deletions, which mimic early-stage EC [3-5], in vivo CRISPR-Cas9
gene editing [6] as well as conditional Pten deletions in the
endometrium, which provide a more tissue-specific understanding
of its role in tumorigenesis [7].

In parallel, the disruption of TGF( signaling has emerged as
another critical factor in endometrial carcinogenesis [8, 9]. TGF(3
signaling, mediated through the Smad pathway, is essential for
maintaining growth inhibition and tissue integrity in the
endometrium. However, EC frequently exhibits impaired TGF(
signaling, which undermines its tumor-suppressive effects. This
impairment not only results in the loss of growth inhibition but
also facilitates the acquisition of invasive and metastatic
phenotypes, correlating with poor clinical outcomes [10-13]. The
significance of TGFB/Smad signaling in EC has been further
elucidated through advanced genetic models. Conditional abro-
gation of TGF{ signaling components, such as the deletion of TSR/
(the TGFP receptor 1) [14], has demonstrated its essential role in
preventing tumorigenesis. Moreover, models with the combined
deletion of SMAD2 and SMAD3 [15], or dual deletion of TSR/
alongside PTEN in the endometrium, highlight the synergistic
impact of these pathways in driving endometrial cancer progres-
sion [16]. These findings underscore the intricate interplay
between the PI3K/AKT and TGFB/Smad pathways in endometrial
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carcinogenesis, offering valuable insights into potential therapeu-
tic strategies targeting these molecular alterations.

The miR-424(322)7503 cluster encodes two broadly conserved
miRNAs, miR-424 (322 in mouse) and miR-503, which belong to
the miR-15/107 family [17, 18]. These miRNAs play a critical role in
regulating various cancer-related cellular processes, including

proliferation, differentiation, cellular plasticity, and apoptosis [19].
The miR-424(322)7503 cluster has been reported to exhibit altered
expression in multiple cancer types, being either upregulated or
downregulated depending on the context. Functionally, the role
of the miR-424(322)7503 cluster in cancer is paradoxical, as it can
act as either an oncogene or a tumor suppressor, depending on
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Fig. 1 Loss of PTEN increases miR-3227503 expression via TGFf and PI3K/AKT pathways. A Schematic illustration of the experimental
design. B Top 10 miRNAs with significantly increased expression in Cre:ER™*'~Pten™" organoids (Pten KO) organoids compared to
Cre:ER™M~/~Pten™F (Wt) organoids. Data include expression values from miRNA-seq, p-values, and adjusted p-values. C Boxplots showing
miR-424 expression levels (log,[RPM + 1]) (left) and PTEN protein abundance (measured by RPPA) (right) in TCGA-UCEC tumors, stratified
by PTEN mutational status. Tumors harboring PTEN mutations show significantly higher miR-424 levels (Wilcoxon, p =0.0043) and
markedly reduced PTEN protein expression (Wilcoxon, p=2x 10" '?) compared to PTEN wild-type tumors. D Relative expression of miR-
322 and miR-503 in Wt and Pten KO mouse endometrial organoids. E Volcano plot showing the distribution of miRNAs according to
p-values and fold changes between Pten KO and Wt conditions. F Scatterplot showing the correlation of miRNA-seq data, with average
expression values from Pten KO samples (Y-axis) plotted against Wt samples (X-axis). G Pearson correlation analysis of miR-424 and miR-
503 expression using data from the TCGA-UCEC database (n = 575). H Box plot comparing the relative expression of miR-503 and miR-424
in the TCGA-UCEC database. | Relative expression of miR-322 (up) and miR-503 (down) in Wt and Pten KO 3D mouse organoids treated with
20pM LY-294002 for 12 and 24 h. J Relative expression of miR-322 and miR-503 in Wt and Pten KO mouse endometrial organoids
after treatment with 10ng/pL TGFp for 16 h. K Representative western blot images of signaling proteins: p-Pten, p-Akt>*™73, p-p70s6k,
Cendl and Smad3. The analysis was performed on Cre:ER™M~/~Pten™ Smad2/3 7F (Wt), Cre:ERTV*~Pten™FSmad2/3*/* (Pten KO),
Cre:ERM*~Pten/"Smad2/3 ¥F (Smad2/3 KO), and Cre:ER™*/~Pten"FSmad2/3 ¥/F (Pten and Smad2/3 triple knockout, i.e., tKO). Membranes
were re-probed with Gapdh antibody as a protein loading control. L Relative expression of miR-322 and miR-503 in Wt, Pten KO, Smad2/3
KO, and tKO mouse endometrial organoid cultures. Data are presented as mean + SD, by t-test analysis *p < 0.05; **p < 0.01; ***p < 0.001.

the cell type and microenvironment [20-22]. This duality high-
lights the complexity of its regulatory mechanisms and under-
scores its context-dependent functions in tumorigenesis. The
expression of miR-424(322)7503 is tightly regulated by various
signaling pathways and transcription factors. Notably, the TGF(3
signaling pathway establishes a dynamic feedback regulatory loop
with miR-424(322)7503. On one hand, TGFf signaling transcrip-
tionally induces the expression of the miR-424(322)7503 cluster
[23, 24]. On the other hand, miR-424(322)7503 directly targets key
components of the TGFB/Smad signaling cascade, including
SMURF2 and SMAD?7 [25], which act as negative regulators of
TGFB signaling. Additionally, miR-424(322)"503 can modulate the
pathway by targeting core signaling mediators such as SMAD2
[26] and SMAD3 [27]. Through these interactions, miR-
424(322)7503 exerts significant control over the activation and
downstream effects of TGFp signaling.

The role of the miR-424(322)7503 cluster in endometrial cancer
(EC) has been minimally explored, with most studies focusing on
its function in human cancer cell lines [28-34]. However, no
investigations to date have addressed the in vivo function of the
miR-424(322)7503 cluster in EC using genetically modified mouse
models. Similar to other malignancies, the role of miR-
424(322)7503 in EC remains controversial i.e., while the majority
of studies suggest a tumor-suppressive function for miR-
424(322)7503 in EC [29-35], others have recently provided
evidence supporting its oncogenic role [28]. Building on these
findings, we aimed to investigate the role of the miR-424(322)7503
cluster in PTEN-loss-driven EC. By modeling complex experimental
genetic combinations our study demonstrates that deletion of
miR-424(322)7503 significantly reduces cell proliferation in both
normal and PTEN-deficient endometrial organoids by interfering
with insulin signaling and the PI3K/AKT pathway. Additionally,
miR-424(322)7503 deficiency restores sensitivity to TGF3-induced
apoptosis in Pten-deficient organoids. Finally, using a double Pten/
miR-424(322)7503 knockout mouse model, we provide compelling
in vivo evidence that the absence of miR-424(322)7503 dramati-
cally reduces endometrial neoplasia driven by PTEN deficiency.
This reduction occurs through a cell-autonomous mechanism,
highlighting the miR-424(322)7503 cluster as a critical regulator of
endometrial carcinogenesis in the context of PTEN loss.

RESULTS

Genome-wide miRNA profiling identifies miR-322 as a
potential key mediator of PTEN loss signaling

In recent years, our laboratory has focused on unraveling the
mechanisms of endometrial carcinogenesis through the use of
both in vivo and in vitro models. Among these, we have
employed an inducible conditional Pten knock-out murine
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model (Cre:ER™*'~Pten™), which reliably develops endometrial
carcinomas [36], and three-dimensional (3D) cultures of endo-
metrial organoids [37]. Importantly, using endometrial orga-
noids derived from the conditional Pten knockout model, we
demonstrated that Pten deficiency induces resistance to
TGFB-induced cell death [38]. This finding underscores the
pivotal role of PTEN in modulating the cellular response to TGF3
signaling, a pathway critical for maintaining endometrial
homeostasis. To further elucidate the mechanisms by which
PTEN loss counteracts TGFB-induced cell death and to examine
the potential involvement of microRNAs in this process, we
performed small RNA sequencing (miRNA-seq) on endometrial
organoids derived from both normal epithelial cells
(Cre:ERM/~pten™; Wt) and Pten-deficient cells (Cre:ER™
*~pten’’F) treated with tamoxifen (Fig. 1A). Interestingly, the
analysis of the genetic miRNA program associated to Pten loss
revealed a significant enrichment of several miRNAs in Pten-
deficient samples compared to Wt controls (56 differentially
expressed miRNAs, log, FC > abs(1.5) plus adj. FDR p < 0.05),
highlighting the potential involvement of miRNAs in the cellular
changes associated with Pten loss. To focus on potential
downstream effectors of oncogenic signaling driven by PTEN
inactivation, we restricted our analysis to miRNAs that were
upregulated in Pten-deficient tumors. Rather than concentrating
on miRNAs that may act as potential tumor suppressors and are
lost during transformation, we prioritized those induced by
PTEN loss, reasoning that they are more likely to contribute
actively to the malignant phenotype. Among the upregulated
miRNAs, we identified the 10 with the most statistically
significant p-values (Fig. 1B, Supplementary Table S1). Notably,
a steady increase in miR-322-5p (hereafter referred to as miR-
322 in mice or miR-424 in humans) was observed in Pten-
deficient organoids. Interestingly, miR-424 has previously been
linked to the regulation of the PI3K/AKT pathway and TGF(
signaling [23-27], highlighting its potential significance in the
underlying biological processes associated to PTEN loss. This
observation was corroborated in human endometrial cancers
using TCGA-UCEC data, where miR-424 levels were significantly
elevated in PTEN-mutant tumors compared to PTEN wild-type
cases (Wilcoxon, p =0.0043) (Fig. 1C), suggesting a conserved
regulatory link between PTEN loss and miR-424 upregulation
across species. Importantly, miR-424 is genomically located on
the Xq26.3 region in the X chromosome in close proximity to
miR-503 in both mice and humans [39]. Collectively, this
evidence suggests that the miR-424(322)7503 cluster may play
a critical role in endometrial cancer progression driven by PTEN
loss. Hence, to validate our miRNA_seq findings, we performed
RT-gPCR to measure the expression levels of miR-322 and miR-
503 in Wt and Pten KO endometrial organoids. Consistent with
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the sequencing data, both miR-322 and miR-503 showed a
marked increase in expression in Pten-deficient organoids (Fig.
D), further supporting their involvement in the molecular
mechanisms associated with PTEN loss. Remarkably, a direct
comparison of the expression levels of miR-322 and miR-503
within this cluster revealed an unbalanced expression ratio, with
miR-322 being expressed at significantly higher levels than miR-
503 (Fig. 1E-F). This observation was further corroborated by an
analysis of relative miR-424 and miR-503 expression values
derived from RNA-seq data in the TCGA-UCEC database [40]. The
analysis demonstrated a strong positive correlation between the
expression of these paralogs (Fig. 1G), accompanied by a
stability imbalance characterized by markedly higher expression
of miR-424 compared to miR-503 (Fig. TH). This observation
aligns with previous studies reporting a higher turnover rate of
miR-503, attributed to the nucleotide composition within its
seed region and the 3’ miRNA end [41]. Such molecular
instability appears to be a shared feature among other members
of the miR-15/107 family and is thought to play a critical role in
fine-tuning their expression levels in specific cellular contexts.
Prompted by this data, and given the established role of the
miR-424(322)7503 cluster in regulating cancer-related cellular
processes, we decided to focus our investigation on the function
of this cluster of miRNAs in Pten-loss-induced carcinogenesis.

Pharmacologic and genetic engineering studies unveil PI3K/
AKT and TGFp signaling as regulators of miR-3227503
expression
Our miRNA-seq analysis of endometrial organoids derived from
Cre:ER™/"Pten™™ (Wt) and Cre:ER™*Pten” (Pten KO) mice
revealed that PTEN deficiency significantly upregulated the
expression of the miR-3227503 cluster. Given the well-
established role of the PI3K/AKT signaling pathway in mediating
cellular responses to Pten loss, we next investigated whether the
observed upregulation of miR-3227503 was driven by enhanced
PI3K/AKT activity. To this end, Wt and Pten KO organoids were
treated with the PI3K inhibitor LY-294002, a synthetic chemical
compound that functions as a potent phosphoinositide 3-kinase
(PI3K) inhibitor, for 12 and 24 h, followed by measurement of miR-
322 and miR-503 expression. Notably, LY-294002 treatment led to
a significant reduction in the expression of both miRNAs in Wt and
Pten KO organoids (Fig. 11), confirming that PI3K/AKT signaling
contributes to the regulation of miR-3227503 in this context.
Previous studies from our laboratory have demonstrated that the
expression of the miR-424(322)7503 cluster is induced by activation
of the TGFB/Smad signaling pathway in the mammary epithelium
[23, 24]. Additionally, we have shown that Pten loss leads to
constitutive nuclear translocation of Smad2/3 in endometrial
organoids [42], potentially indicating that TGF( signaling may be
involved in miR-424(322)"503 expression. Notably, treatment of
wild-type organoids with TGF( led to a significant upregulation of
these miRNAs, further supporting this hypothesis (Fig. 1J). These
findings provided a strong foundation to investigate whether the
observed increase in miR-322 and miR-503 expression in Pten-
deficient cells is mediated by Smad2/3 activity. To address this, we
analyzed miR-322 and miR-503 expression across a panel of
genetically engineered mouse-derived endometrial organoids with
specific genetic combinations of Pten and Smad2/3 deletions. The
genotypes  included  Cre:ER™~"Pten"fSmad2/3™F (W),
Cre:ERM*~Pten™FSmad2/3*"* (Pten KO), Cre:ER™*'~Pten*"*Smad2/
3"F (Smad2/3 KO), and Cre:ER™*~Pten” Smad2/37* (Pten and
Smad2/3 triple knockout, i.e., tKO) (Fig. 1K). Quantitative analysis of
miR-322 and miR-503 expression revealed that the absence of
Smad2/3 in Pten-deficient organoids completely abolished miR-322
and miR-503 expression (Fig. 1L). These results strongly suggest that
the transcriptional activity of SMAD2/3, driven by its nuclear
translocation in the context of PTEN loss, is indispensable for the
upregulation of miR-322 and miR-503. These findings highlight a

SPRINGER NATURE

dual regulatory mechanism in which PTEN loss and TGF( signaling
converge to modulate the expression of the miR-424(322)7503
cluster, with PI3K/AKT signaling playing a central role in this
process.

miR-322~503 deficiency impairs proliferation in Pten-deficient
and Wt endometrial organoids

PTEN loss induces hyperactivation of PI3K/AKT signaling leading
to an aberrant glandular proliferation and endometrial cancer
(EC) initiation. To investigate the role of the miR-424(322)7503
cluster in PTEN-deficient EC, we generated a double knockout
model by crossing miR-3227503 knockout mice (miR KO) %' with a
Pten-conditional knockout strain (Pten KO 33 EPIthe|Ia| endome-
trial cells were |solated from Cre:ER("~/~Pten™ miR-322~ 503*”
(Wt), Cre:ER”~/"Pten” miR-3227503/~ (miR KO), Cre:ERT
*/~Pten” miR-3227503"* (Pten KO), and Cre:ER”*"~Pten” miR-
32275037/~ (double knockout, i.e., dKO). and cultured in a three-
dimensional organoid system to assess the functional impact of
miR-3227503 deficiency on glandular proliferation. Organoid
cultures revealed that the absence of miR-3227503 completely
abrogated the increased organoid size associated with Pten loss
(Fig. 2A). Quantitative analysis demonstrated a significant
reduction in glandular perimeter in dKO organoids compared to
Pten KO organoids, as well as in miR KO organoids compared to
Wt organoids (Fig. 2B). These findings suggest that miR-3227503
is required for the proliferation of both Pten-deficient and Wt
endometrial epithelial cells.

To further evaluate the impact of miR-3227503 deficiency on
cellular proliferation, we performed a 5-bromo-2’-deoxyuridine
(BrdU) incorporation assay. BrdU-positive cells were significantly
reduced in miR KO organoids compared to Wt organoids, and in
dKO organoids compared to Pten KO organoids, indicating a
decreased proliferation rate in the absence of miR-3227503 (Fig.
2C, D). To corroborate these findings, we studied the expression
levels of Cyclin D1 (Ccnd1), a well-known proto-oncogene in EC
which expression we have previously demonstrated to be
enhanced upon PTEN deletion in the mouse endometrium [43].
Cyclin D1 expression, a marker of cell cycle progression, was
analyzed by RT-qPCR and we found that Cyclin D1 levels were
significantly lower in dKO organoids compared to Pten KO
organoids, and in miR KO organoids compared to Wt organoids
(Fig. 2E). These results confirm that miR-3227503 deficiency leads
to a reduction in cell cycle activity, thereby impairing proliferation
in both Pten-deficient and Wt endometrial epithelial organoids.
Altogether, these data highlight the essential role of the miR-
3227503 cluster in driving cellular proliferation in endometrial
organoids, both in the context of PTEN loss and under normal
conditions. This underscores the potential of targeting miR-
3227503 as a therapeutic strategy in PTEN-driven endometrial
carcinogenesis.

miR-3227503 deficiency negatively regulates gene expression
of genes involved in response to growth factors

Our findings collectively indicate that miR-3227503 functions as a
pivotal regulator of PI3K/AKT-driven epithelial cell expansion in the
endometrium. This highlights its critical role in promoting cellular
proliferation under both normal and PTEN-deficient conditions. The
biological functions of miRNAs primarily arise from their capacity to
fine-tune complex transcriptional networks by altering the stability
of mRNAs [44]. Hence, to further elucidate the genome-wide
transcriptional changes associated with miR-3227503 targeted
deletion and to provide a robust framework to investigate the
landscape of downstream genetic networks and pathways modu-
lated by miR-3227503, we conducted deep bulk RNA sequencing.
This approach allowed us to profile the genetic programs influenced
by miR-3227503 loss across various endometrium-derived organoid
genotypes Specifically, we analyzed organ0|ds derlved from
Cre:ERM " Pten”FmiR-3227503"*  (Wt), Cre:ERD " Pten” miR-
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endometrial organoids from Cre:ER™~/~Pten™fmiR-3227503"* (Wt), Cre:ERV~/~Pten” miR-3227503~/~ (miR KO), Cre:ER™+'~Pten” miR-
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Data are presented as mean + SD, by t-test analysis, *p < 0.05; **p < 0.01; ***p < 0.001.

32275037 (miR KO), Cre:ER*~Pten™ miR-3227503"" (Pten KO),
and Cre:ER™*~Pten” miR-3227503 " (dKO) mice.

To investigate the transcriptional impact of miR-3227503
deletion, we first performed a linear multidimensional scaling
analysis. This analysis revealed substantial variations in overall
gene expression profiles across the different genotypes, while
replicates within each genotype exhibited highly consistent
patterns overall (Fig. 3A). Subsequently, we conducted a
differential gene expression analysis (DEG, log, FC > abs(1.5) plus
adj. FDR p < 0.05) to compare gene expression profiles across the
following groups: miR KO vs. Wt, Pten KO vs. Wt, dKO vs. Wt, and
Pten KO vs. dKO (Fig. 3B, C, Supplementary Table S2). As
anticipated, the comparison between Pten KO and Wt samples
exhibited the highest number of genes with significantly altered
expression (n=1,425), reflecting the profound transcriptional
changes associated with PTEN loss. However, a notable number of
DEGs were also identified in comparisons involving miR-3227503-
deficient samples, including miR KO vs. Wt (n = 289) and dKO vs.
Pten KO (n =210), underscoring the profound regulatory impact

Cell Death and Disease (2025)16:705

and gene expression dynamics influenced by miR-3227503
deletion across experimental conditions. Then, to identify
differentially regulated biological processes or molecular functions
(i.e., pathway-level insights) underlying the reduced cell prolifera-
tion observed in organoids lacking miR-3227503, we conducted an
exploratory analysis by GSEA [45] using predefined gene set
annotations. Given that the decrease in proliferation was evident
in both Wt and Pten KO organoids deficient in miR-3227503, we
focused our analysis on comparing Wt and miR KO samples. This
strategy was chosen to avoid confounding effects arising from
Pten ablation, which could interfere with the specific impact of
miR-3227503 loss on gene expression. Our GSEA primarily
retrieved gene signatures associated with proliferation and
survival, including pathways regulating growth factor responses,
insulin receptor signaling, and PI3K/AKT signaling (Fig. 3D),
suggesting that the absence of miR-3227503 disrupts the normal
proliferation rate of endometrial epithelial cells by modulating
these signaling cascades. These pathways are known to play
critical roles in cellular growth and survival and are commonly
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dysregulated in endometrial epithelial cells. Among the identified
pathways, two central signature hubs stood out due to their high
statistical significance and relevance in explaining the effects of
miR-3227503 loss on endometrial cell proliferation. The first was
the insulin-like growth factor 1 receptor (IGF1R)-coupled signaling
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pathway, a key regulator of cellular growth and metabolism. The
second was the regulation of PI3K signaling, a central node in the
control of cell proliferation and survival (Fig. 3E). Both pathways
were significantly modulated in miR KO samples, highlighting
their potential role as mechanisms by which miR-3227503
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Fig. 3 Loss of miR-3227503 negatively regulates the transcr| gtome associated with growth factors and PI3K/AKT signaling. A Principal
component analysis (PCA) of replicates from Cre:ER™~/~Pten” miR-3227503"" (Wt), Cre:ER™~/~Pten™ miR-322"503 '~ (miR KO), Cre:ER™
+=pten™ miR-3227503"" (Pten KO), and Cre:ER™*/~Pten”FmiR-3227503 /" (dKO) samples. B Volcano plots of differentially expressed genes
(DEGs) comparing the indicated genotypes. Green dots represent significantly upregulated genes, while red dots indicate significantly
downregulated genes. C Heatmap of hierarchical clustering analysis showing DEGs across genotypes. D Dot plot illustrating gene set
enrichment analysis (GSEA) of enriched gene signatures from the molecular signatures database (MSigDB) gene ontology (GO) biological
process (BP). The plot highlights transcriptomic signatures related to cell growth and PI3K/AKT signaling in organoid cultures lacking miR-
3227503. Each node represents a distinct annotation with positive enrichment; node size corresponds to the number of genes included within
the annotation. E Enriched gene annotations from GSEA (GO_BP) for “IGF1R receptor signaling pathway” and “PI3K signaling regulation.”
F GSEA plots of annotations associated with the negative regulation of cell proliferation and growth. RNA sequencing was performed on

experimental samples (n = 3), with each replicate derived from at least two animals per condition.

deficiency suppresses the proliferation of endometrial glands.
Interestingly, in light of the negative regulation of cell proliferation
in MiR-3227503 knockout organoids, we further explored tran-
scriptomic signatures related to the suppression of cellular
growth. As expected, we observed a positive association between
multiple signatures related to the negative regulation of cell
growth and the absence of miR-3227503 (Fig. 3F). These findings
suggest that the loss of miR-3227503 triggers a transcriptional
program that actively suppresses cell proliferation, likely through
its impact on growth factor signaling and downstream regulatory
pathways.

miR-3227503 knockout endometrial organoids display
decreased Insulin/IGF-1 and PI3K/AKT signaling

To elucidate the role of miR-3227503 in Pten-deficient endometrial
organoids, we conducted a detailed analysis of the PI3K/AKT
pathway, which is a critical regulator of endometrial epithelial cell
proliferation and apoptosis in the context of Pten deficiency [38]
(Fig. 4A). This pathway is known to be hyperactivated in Pten-
deficient cells, contributing to their proliferative and survival
advantages.

Of note, our organoid cultures grow in a defined medium that
contains only EGF and insulin as growth factors, ensuring a
controlled environment to investigate pathway activation [37].
Consequently, PI3K/AKT signaling in these organoids is expected
to depend solely on the presence of insulin and/or EGF. To assess
the impact of miR-3227503 loss on this pathway, we
utilized mouse endometrial organoids with the following geno-
types:  Cre:ERV*Y~Pten™ miR-3227503"*  (Pten KO), and
Cre:ER*~Pten™ miR-3227503 7/~ (dKO). These organoids were
stimulated with insulin and EGF, the only growth factors present in
the culture medium, and pathway activation was analyzed via
western blot. Western blot analysis revealed a pronounced
reduction in the phosphorylation of key PI3K/AKT signaling
components, including the IGF1/insulin receptor, AKT, TSC2, and
4E-BP1, in dKO organoids compared to Pten KO organoids. This
reduction was observed under both basal (non-stimulated) and
stimulated conditions (Fig. 4B). These findings indicate that miR-
3227503 deficiency significantly impairs the activation of the PI3K/
AKT pathway in Pten-deficient cells. However, basal phosphoryla-
tion levels of PI3K/AKT in wild type (Wt) organoids were relatively
low, and the limited protein yield from small organoids,
particularly those with the miR-3227503-deficient genotype, posed
challenges for direct comparisons between Wt and miRNA KO
organoids. To overcome these limitations and gain cellular
resolution, we performed immunofluorescence analysis on orga-
noids from Cre:ER™~/~Pten” miR-3227503** (Wt), Cre:ER™
~“Pten” miR-32275037~ (miR KO), Cre:ER”*"Pten” miR-
3227503** (Pten KO), and Cre:ERV*~Pten” miR-3227503 '~
(dKO) mice. Immunofluorescence staining for phosphorylated
AKT (p-AKT) and phosphorylated S6 (p-S6) corroborated the
western blot findings. Specifically, dKO organoids exhibited
markedly reduced phosphorylation levels of both AKT and S6
compared to Pten KO organoids. Similarly, miR KO organoids
displayed decreased phosphorylation of these proteins relative to
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their Wt counterparts (Fig. 4C). These results collectively demon-
strate that the absence of miR-3227503 disrupts PI3K/AKT pathway
activation in both Pten-proficient and Pten-deficient endometrial
cells. This impairment underscores the critical role of miR-3227503
in modulating signaling pathways essential for cell proliferation
and survival in the context of Pten deficiency.

Lack of miR-3227503 restores TGFB-induced apoptosis in Pten-
deficient endometrial organoids

We have previously demonstrated that Pten deficiency renders
endometrial epithelial cells resistant to TGFf-induced apoptosis
through a PI3K/AKT-dependent mechanism [38]. Building on this
finding, we sought to investigate the potential involvement of
miR-3227503 in modulating apoptosis resistance to TGF( in Pten-
deficient organoids. Notably, miR-3227503 has been shown to be
activated by both TGFB stimulation and PI3K/AKT signaling
upregulation. Furthermore, our data indicate that the loss of
miR-3227503 diminishes PI3K/AKT pathway activation. To explore
the role of miR-3227503 in this context, we leveraged our
transcriptomic analyses performed by GSEA to identify processes
related to TGFP signaling and apoptosis. This analysis revealed
significant enrichment of several apoptosis and TGFf3-related
processes that were impacted by miR-3227503 deficiency
(Fig. 5A, B). These findings suggest that miR-3227503 plays a
critical role in regulating the interplay between TGFf signaling
and apoptosis in Pten-deficient endometrial organoids.

On the basis of these lines of evidence, we resolved to
investigate whether the absence of miR-3227503 influences the
response of endometrial organoids to TGF-3 treatment. To address
this, Cre:ER”~/"Pten” miR-3227503*"* (Wt), Cre:ER™~/~Pten”
FmiR-3227503"" (miR KO), Cre:ER™*~Pten”"miR-3227503"/*
(Pten KO), and Cre:ERT*~Pten” miR-3227503"~ (dKO) mouse-
derived organoids were treated with 20ng/ul TGFB for 48h,
followed by double immunofluorescence staining for cleaved
caspase-3 to identify apoptotic nuclei and phalloidin to visualize
actin filaments for enhanced cell visualization. As anticipated, Wt
organoids exhibited robust activation of caspase-3, while Pten
deficiency conferred complete resistance to TGFB-induced apop-
tosis (Fig. 5C, D). Remarkably, TGFP treatment led to a significant
increase in apoptotic nuclei in dKO organoids compared to their
Pten KO counterparts (Fig. 5C, D). In this line, the number of
apoptotic nuclei in dKO organoids was comparable to that
observed in Wt organoids, strongly supporting the critical role of
miR-3227503 in mediating apoptosis resistance associated with
Pten deficiency.

miR-3227503 deficiency reduces tumor progression of
endometrial cancer initiated by Pten loss in vivo

To investigate the role of miR-3227503 deficiency in endometrial
neoplasia, we employed our inducible Pten knockout mouse
model. Importantly, the use of our Pten”" mice expressing a
tamoxifen-inducible Cre-ER™ under the control of the chicken
Actb promoter (CAGG) will circumvent the spontaneous develop-
ment of aggressive neoplasms in non-target tissues, such as
lymphoid tissues, which are commonly observed in other
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Fig. 4 Loss of miR-3227503 impairs insulin and EGF-induced activation of PI3K/AKT signaling. A Schematic diagram of receptor tyrosine
kinase (RTK)-induced PI3K/AKT signaling. Nodes in yellow represent proteins analyzed in (B). B Representative western blot images of
phosphorylated signaling proteins: p-Igf1rp/Ir? 1351136 o AktSera73, ;r)-Tsc2Th”462, p-56°°%%/23% and p-4e-bp1™"7/4®, The analysis was
performed on Cre:ER™*/~Pten™ miR-3227503*/" (Pten KO), and Cre:ER™*/~Pten™ miR-3227503 /" (dKO) organoid cultures stimulated with
1:100 dilution of Insulin-Transferrin-sodium selenite Supplement (ITS) or 5ng/uL EGF for 10 min. Membranes were re-probed with Gapdh
antibody as a protein loading control. (C) Representative confocal images showing immunofluorescence staining for p-AKT**™’3 and
pS$6°¢23>/236 i organoids from Cre:ER™~~Pten™ miR-3227503*" (Wt), Cre:ER™™~/~Pten” miR-3227503~/~ (miR KO), Cre:ERV*'~Pten”FmiR-
3227503 "/* (Pten KO), and Cre:ERV*/~Pten” miR-3227503~/~ (dKO) transgenic mice. Nuclei were stained with Hoechst for visualization. Scale

bar: 20 pm.

transgenic models like Pten*'~ heterozygous mice [4, 5]. Such off-  (Cre:ER™*~Pten™") in which Pten recombination and deletion will
target tumor development could interfere with the proper occur specifically in epithelial tissues, including the endometrium,
assessment of endometrial-specific pathology. By contrast, cross- without affecting hematopoietic tissues [36]. More specifically,
ing Pten™ mice with CAGG-Cre:ER™ will result in a model after injection with a single dose of 4-tetrahydrotamoxifen (4-
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Fig. 5 miR-3227503 deficiency restores TGFB-induced apoptosis in Pten-deficient organoids. A Dot plot illustrating gene set enrichment
analysis (GSEA) of enriched gene signatures associated with apoptosis and TGFp signaling in organoid cultures deficient in miR-3227503.
B Specific enriched gene annotations from GSEA (GO_BP) for “Response to TGFf” and “Epithelial apoptotic cell process” C Representative

confocal images of double immunofluorescence staining for cleaved caspase-3 and phalloidin in organoids from Cre:ER(~/~Pten

F/FmiR_

32275037" (W), Cre:ERT~~Pten”FmiR-3227503/~ (miR KO), Cre:ERT*~Pten”FmiR-3227503"* (Pten KO), and Cre:ER™™*~Pten™FmiR-
3227503/~ (dKO) mice. Organoids were stimulated with 20ng/pL TGFp for 48 h. Phalloidin is visualized in red, cleaved caspase-3 in green, and
nuclei are stained with Hoechst (blue). Scale bar: 20 pm (60X magnification). D Quantification of apoptotic nuclei in organoids. Data are
presented as mean + SD, by t-test analysis, ***p < 0.001; ns, not significant.

OHT), Cre:ER™*~Pten™F will develop endometrial tumors within
approximately 6 to 12 weeks. Hence, to further explore the
interaction between PTEN loss and miR-3227503 deficiency, we
used four genotypes of 5- to 8-week-old female mice:
Cre:ER” " Pten” miR-3227503"* (Wt), Cre:ER™ /" Pten” miR-
322750377 (miR_KO), Cre:ER™*~Pten” miR-3227503""* (Pten
KO), and Cre:ER™*~Pten™ miR-3227503~/~ (dKO). All animals
received a single intraperitoneal injection of tamoxifen (0.5 mg/kg)
after which they were monitored for up to 12 weeks post-
injection. Euthanasia was performed as required and uteri were
collected for histopathological analysis to assess tissue complexity
and tumor progression (Fig. 6A). No significant correlation was
observed between histopathological outcomes and euthanasia
time points (data not shown); thus, all animals were analyzed as a
single cohort. Next, anatomopathological evaluation of resected
tissues revealed that miR-3227503 deficiency significantly reduced
tumor aggressiveness and, in some cases, prevented tumor
formation in Pten-deficient endometrial tissue (Fig. 6B). Notably,
100% of Wt and miRNA KO mice exhibited no endometrial lesions.
In contrast, all Pten KO mice developed endometrial neoplasia,
with 10% presenting endometrial intraepithelial neoplasia (EIN) of

Cell Death and Disease (2025)16:705

complexity 1, 70% with EIN of complexity 2, and 20% with EIN of
complexity 3. Among dKO mice, 31.25% showed no endometrial
lesions, 21.87% exhibited complexity 1 EIN, 37.5% displayed
complexity 2 EIN, and only 9.37% developed highly complex
lesions (Fig. 6C). These findings underscore the critical role of miR-
3227503 in modulating tumor aggressiveness in Pten-deficient
endometrial cancer.

To ensure that the observed tumor shrinkage was not
attributable to inefficient Pten ablation by tamoxifen, we
performed immunohistochemical analysis of Pten protein expres-
sion in endometrial tissues across all four genotypes. Interestingly,
while fewer glands exhibited negative staining for Pten in the dKO
mice, those glands that had lost Pten in the dKO condition
displayed a normal or less aggressive architecture compared to
the glands observed in the Pten KO control group (Fig. 6D). To
further investigate the downstream effects of Pten loss, we
analyzed the activation of the PI3K/AKT signaling pathway by
assessing phosphorylated Akt (p-Akt>*"73) levels via immunohis-
tochemistry. In the dKO mice, Pten-deficient glands demonstrated
a markedly lower intensity of Akt phosphorylation compared to
glands from Pten KO mice (Fig. 6D). This suggests that miR-
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Fig. 6 miR-3227503 deficiency reduces tumor complexity in endometrial cancer initiated by Pten loss in vivo. A Timeline for the in vivo
analysis of endometrial lesions in Cre:ER™~~Pten” miR-3227503"" (Wt), Cre:ER™~/~Pten” miR-3227503"~ (miR KO), Cre:ER™*'~Pten™"
miR-3227503"" (Pten KO), and Cre:ER™*~Pten™ miR-3227503/~ (dKO) mice B Representative hematoxylin and eosin (H&E) staining of
endometrial sections from Wt, miR KO, Pten KO, and dKO mice. Scale bar: 20 pm (40X magnification). The genotypes of the endometrial tissue
sections were blinded to the pathologist during diagnosis to prevent bias. C Histopathological analysis of endometrial sections shown in (B).
Statistical significance of dKO mice was calculated relative to the Pten KO mice. Statistical significance was determined using Chi-squared analysis
and Pten in endometrial sections from WT, miR KO, Pten KO, and dKO

*p < 0.05. D Representative immunohistochemistry images of p-Akt
mice. Scale bar: 20 pm (40X magnification).

3227503 deficiency mitigates the hyperactivation of the PI3K/AKT
pathway typically associated with Pten loss. In the Wt and miR KO
endometrial tissues, where basal PI3K/AKT activity is inherently
low, no discernible differences in Akt phosphorylation were
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observed between the genotypes. These findings indicate that
miR-3227503 plays a significant role in modulating PI3K/AKT
pathway activation in the context of Pten deficiency, fully
contributing to the observed reduction in tumor aggressiveness.
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Fig. 7 Endometrial xenotransplants containing Wt stromal cells and Pten and miR-3227503 double-deficient endometrial epithelial cells
do not exhibit endometrial intraepithelial neoplasia. A Schematic illustration of the experimental design. B Representative macroscopic
images of subcutaneous xenografts derived from four combinations of a 1:1 mix of wild type stromal cells with epithelial endometrial cells
from Cre:ER™~~Pten™ miR-3227503 /" (Wt), Cre:ER™ /" Pten™ miR-3227503 '~ (miR KO), Cre:ER™*/~Pten” miR-3227503 """ (Pten KO), and
Cre:ER™*~Pten”FmiR-3227503 /" (dKO) mice. Scale bar 1 cm. € Volume quantification (mm?) of hybrid tumors formed by the combinations
of Wt stromal cells with Wt, miR KO, Pten KO, and dKO epithelial cells. D Representative hematoxylin and eosin (H&E) staining and

Ser473

immunohistochemistry for Pten and p-Akt

in xenografts containing Wt stromal cells and Wt, miR KO, Pten KO, or dKO epithelial cells.

Scale bar: 20 pm (40X magnification). Data are presented as mean * SD, by t-test analysis, *p < 0.05; ns, not significant.

Double deficient Pten and miR-3227503 uterine
xenotransplants do not develop endometrial carcinomas

The tumor microenvironment (TME), composed of vascular cells,
immune cells, and stromal cells, plays a critical role in cancer

Cell Death and Disease (2025)16:705

progression by influencing tumor growth, invasion, and metastasis.
While our previous studies have demonstrated cell-intrinsic func-
tions of miR-3227503 in epithelial endometrial cells using organoid
models, we sought to investigate whether the in vivo effects of miR-

SPRINGER NATURE



M. Vidal-Sabanés et al.

12

3227503 deficiency might be mediated through stromal or immune
cells and their interactions with epithelial cells. To address this
question, we employed a dual stroma-epithelium xenograft model
in severe combined immunodeficient (SCID) mice (Fig. 7A). Epithelial
endometrial cells were isolated and cultured from Cre:ER™~/~
Pten” miR-3227503"*  (Wt), Cre:ER”~/"Pten” miR-3227503 7~
(MR KO), Cre:ER™* Pten”"miR-3227503"* (Pten KO), and
Cre:ER™*~Pten™ miR-3227503 '~ (dKO) trasgenic mice. In parallel,
stromal and myometrial uterine cells were cultured from Wt mice. A
1:1 mixture of epithelial and stromal/myometrial cells was then
subcutaneously inoculated into SCID mice. Ten weeks post-
transplantation, animals were sacrificed, and subcutaneous tumors
were harvested for macroscopic and histopathological analyses.
Tumor volumes were calculated for xenografts derived from Wt
stromal cells combined with epithelial cells of each genotype (Wt,
miR KO, Pten KO, and dKO). As anticipated, tumor growth was
observed only in xenografts containing Pten-deficient epithelial cells.
Notably, epithelial cells lacking Pten, when combined with Wt
stromal cells, produced significantly larger xenografts compared to
all other conditions (Fig. 7B, C). Intriguingly, xenografts derived from
dKO epithelial cells combined with Wt stromal cells were compar-
able in size to those generated with Wt epithelial cells, suggesting
that miR-3227503 deficiency impairs tumor progression of endo-
metrial epithelial cells in a cell-autonomous manner. Histological
analyses further supported these findings. In xenografts containing
Wt or miR KO epithelial cells, tumors exhibited normal glandular
structures surrounded by stromal cells, with epithelial cells
displaying positive Pten staining (Fig. 7D). In contrast, xenografts
with Pten-deficient epithelial cells (Pten KO) showed carcinomatous
structures composed of Pten-deficient epithelial cells and Pten
positive stromal cells (Fig. 7D. In the dKO condition, xenografts
displayed disorganized structures lacking Pten but showed no
evidence of malignancy. These observations further underscore the
critical role of miR-3227503 in modulating tumor progression
through cell-intrinsic mechanisms within endometrial epithelial
cells, while its deficiency in the TME appears to have minimal
impact on tumorigenesis.

DISCUSSION
MicroRNAs (miRNAs) are critical regulators of gene expression and
have been implicated in various aspects of cancer biology,
including tumor initiation, progression, and metastasis [46]. In
endometrial cancer (EC), while several studies have identified and
validated the role of specific miRNAs, the functional characteriza-
tion of many miRNAs remains incomplete. Notably, there is a lack
of in vivo studies investigating the role of the miR-424(322)7503
cluster in the endometrium, particularly using genetically engi-
neered mouse models. In this study, we provide compelling
evidence that the miR-424(322)7503 cluster plays a pivotal role in
the progression of EC driven by PTEN deficiency. Utilizing miR-
424(322)7503 knockout mice, we demonstrate that the absence of
this miRNA cluster significantly impairs the development of EC
initiated by conditional Pten loss. These findings suggest that the
miR-424(322)7503 cluster exhibits oncogenic properties in the
context of the endometrium, promoting tumorigenesis in the
setting of PTEN deficiency. Mechanistically, we reveal that the loss
of miR-424(322)"503 disrupts two key signaling pathways
essential for endometrial tissue homeostasis: the PI3K/AKT path-
way, which is frequently dysregulated in EC, and the TGFf3/Smad
pathway, a critical mediator of apoptosis and cellular differentia-
tion. These results underscore the multifaceted role of the miR-
424(322)7503 cluster in modulating signaling networks that are
vital for maintaining endometrial integrity and highlight its
potential as a therapeutic target in PTEN-deficient EC.

The regulation of miR-424(322)7503 expression remains a
complex and poorly understood process, involving multiple
signaling pathways and transcriptional regulators. Emerging
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evidence highlights the intricate interplay between these factors
in modulating miRNA expression in various physiological and
pathological contexts. In our study, we identified a link between
PTEN deficiency and the upregulation of miR-322 and miR-503
expression, a phenomenon that mirrors the effect of TGFf
treatment. TGFf is known to induce miR-424(322)7503 expression
through the activation of Smad transcription factors, as we have
previously reported [23, 24]. Consistent with this mechanism, we
found that the upregulation of miR-322 and miR-503 in Pten-
deficient cells was partially attenuated by the addition of a PI3K
inhibitor and completely abolished in the absence of Smad2/3.
These findings align with prior work from our laborator, which
demonstrated that Pten loss leads to constitutive nuclear
translocation of Smad2/3 in the mouse endometrium [42]. This
nuclear localization likely facilitates Smad2/3 binding to the miR-
424(322)/503 promoter, thereby driving its transcriptional activa-
tion. Collectively, these results suggest a model in which PTEN
deficiency promotes miR-424(322)7503 upregulation through a
dual mechanism involving PI3K/AKT signaling and Smad2/3-
dependent transcriptional regulation. This highlights the critical
role of PTEN in maintaining miRNA homeostasis and underscores
the importance of SMAD2/3 as a key mediator of miR-
424(322)7503 expression in the endometrium.

The observed upregulation of miR-424(322)7503 expression
prompted us to investigate its role in PTEN-loss-driven endome-
trial carcinogenesis, specifically whether it functions as a tumor
promoter or suppressor. The role of the miR-424(322)7503 cluster
in cancer is highly context-dependent, with evidence supporting
its dual functions as both an oncogene and a tumor suppressor
across different cancer types. In various malignancies, including
breast cancer, this cluster has been shown to exert opposing
effects depending on the cellular and molecular context [20-22].

In endometrial cancer (EC), the role of miR-424(322)7503
remains controversial. For instance, downregulation of miR-424
in human EC cell lines has been reported to inhibit metastasis by
modulating the PTEN/PI3K/AKT signaling pathway [28]. On the
other hand, additional studies have identified a tumor-suppressive
role for miR-424 in EC cells, with targets including MMSET [29],
E2F7 [30], E2F6 [31], PDIA6 [32], IGF-1R [33] and SPTBN2 [34].
However, these investigations were primarily conducted in vitro
using EC cell lines harboring diverse molecular alterations, which
could influence the functional role of miR-424. Despite these
insights, there are no in vivo studies addressing the role of miR-
424(322)7503 in EC using genetically engineered mouse models.

Our findings provide novel evidence that genetic ablation of
miR-424(322)7503 reduces EC development in vivo by attenuating
cell proliferation and restoring TGFB-induced apoptosis in Pten-
deficient cells. Interestingly, the role of miR-424(322)7503 in the
endometrium may extend beyond tumorigenesis. Our results also
reveal that knockout of miR-424(322)7503 decreases proliferation
in wild type endometrial epithelial cells, suggesting that this
miRNA cluster may regulate broader aspects of endometrial
biology. These findings raise the possibility that miR-424(322)"503
contributes to other endometrial pathologies, such as endome-
triosis, as suggested by prior studies [47-49]. Collectively, this
highlights the multifaceted role of miR-424(322)"503 in both
normal and pathological endometrial physiology, emphasizing the
need for further investigation into its molecular functions and
therapeutic potential.

Mechanistically, our findings demonstrate that miR-424(322)7503
knockout attenuates PI3K/AKT signaling, resulting in reduced
endometrial cell proliferation and restoration of TGFB-induced
apoptosis. This observation contrasts with studies in mammary
epithelium, where miR-424(322)"503 targeted deletion in mice has
been shown to exert tumor-suppressive effects by targeting key
regulators such as CDC25A, BCL-2, and IGF-1R [23, 24, 50] and to
promote metaplastic differentiation and stem cell expansion by
regulating LRP6 and B-catenin/WNT signaling [51]. However, our
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transcriptomic analysis did not identify significant changes in the
expression of these targets in miR-424(322)"503-deficient endometrial
cells. Instead, we observed transcriptional signatures indicative of
reduced cell growth, proliferation, and responsiveness to growth
factors, particularly those associated with Insulin/EGF signaling. These
findings aligns with the culture conditions of our organoid models,
which utilize a defined medium containing EGF and insulin as the sole
growth factors. Both are essential for the development and
maintenance of endometrial organoids [37]. Consequently, the
observed decrease in Insulin/EGF signaling, coupled with diminished
PI3K/AKT activation, provides a plausible explanation for the reduced
proliferation seen in miR-424(322)"503-deficient cells. Moreover,
previous work from our laboratory has established that PTEN loss
alone is sufficient to drive excessive endometrial cell proliferation and
to inhibit TGFB-induced apoptosis via a PI3K/AKT-dependent
mechanism [38]. In this context, the attenuation of PI3K/AKT signaling
caused by miR-424(322)"503 knockout in Pten-deficient cells is
particularly noteworthy, as it not only reduces proliferation but also
restores the apoptotic response to TGFf. These findings underscore
the tissue-specific nature of miR-424(322)"503 function, which may
explain its contrasting roles in cancer in different cellular contexts. In
the endometrium, miR-424(322)"503 fine-tunes key signaling path-
ways essential for cellular proliferation and survival, emphasizing its
importance in PTEN-loss-driven endometrial carcinogenesis.

One limitation of the mouse model utilized in this study is that it
involves a complete knockout of the miR-424(322)7503 cluster.
Consequently, the observed in vivo effects may not be exclusively
attributable to the loss of miR-424(322)7503 in epithelial endo-
metrial cells. Instead, the deletion of this miRNA cluster in non-
epithelial cell populations, such as stromal, vascular, immune, or
adipose cells, could also influence the development and progres-
sion of endometrial cancer (EC). This is particularly relevant given
that miR-424(322)"503 knockout has been implicated in other
pathophysiological conditions, including obesity [52], a known risk
factor that can impact cancer initiation and progression.

The potential contribution of non-epithelial cells to the
observed phenotypes in Pten-deficient epithelial cells underscores
the complexity of tumor-microenvironment interactions. For
example, miR-424(322)7503 deficiency in stromal or immune cells
could alter cytokine secretion, extracellular matrix remodeling, or
angiogenesis, indirectly affecting epithelial cell behavior. Despite
these considerations, our in vivo xenograft experiments, in which
Pten-deficient epithelial cells were combined with wild type
stromal cells, strongly support a cell-autonomous role for miR-
424(322)7503 in endometrial epithelial cells. However, the use of
immunocompromised mice for transplantation experiments limits
the study of the effects of immune compartment on epithelial
cells. However, our in vitro organoid studies provide additional
evidence that the ablation of miR-424(322)7503 directly impairs
epithelial cell proliferation and survival. These findings suggest
that while the broader effects of miR-424(322)7503 deficiency in
non-epithelial cells cannot be entirely excluded, the primary driver
of the observed phenotypes in our model is likely the intrinsic loss
of miR-424(322)7503 within the epithelial compartment. None-
theless, we cannot completely exclude the possibility that immune
cells may also affect epithelial compartment. Future studies
employing cell-type-specific knockouts of miR-424(322)7503 will
be essential to delineate its distinct roles in epithelial versus other
non-epithelial compartments such as immune cells and to fully
understand its contribution to the complex interplay between the
tumor and its microenvironment.

MATERIALS AND METHODS

Experimental mouse models

Mice were housed in a barrier facility and pathogen-free procedures were
used in all mouse rooms. Animals were under 12 h of light/dark cycles at
22°C, and they had ad libitum access to water and food. Procedures in this
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study were done following the guidelines of Ethical Committee of
Universitat de Lleida and the National Institute of Health Guide for the
Care and Use of Laboratory Animals. Conditional Pten knockout (C; 12954-
PtentmTHwu/J or Pten™ ) and Cre:ER™ mice were obtained from the
Jackson Laboratory (Bar Harbor, ME, USA). MiR-3227503~/~ (FVB/NJ) mice
were a gift from Prof. Jose Silva. Cre:ERT*~Pten” miR-3227503~~ mice
were bred by crossing Cre:ER™~Pten™" and miR-3227503 /" mice. Three
weeks after birth, animals were weaned and genotyped as previously
described [23, 36, 38]. Genotyping primers and PCR conditions are
specified in Supplementary Materials (Table S3). Immunodefficient female
SCIDM™ mice were bred at the Universitat de Lleida housing facility.

Isolation of epithelial endometrial cells and organoid culture
Isolation of mouse epithelial endometrial cells was done as previously
described [37]. Briefly, mice were euthanized by cervical dislocation and
uteri were dissected. Uterine horns were cut into 3 mm pieces and washed
in Hanks Balanced Salt Solution (HBSS) (14175-046, Gibco). Uterine
fragments were digested with 1% trypsin (15090-046, Gibco) in HBSS for
1 h at 4°C and for 45 min at room temperature. DMEM (41965-039, Gibco)
with 10% of Fetal Bovine Serum (FBS) (A52567-01, Gibco) was added to
stop trypsin reaction. Then, with the edge of a razor blade, epithelial sheets
were squeezed out of the uterine fragments. Epithelial sheets were washed
twice with Phosphate Buffered Saline (PBS) and resuspended in 1 ml of
basal medium (DMEM F/12 (11039-021, Gibco) with 1 mmol HEPES (H0887,
Sigma-Aldrich), 1% penicillin/streptomycin (15140-122, Gibco) and ampho-
tericin B (15290-018, Gibco). Epithelial sheets were mechanically disrupted
in clusters of cells by pipetting 50 times with a 1 ml tip. Clusters were
diluted in basal medium supplemented with 2% dextran-coated charcoal-
stripped serum (DCC) (A33821-01, Gibco) and plated into culture dishes
(BD Falcon). When indicated, cells were treated with 0.5mM (Z)-4-
HydroxyTamoxifen (H7904 Sigma-Aldrich) to promote ablation of LoxP
flanked genes. Cells were incubated for 24 h in an incubator at 37 °C and
5% CO,. Then, cells were washed with PBS and incubated with trypsin/
EDTA solution (25200-056, Gibco) for 5 min at 37 °C. DMEM 10% FBS was
added to stop trypsin reaction and cells were washed with PBS and
centrifuged at 1000 rpm for 3 min. Cell pellet was resuspended in basal
medium containing 3% Matrigel™ (354234, Corning) to obtain 4 x 104 cell
clumps/ml and plated on top of a Matrigel layer for each experiment. For
RNA or protein extraction, cells were seeded in 24-well plates in a volume
of 300ul. For immunofluorescence, cells were plated in a 96-well plate
(black with micro-clear bottom) (Greiner Bio-one) in a volume of 80ul. In
both cases, after incubating cells at 37°C and 5% CO, for 24 h, medium
was replaced by basal medium supplemented with 5ng/ml EGF (E9644,
Sigma-Aldrich) and 1:100 dilution of Insulin-Transferrin-sodium selenite
Supplement (ITS) (41400-045, Gibco) and 3% of Matrigel. Every 2-3 days
medium was replaced until organoids were completely formed. Organoid
treatments were performed two days after medium replacement. TGF-3
(#PHG9214, Gibco) treatments were performed at the indicated doses
and times.

Whole genome miRNA sequencing

TruSeq small RNA prep, 1x50bp single end reads, HiSeq 2000, was
conducted at New York Genome Center. Adapter sequence were removed
from FASTQ file with fastx_clipper and alignment of reads to NCBI genome
build 37, as well as to miRBase hairpin sequences and other small RNA
sequences (tRNA, snoRNA, rRNA, snRNA) were conducted using Bowtie
[53]. miRBase transcripts were quantified using in-house scripts imple-
mented in Python and imported into R for analysis with the DESeq
package. For differential miRNAseq expression analysis low-expression
miRNAs, defined as those with fewer than 10 reads across all samples, were
filtered out prior to analysis. Data normalization and differential expression
analysis between Pten KO, and Wt were performed using the DESeq2 R
package (v1.30.1) [54].

Whole genome mRNA sequencing

2 % 150bp stranded mRNA sequencing was conducted at Centre Nacional
d’'Analisi Genomica (CNAG) on a NovaSeq 6000 equipment at a depth
coverage of 20 M reads per sample. Quality control of all FASTQ files was
conducted using the FASTQC tool (v0.11.9) and MultiQC tool [55]
implemented in R. For mRNAseq quantification the mapping-based mode
of Salmon (v1.5.2) [56] was used to perform transcript-level quantification
with default parameters, using the GRCm38 reference genome. Transcript-
level data were imported into R and summarized to gene-level counts
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using the tximport library (v1.28.0) [57]. Low-expression genes, defined as
those with fewer than 10 reads across all samples, were filtered out prior to
analysis. Data normalization and differential expression analysis between
miR KO, Pten KO, dKO, and WT conditions, as well as between dKO and
Pten KO, were performed using the DESeg2 R package (v1.30.1) [54]. To
conduct Gene Set Enrichment Analysis (GSEA [45]), genes from the miR KO
vs WT comparison were ranked by fold change and analyzed using the Pre-
ranked mode of the Broad Institute’s Gene Set Enrichment Analysis (GSEA
v4.0.3) software. The analysis utilized GO BP mouse gene sets from the
MsigDB database [58], accessed through the msigdbr R function. Selected
pathways were visualized in a dot plot, displaying FDR values and gene set
sizes, created using the ggplot2 package in R.

Hybrid epithelial-mesenchymal xenotransplants and isolation
of mesenchymal and epithelial cells from mouse uterus
Hybrid epithelial-mesenchymal uterine xenotransplants were generated as
previously described [59]. Concisely, mice were euthanized by cervical
dislocation and uteri were dissected. For mesenchymal cells, uterine horns
were cut into 3 mm pieces and washed in HBSS. Then, uterine fragments
were digested with 1% trypsin in HBSS for 1 h at 4°C and for 45 min at
room temperature. DMEM with 10% of FBS was added to stop trypsin
reaction. Then, with the edge of a razor blade, epithelial sheets were
squeezed out of the uterine fragments and removed. Next, myometrial and
stromal cells remaining in the uterine pieces were incubated in digestion
medium (2 mg/ml collagenase type | (LS0004196, Worthington) and 5%
FBS in DMEM) during 3 h at 37°C. Cells were passed through a 40 um
strainer and washed twice with PBS. Then cells were centrifuged at
1000rpm for 3 min, resuspended in stromal medium (DMEM/
F12 supplemented with 1 mM HEPES, 1% penicillin/streptomycin, 0.1%
amphotericin B and 2% DCC) and plated in culture dishes. Cells were
incubated at 37 °C and 5% CO, for two days or until they were at high
confluence. Epithelial endometrial cells for xenotransplants were isolated
and cultured in a monolayer as explained before. Then, A 1:1 mixture of
epithelial / mesenchymal cells was resuspended in PBS with stromal
medium and 20% Matrigel™. Cells were subcutaneously injected in a
volume of 100ul in each flank of SCID mice.

Tamoxifen administration

Tamoxifen (T5648, Sigma-Aldrich) was dissolved and administered as
previously described [36]. In brief, tamoxifen powder was dissolved in
100% ethanol at a 100 mg/ml concentration. Tamoxifen was emulsified in
corn oil (C8267, Sigma-Aldrich) at 10 mg/ml by vortexing. Adult females of
5-week-old were given a single intraperitoneal injection of 0.5mg of
tamoxifen emulsion (30-35ug/mg body weight).

Glandular perimeter measurements

Images of mouse endometrial organoids were taken with a phase-contrast
microscope (Eclipse Ts2R, Nikon). Spheroid perimeter analysis was
performed in an image analyzer (Image J, version 1.46r; NIH, Bethesda,
MD, USA) by generation of binary images of the glands, as previously
described [60].

miRNA extraction and real-time qPCR

MicroRNA extraction from organoid cultures was performed with mirVana
miRNA isolation kit (AM1561, Ambion) according to manufacturer’s
protocol. MiRNA extracts were quantified with Nanodrop (ND-1000 UV/
Vis Spectophotometer, Nanodrop Technologies) and stored frozen at
—80 °C. Retrotranscription was performed with 50ng of RNA using High-
Capacity cDNA Reverse Transcription (4368815, Applied Biosystems),
following manufacturer’s instructions. Primers and PCR conditions for
reverse transcription are detailed in Supplementary Materials (Table S4).
Quantitative real-time PCR detection of miRNAs was performed with the
CFX96 (Bio-Rad) using Power Up SYBR Green Master Mix (A25742, Applied
Biosystems). The sequences of primers used are available in Supplemen-
tary Materials and were obtained from IDT. Relative expression was
determined from cycle threshold (Ct) values, which were normalized to
sno-202 as a housekeeping miRNA. Experiments were performed at least
three times, and every treatment group was performed in triplicate.

Total RNA extraction, real-time qPCR
Total RNA from organoid cultures was extracted using SurePrep TrueTotal
RNA Purification Kit (BP2800-50, Fisher BioReagents) according to
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manufacturer’s protocol. Quantitative real-time PCR was performed with
50ng of total RNA using the one-step protocol gPCRBIO Probe 1-Step Go
(PB25.44-01, PCR Biosystems). Primers used for gene expression analysis
were commercially obtained from Applied Biosystems: Ccnd1
(MmO00432359_m1) and Gapdh (Mm99999915_g1). Relative expression
was determined by cycle threshold (Ct) values, which were normalized to
Gapdh expression as an internal control. Experiments were performed at
least three times.

Western blot

Western blot analysis was performed as previously described [36] with
minor variations. To dissociate organoids from Matrigel, cell cultures were
washed with PBS and incubated at 37 °C for 15 min with TrypLE Express
(12604-013, Gibco) dissociation reagent. Cells were washed in PBS and
centrifuged at 1000 rpm for 3 min. Cell pellet was lysed with lysis buffer
(2% SDS, 125 mM Tris-HCl pH 6.8). Relative protein concentrations were
established with a colorimetric protein assay kit (5000112, BioRad). Equal
amounts of protein were loaded to an acrylamide gel, transferred to PDVF
membranes (IPVH00010, Millipore). Membranes were blocked for 1 h with
TBS-T (20 mM Tris-HCI pH 7.4, 150 mM NaCl, 0.1% Tween-20) plus 5% of
non-fat milk to avoid non-specific binding. Then, membranes were
incubated overnight at 4°C with primary antibodies. Subsequently,
membranes were incubated for 1h with secondary antibody at room
temperature. Finally, signal was detected with Immobilon Forte Western
HRP Substrate (WBLUF0100, Millipore). All primary and secondary
antibodies used for Western blot and its concentrations are listed in
Supplementary Materials (Table S5).

Bromo-2'-deoxyuridine (BrdU) labeling

Three-dimensional cultures were incubated with 3 ng/ml of BrdU (B5002,
Sigma-Aldrich) for 16 h and were fixed with 4% paraformaldehyde (PFA)
for 5 min. Denaturation of DNA was performed with 2 M HCI for 30 min at
37 °C. Then, HCl was neutralized with 0.1 M of sodium tetraborate (pH 8.5)
for 2 min and washed three times with PBS. Cells were blocked with BrdU
blocking solution (5% horse serum, 5% FBS, 0.2% glycine and 0.1% Triton
X-100) for 1 h at room temperature. Then, cells were incubated overnight
with a monoclonal antibody against BrdU and washed with PBS. Finally,
cells were incubated overnight with anti-rat Alexa Fluor conjugated
antibody and Hoechst as a nuclear marker. Endometrial glands were
visualized under a confocal microscope (Olympus, Fluoview FV1000) and
images were taken and analyzed with Olympus Fluoview software (FV19-
AS4 version 4.2, Olympus). Positive BrdU cells were counted and divided by
total cells (labelled with Hoechst) and results were expressed as BrdU-
positive cells. Antibodies used for BrdU labelling are listed in Supplemen-
tary Materials (Table S4).

Immunofluorescence

Immunofluorescence was done as previously described [37]. In brief,
endometrial organoids were fixed with 4% PFA in PBS for 5 min at room
temperature, washed twice with PBS and permeabilized with 0.1% triton
X-100 in PBS for 10 min and incubated in blocking solution (2% Horse
Serum, 2% Bovine Serum Albumin, 0.2% Triton X-100 in PBS) for 1h at
room temperature. Then, cells were incubated with the indicated dilution
of primary antibodies overnight at 4 °C. Cultures were washed twice with
PBS and incubated in secondary Alexa Fluor conjugated antibodies and
Hoechst, as a nuclear staining, overnight at 4°C. All antibodies and
dilutions used for immunofluorescence are listed in Supplementary
Materials (Table S6). Importantly, in double staining different isotypes of
antibodies were used. Visualization and image capturing of immunofluor-
escence was performed with a confocal microscope (Olympus, Fluoview
FV1000) and analyzed with Olympus Fluowiew software (FV19-AS4 version
4.2, Olympus).

Tissue processing and immunohistochemistry analysis on
paraffin sections

For histological examination, animals were euthanized, and uteri were
collected, formalin-fixed overnight at 4°C and paraffin-embedded. For
immunohistochemistry, paraffin sections of 3 um were dried for an hour at
80 °C, dewaxed in xylene, gradually rehydrated in ethanol and washed in
PBS. Antigen retrieval was performed in EnVision FLEX and high pH or low
pH solution (K8004 or K8005, DAKO) for 20 min at 95 °C, depending on
each antibody. Then, endogenous peroxidase was blocked through 3%
H,0, incubation, and slides were washed three times with PBS. After that,
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primary antibodies were incubated for 30 min at room temperature,
washed in PBS and incubated with Horseradish Peroxidase (HRP)-
conjugated secondary antibodies. Finally, staining was visualized through
reaction with EnVisioin Detection Kit (K4065, DAKO) using diaminobenzi-
dine (DAB) substrate. Slides were counterstained with Harrys hematoxylin.
Primary and secondary antibodies used for immunohistochemistry and
their dilutions are listed in Supplementary Materials (Table S7).

TCGA-UCEC analyses

MiIRNA expression, somatic mutation, and RPPA protein data for
endometrioid endometrial carcinoma samples were obtained from the
TCGA-UCEC cohort [40] using the TCGA biolinks R package [61]. Samples
were stratified based on PTEN mutational status (mutant vs. wild-type,
including frameshift, in-frame, missense or nonsnese mutations). To
evaluate differences in miR-424 expression and PTEN protein abundance,
statistical comparisons between groups were performed using the
Wilcoxon rank-sum test, as implemented via R (v4.4.0).

Statistical analysis

Statistical analysis was performed according to each experiment. Briefly,
comparisons between two groups were analyzed with Student’s t-test and
represented as mean =+ standard deviation. Comparisons between two or
more groups were done by two-way ANOVA. Finally, contingency tables
were analyzed by y>-test, followed by Fisher's exact test. All experiments
were at least performed three times, and all treatment groups were done
in triplicates. GraphPad Prism (Version 8.0, GraphPad Software, Inc.) was
used for statistical analysis.

DATA AVAILABILITY
The datasets analyzed during the current study are available from the corresponding
author upon reasonable request.
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