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Downregulation of MUC15 by miR-183-5p.1 promotes liver
tumor-initiating cells properties and tumorigenesis via
regulating c-MET/PI3K/AKT/SOX2 axis
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Mucin 15 (MUC15) is reportedly aberrant in human malignancies, including hepatocellular carcinoma (HCC). However, the role of
MUCI15 in the regulation of liver tumor-initiating cells (T-ICs) remains unknown. Here, we report that expression of MUCT15 is
downregulated in liver T-ICs, chemoresistance and recurrent HCC samples. Functional studies reveal that MUC15 inhibits hepatoma
cells self-renewal, malignant proliferation, tumorigenicity, and chemoresistance. Mechanistically, MUC15 interacts with c-MET and
subsequently inactivates the PI3K/AKT/SOX2 signaling pathway. Moreover, we find that miR-183-5p.1 directly targets MUC15 3’-UTR
in liver T-ICs. Coincidentally, SOX2 feedback inhibits MUC15 expression by directly transactivating miR-183-5p.1, thus completing a
feedforward regulatory circuit in liver T-ICs. Importantly, MUC15/c-MET/PI3K/AKT/SOX2 axis determines the responses of hepatoma
cells to lenvatinib treatment, and MUC15 overexpression abrogated lenvatinib resistance. Analysis of patient cohort, patient-derived
tumor organoids and patient-derived xenografts further suggests that the MUC15 may predict lenvatinib benefits in HCC patients.
Collectively, our findings suggest the crucial role of the miR-183-5p.1/MUC15/c-MET/PI3K/AKT/SOX2 regulatory circuit in regulating
liver T-ICs properties, suggesting potential therapeutic targets for HCC.
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INTRODUCTION

The incidence of hepatocellular carcinoma (HCC) has been rising
throughout the world. Due to the unobvious symptoms of HCC,
most HCC patients are diagnosed at advanced stage, and in
patients with advanced HCC approximately 80% will develop
recurrence after operation [1]. In the past, advanced HCC was a
disease with dismal prognosis and few treatment options.
Currently, targeted drugs are the first-line treatment for patients
with HCC who are not eligible for surgery [2, 3]. Due to the genetic
heterogeneity of HCC, only a small proportion of patients respond
to targeted drugs, and the majority of patients not only have no
curative effect, but also have very serious side effects. Thus, it is
urgent to elucidate the underlying mechanisms of drugs
resistance and discover reliable biomarkers that can predict drugs
response in HCC patients.

Tumor-initiating cells (T-ICs) or cancer stem cells (CSCs) were
first identified in hematopoietic tumors and subsequently in solid
tumors, such as rectal, breast and brain cancers [4, 5]. T-ICs
accounts for a small proportion in tumor tissue cells and have the
ability of self-renewal, infinite proliferation and multidirectional

differentiation, which plays a key role in the process of tumor
initiation, metastasis, chemo-resistance, and recurrence [6, 7]. The
introduction of T-ICs not only brings new views for the
pathogenesis of tumor development and recurrence, but also
provides a new theoretical basis for clinical diagnosis and
treatment of tumors. Tumors that harbor an abundant T-IC
population may signal a poor clinical outcome in HCC patients [8].
Therefore, in-depth studies on the regulatory mechanism of liver
T-ICs and finding appropriate intervention targets are expected to
provide new ideas for the treatment of HCC.

Mucin 15 (MUCT15) is a membrane-associated mucin that
belongs to transmembrane family of mucins, which generally
function primarily in the hydration, lubrication, and protection of
epithelial surfaces [9]. MUC15 protein consists of highly conserved
cytoplasmic tail domain, extracellular domain and small trans-
membrane domain, suggesting that MUC15 may play an
important role in cell signal transduction [10]. MUC15 is reported
to either facilitate or impair carcinogenesis in different cancer
types. For example, MUC15 plays an oncogenic role in pancreatic,
gastric, colon, and thyroid cancer [11-14]. Moreover, our previous
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Fig. 1 MUC15 suppresses hepatocellular oncogenesis via inhibiting T-ICs generation. A HL7702 shMUC15 and control cells were injected
subcutaneously into NOD-SCID mice at 1 x 10> cells per mouse. Xenografted tumor growth was monitored, and tumor weight was measured
10 weeks later. B The tumor formed in E was subjected to H&E and IHC staining. Scale bar = 25 um. C Representative images and H&E staining
of MUC15"*P~'~ and WT mice at 5 months after DEN injection (n = 6). D The tumor numbers, maximal tumor sizes and liver-to-body weight
ratios of MUC15"P~/~ and WT mice at 5 months after DEN injection was measured. E Representative images and H&E staining of MUC15-TG
and WT mice at 5 months after DEN injection (n = 6). F The tumor incidence, tumor numbers, maximal tumor sizes, and liver-to-body weight
ratios of MUC15-TG and WT mice at 5 months after DEN injection was measured. G, H The mRNA and protein expression of TIC-associated
markers in tumors from MUC15"%P~/~ and WT mice at 5 months after DEN injection were examined by real-time PCR and IHC staining analysis.
Scale bar =25 pm. I, J The mRNA and protein expression of TIC-associated markers in tumors from MUC15-TG and WT mice at 5 months after
DEN injection were examined by real-time PCR and IHC staining analysis. Scale bar =25 pm. All results are presented as the mean + SD, and
statistical significance was assessed using a two-tailed Student t-test. *p < 0.05.
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Fig.2 MUC15 inhibits liver T-ICs expansion. A The correlation between the level of MUC15 and CD24 (left) or EpCAM (right) in primary HCC
cells (n = 30) was determined by real-time PCR analysis. B Real-time PCR analysis MUC15 expression in sorted CD24" (left) or EpCAM™ (right)
primary HCC cells relative to negative cells. C, D Flow cytometry analysis of CD24" or EpCAM™ populations in spheroids generated from
MUC15 overexpression hepatoma cells and control cells. E Representative images of hepatoma spheroids generated from MUC15
overexpression hepatoma cells and control cells. The number of spheroids was counted and compared. F The frequency of liver T-ICs in
MUC15 overexpression hepatoma cells and control cells was compared by in vitro limiting dilution assay. G Hepatoma cells dissociated from
Hep3B MUC15 spheroids or control spheroids were inoculated into NOD-SCID mice subcutaneously, and the tumorigenicity was evaluated
two months post inoculation. H In total, 2x 10° cells dissociated from Hep3B-MUC15 or Hep3B-control spheroids were subcutaneously
inoculated into NOD-SCID mice (n = 8) and excised 7 weeks later. The weight of xenografed tumors from different groups was compared. |
Representative images of immunohistochemical staining of liver T-IC markers in xenografted tumors. Scale bar=25 pm. All results are
presented as the mean + SD, and statistical significance was assessed using a two-tailed Student t-test. *p < 0.05.

Cell Death and Disease (2022)13:200 SPRINGER NATURE



T. Han et al.

study demonstrated that MUC15 downregulation correlated with
advanced stage, poor differentiation, and metastasis of liver
cancer [15]. We further elucidated that MUC15 suppressed HCC
metastasis via inhibiting EGFR dimerization and PI3K-Akt signal.
Nevertheless, the regulatory role of MUCT15 in liver T-ICs remains
unknown.

In this study, we discover that MUC15 was downregulated in
liver T-ICs and played an essential role in hepatoma cells self-
renewal, malignant  proliferation,  tumorigenicity,  and
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chemoresistance, suggesting MUC15 is a novel biomarker for
liver T-ICs and a potential target for HCC therapy.

RESULTS

MUC15 interference can induce hepatocellular malignant
transformation

High-grade dysplastic nodules (HGDNs) are regarded as a
precancerous lesion for hepatocarcinogenesis, and the majority
of human HCCs arise from HGDNs [16]. Immunostaining analysis
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Fig. 3 MUC15 suppresses PI3BK/AKT/SOX2 activation in liver T-ICs. A Pathway enrichment analysis of differentially expressed genes from
RNA-seq of sphere-derived MUC15 overexpression or control cells. B Gene set enrichment analysis shows the enrichment of gene sets positive
related to PI3K/AKT pathway in sphere-derived MUC15 overexpression or control cells. C Phosphorylation of AKT in Hep3B/Huh7 MUC15 and
control spheroids was determined by western blot. D Immunohistochemical staining of p-AKT in xenografted tumors generated by Hep3B
MUC15 and control spheroid. Scale bar =25 pm. E Spheres formation assay of Hep3B/Huh7 MUC15 and control cells infected with AKT
overexpression virus. The number of spheroids was counted and compared. F Hep3B MUC15 and control cells infected with AKT
overexpression virus were subjected to in vivo limiting dilution assay. Tumors were observed over 2 months; n =8 for each group. G The
expression of SOX2 in Hep3B/Huh7 MUC15 and control spheroids was determined by western blot. H Immunohistochemical staining of SOX2
in xenografted tumors generated by Hep3B MUC15 and control spheroid. Scale bar =25 pm. | The expression of p-AKT and SOX2 in shMUC15
and control hepatocyte cells was determined by western blot. J HL7702 shMUC15 and control cells were transfected with siSOX2 or siNC and
were then injected subcutaneously into NOD-SCID mice at 1 x 10° cells per mouse. Xenografted tumor formation was monitored 10 weeks
later. K In vivo limiting dilution assay of indicated HCC cells. Tumors were observed over 2 months; n =8 for each group. All results are
presented as the mean + SD, and statistical significance was assessed using a two-tailed Student t-test. *p < 0.05.

showed that MUC15 expression was significantly downregulated
in seven of ten HGDNs, suggesting that the potential role of
MUC15 in cell transformation (Supplementary Fig. S1A). To
elucidate the tumor suppressor role of MUC15 in liver, we
suppressed MUC15 in normal liver cell lines (HL7702 and THLE3)
(Supplementary Fig. S1B, Q). Interestingly, MUC15 interference
dramatically elevated the expression of T-IC-associated markers in
liver cells and facilitated the generation of T-ICs (Supplementary
Fig. S1D, E). Moreover, the interference of MUC15 induced
hepatocyte transformation in vitro (Supplementary Fig. S1F) and
resulted in tumor formation in a murine subcutaneous tumor
model while the control cells did not (Fig. 1A). Convincingly, the
formed tumor exhibited the phenotype of HCC with strong alpha
fetal protein (AFP) staining and T-IC-associated markers (Fig. 1B).

MUC15 suppresses hepatocellular oncogenesis via inhibiting
T-ICs generation

To further elucidated the roles of MUC15 in hepatocarcinogenesis,
we generated hepatocyte-specific MUC15 deleted mice and
hepatocyte-specific MUC15 transgenic (TG) mice. MUC15 was
deleted in hepatocytes in MUC15"P~'~ mice that generated by
crossing MUC15%19/1%% mice with Albumin-Cre transgenic mice
(Supplementary Fig. S2A). Hepatocyte-specific MUC15-TG mice
were generated by crossing MUC15'%®® mice with Albumin-Cre
transgenic mice (Supplementary Fig. S2B). The MUC15 expression
in healthy liver was examined by real-time PCR and western
blotting. Our data showed that MUC15 was undetectable in
MUC15™P~'~ mice (Supplementary Fig. $2C). We also observed
that increased expression of MUC15 in hepatocytes of transgenic
mice compared with wild-type (WT) mice (Supplementary Fig.
S2D).

To generate HCC, MUC15"P~/~ or MUC15-TG mice and their
control mice were treated with DEN to initiate tumor growth,
followed by administration of CCL4 twice a week for 2 months to
promote tumor growth (Supplementary Fig. S2E). All the male
animals in both control and MUC15""~'~ groups developed
visible hepatic tumor foci (Fig. 1C). However, hepatocyte-specific
deletion of MUC15 dramatically increased the tumor numbers,
maximal tumor sizes and liver-to-body weight ratios (Fig. 1D).
Conversely, the formation of liver cancer was significantly reduced
in MUC15-TG mice compared with that in WT mice (Fig. 1E).
Furthermore, the tumor load was markedly reduced by MUC15
overexpression, as indicated by a significant decline in tumor
incidence, numbers, maximal tumor sizes and liver-to-body weight
ratios in MUC15-TG mice compared with control mice (Fig. 1F).
Ki67 staining showed a notable increase in hepatoma cell
proliferation in MUC15"®"~/~ mice and an evidently decrease in
hepatoma cell proliferation in MUC15-TG mice compared with
their WT mice (Supplementary Fig. S2F, G). There were no
differences in the levels of aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) between MUC15"P~/~ or MUC15-
TG and their WT mice (Supplementary Fig. S2H, 1), suggesting that
MUC15 deletion or overexpressing did not influence the liver

Cell Death and Disease (2022)13:200

injury upon DEN stimuli. In addition, the difference of hepatic
macrophage infiltration was less noticeable between MUC15"P
~/~ or MUC15-TG and their WT mice (Supplementary Fig. $2J, K).
Importantly, the expression of TIC-associated markers, including
CD24, CD133, CD90, and EpCAM was markedly elevated in HCCs
from MUC15-deficient mice and significantly declined in HCCs
from MUCT5-overexpressing mice (Fig. 1G-J), which further
suggesting that MUC15 impairs T-ICs generation and inhibits liver
oncogenesis.

MUC15 inhibits liver T-ICs expansion

CD24 and EpCAM are well-accepted liver T-IC markers [17, 18]. In
tumor cells isolated from primary HCC tissues, pearson correlation
analysis revealed that MUCT5 levels were negatively correlated
with the expression of CD24 and EpCAM (Fig. 2A). To determine
the expression of MUC15 in liver T-ICs, we enriched T-ICs by flow
cytometry sorting or sphere formation. As shown in Fig. 2B,
MUC15 levels were downregulated in sorted CD24" or EpCAM*
formed primary HCC cells. Notably, MUC15 level was decreased in
HCC spheres and recovered to origin level when the spheres were
reattached (Supplementary Fig. S3A, B). Two HCC cell lines
showed the similar results (Supplementary Fig. S3C-F). Moreover,
MUC15 expression was much lower in lenvatinib resistant HCC
patient tissues than lenvatinib sensitive HCC patient tissues
(Supplementary Fig. S3G). Coincidentally, we observed that
MUC15 expression was notably decreased in recurrent HCC
compared with the primary lesion (Supplementary Fig. S3H).
These data indicated that MUC15 was preferentially down-
regulated in liver T-ICs.

Next, we found that MUC15 overexpression downregulated the
expression of liver T-ICs markers and stemness-associated
transcription factors in hepatoma spheroids (Supplementary Fig.
S3I-K). Flow cytometry analysis revealed that the population of
CD24" or EpCAM™ cells in HCC spheroids was decreased by
MUC15 overexpression (Fig. 2C, D). Spheroid formation was
attenuated in MUC15 overexpression hepatoma cells (Fig. 2E).
Furthermore, in vitro limited dilution assays revealed that ectopic
MUC15 expression attenuated the TIC-like properties in hepatoma
cells (Fig. 2F).

To further determine the effect of MUC15 on the tumorigenicity
of liver T-ICs, sphere-derived MUC15 overexpression or control
cells were inoculated into NOD/SCID mice. In vivo limiting dilution
assay revealed that overexpression of MUC15 significantly
reduced tumor incidence and T-IC frequency (Fig. 2G). In further
study, we found that hepatoma cells from MUC15 overexpression
spheroids exhibited attenuated xenografted tumor growth, tumor
size, and tumor weight in vivo (Fig. 2H), suggesting the inhibitory
role of MUC15 in liver T-ICs propagation and HCC progression.
Consistently, decreased CD24", EpCAM*, CD133%, and CD90"
liver T-ICs were detected in MUC15 overexpression spheroid-
formed xenografts compared with control xenografts (Fig. 2I),
which further indicates that MUC15 inhibits the expansion of liver
T-ICs.

SPRINGER NATURE
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MUC15 suppresses liver T-ICs expansion via inhibiting PI3K/
AKT/SOX2 activation

To elucidate the mechanism underlying the suppressive role of
MUC15 in liver T-ICs expansion, we profiled gene expression in
sphere-derived MUC15 overexpression or control cells using RNA

SPRINGER NATURE

sequencing. Gene ontology (Fig. 3A) and gene set enrichment
analysis (Fig. 3B) revealed that MUC15 overexpression resulted in
enrichment of gene sets related to PI3K/AKT pathway. Western
blot analysis further confirmed that p-AKT was downregulated in
MUC15 overexpression hepatoma spheroids (Fig. 3C). Consistently,
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Fig.4 MUC15 modulates c-MET/PI3K/AKT/SOX2 signaling in liver T-ICs. A Phosphorylation of c-MET and total c-MET in Hep3B/Huh7 MUC15
and control spheroids was determined by western blot. B Immunohistochemical staining of p-c-MET and c-MET in xenografted tumors
generated by Hep3B MUC15 and control spheroid. Scale bar =25 pm. € The expression of p-c-MET and ¢-MET in shMUC15 and control
hepatocyte cells was determined by western blot. D Endogenous c-MET and Flag-tagged MUC15 were immunoprecipitated. E The cell surface
expression levels of c-MET in Hep3B MUC15 and control spheroids were determined using flow cytometry. F Hep3B MUC15 and control
spheroids were treated with MG132 (20 uM) for indicated times and then subjected to western-blot analysis. G Hep3B MUC15 and control
spheroids were transfected with hemagglutinin (HA)-tagged ubiquitin and then total ubiquitinated proteins were detected by Western
blotting for HA. H HL7702 shMUC15 and control cells transfected with sic-MET or siNC were subjected to western blot analysis. | Hep3B
MUC15 and control cells infected with c-MET overexpression virus were subjected to western blot analysis. J HL7702 shMUC15 and control
cells were transfected with sic-MET or siNC and were then injected subcutaneously into NOD-SCID mice at 1x 10® cells per mouse.
Xenografted tumor formation was monitored 10 weeks later. K Hep3B/Huh7 MUC15 and control cells were infected with c-MET
overexpression virus and were then subjected to spheroids formation assay. L In vivo limiting dilution assay of indicated HCC cells. Tumors
were observed over 2 months; n = 8 for each group. All results are presented as the mean + SD, and statistical significance was assessed using

a two-tailed Student t-test. *p < 0.05.

decreased p-AKT level was detected in MUCT5 overexpression
spheroids formed xenografts (Fig. 3D). Moreover, Kinase activity
assays showed that PI3K was also downregulated by MUC15
overexpression in liver T-ICs (Supplementary Fig. S4A). Further-
more, the self-renewal ability, liver T-ICs frequency and tumor-
igenesis capacity in MUC15 overexpression hepatoma cells can be
restored through introduction of AKT (Fig. 3E, F and Supplemen-
tary Fig. S4B).

The transcription factor SOX2 controls tumor initiation and T-ICs
functions, and its expression is also regulated via AKT [19]. Notably,
western blot analysis found that SOX2 was also downregulated in
MUC15 overexpression hepatoma spheroids (Fig. 3G). Consistently,
decreased SOX2 level was detected in MUC15 overexpression
spheroids formed xenografts (Fig. 3H). Moreover, the expression
p-AKT and SOX2 was upregulated in MUC15 knockdown hepato-
cyte cells (Fig. 3l). Interestingly, treatment with AKT siRNA
completely blocked the effects of MUC15 knockdown on SOX2
upregulation (Supplementary Fig. S4C). Restoration of AKT capitu-
lated the expression of SOX2 in MUC15 overexpression HCC
spheres (Supplementary Fig. S4D). More importantly, the inter-
ference of SOX2 abolished the enhancement of self-renewal, colony
formation, and tumorigenesis triggered by MUC15 knockdown in
normal hepatocytes (Fig. 3J and Supplementary Fig. S4E, F). While
introduction of SOX2 restored the self-renewal ability, liver T-ICs
frequency and tumorigenesis capacity in MUC15 overexpression
HCC spheres (Fig. 3K and Supplementary Fig. S4G-I).

MUC15 modulates c-MET/PI3K/AKT/SOX2 signaling in liver
T-ICs

It has been well accepted that the activation of PI3K/AKT is
predominantly regulated by the upstream tyrosine kinases [20].
Herein our data showed that EGFR, FGFR1, VEGFR3, RET, PYK2, or
FLT3 was not influenced by MUC15 overexpression (Supplemen-
tary Fig. S5A). However, ¢-MET was reduced in MUC15 over-
expression hepatoma spheroids (Fig. 4A). Consistently, decreased
c-MET level was observed in MUC15 overexpression spheroids
formed xenografts (Fig. 4B). Moreover, the expression c-MET was
upregulated in MUC15 knockdown hepatocyte cells (Fig. 4C). By
co-immunoprecipitation (colP) experiments, the interactions
between endogenously expressed MUC15 and c-MET were
confirmed in Hep3B cells (Fig. 4D). To establish how MUC15
controls c-MET activation, we assessed whether MUC15 regulates
¢-MET internalization kinetics via FACS analysis of c-MET levels at
the surfaces. After HGF stimulation, MUC15-overexpressing cells
internalized c-MET faster than control cells (Fig. 4E). Next, we
explored the mechanisms about MUC15 regulating c-MET at
transcriptional or post-transcriptional levels. As shown in Fig. 4F
and Supplementary Fig. S5B, downregulation of c-MET by MUC15
overexpression was blocked by the proteasome inhibitor MG132,
but not by inhibitors of protein synthesis cycloheximide (CHX),
implying that MUC15 modulates c-MET protein degradation rather
than synthesis. Moreover, MUC15 overexpression resulted in
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accumulation of and high-molecular weight c-MET conjugates in
liver T-ICs (Fig. 4G), suggesting that MUC15 promotes the
degradation of c-MET through ubiquitination.

Notably, treatment with c-MET siRNA completely abolished the
effects of MUC15 knockdown on p-AKT and SOX2 upregulation
(Fig. 4H). Restoration of c-MET capitulated the expression of p-AKT
and SOX2 in MUC15 overexpression HCC spheres (Fig. 4l). More
importantly, the interference of c-MET abrogated the enhance-
ment of self-renewal, colony formation, and tumorigenesis
triggered by MUC15 knockdown in normal hepatocytes (Fig. 4J
and Supplementary Fig. S5C, D). While introduction of c-MET
recovered the self-renewal ability, liver T-ICs frequency and
tumorigenesis capacity in MUC15 overexpression HCC spheres
(Fig. 4K, L and Supplementary Fig. S5E).

miR-183-5p.1 facilitates liver T-ICs expansion via targeting
MUC15

To investigate the upstream regulatory mechanism of MUCT5 in
liver T-ICs, we searched the TargetScan database and identified
candidate miRNA miR-183-5p.1. To confirm binding between miR-
183-5p.1 and the MUC15 3’-UTR, we performed assays with a wild-
type or mutated MUC15 3’-UTR-coupled luciferase reporter (Fig.
5A). Luciferase activity was suppressed by miR-183-5p.1 in HCC
spheres transfected with wild-type MUC15 3/-UTR, mutation of
which abrogated suppression (Fig. 5B). Real-time PCR and western
blot further revealed that MUC15 was repressed in miR-183-5p.1-
overexpressing HCC spheres (Fig. 5C, D). Consistent with this,
levels of MUC15 and miR-183-5p.1 expression were negatively
correlated in isolated primary HCC cells and HCC tumoral samples
(Fig. 5E and Supplementary Fig. S6A).

Next, we found that the expression level of miR-183-5p was
upregulated in HCC patients’ samples compared with the normal
tissues (Supplementary Fig. S6B, C). Moreover, miR-183-5p.1 was
upregulated in sorted EpCAM™ or CD24" primary HCC cells and
self-renewing spheroids (Supplementary Fig. S6D, E). In serial
passages of primary HCC spheroids, miR-183-5p.1 expression
gradually increased (Supplementary Fig. S6F). Notably, themiR-
183-5p.1 level was recovered to the normal level when spheres
became reattached (Supplementary Fig. S6G). Two HCC cell lines
showed similar results (Supplementary Fig. S7H-K), further
indicating that miR-183-5p.1 is generally upregulated in liver
T-ICs. Furthermore, forced miR-183-5p.1 expression upregulated
liver T-IC markers and pluripotent transcription factors, and
enhanced spheroid formation (Fig. 5F and Supplementary Fig.
S6L-N). In vitro and in vivo limiting dilution assays revealed that
miR-183-5p.1 overexpression upregulated the proportion of liver
T-ICs and their tumorigenesis capacity (Fig. 5G and Supplementary
Fig. S60).

We further investigated whether miR-183-5p.1 promotes liver
T-ICs expansion by regulating MUC15 expression. We found that
restoration of MUC15 abolished the effects of c-MET, p-AKT, and
SOX2 upregulation in miR-183-5p.1 expressing cells (Fig. 5H). More
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importantly, introduction of MUC15 impaired the self-renewal SOX2 upregulates miR-183-5p.1 in liver T-ICs

ability, liver T-ICs frequency and tumorigenesis of miR-183-5p.1- Recently studies reported that SOX2 controls a network of coding and
overexpressing HCC spheres (Fig. 51-K). Together, these data non-coding RNAs in cancers and identified a set of miRNAs as critical
document that miR-183-5p.1 facilitates liver T-IC expansion by down-stream mediators of SOX2 function [21, 22]. In the present
targeting MUC15. study, the levels of miR-183-5p.1 was decreased by SOX2 knockdown
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Fig. 5 miR-183-5p.1 inhibits liver T-ICs expansion via targeting MUC15. A A potential target site for miR-183-5p.1 in the 3’UTR of human
MUC15 mRNA, as predicted by the program TargetScan. To disrupt the interaction between miR-183-5p.1 and MUC15 mRNA, the target site
was mutated. B Luciferase reporter assays performed in miR-183-5p.1 overexpression and control HCC spheres transfected with wild-type or
mutant MUC15 3’UTR constructs. C Real-time PCR analysis of MUC15 in spheroids generated from miR-183-5p.1 overexpression hepatoma
cells and control cells. D Western blot analysis of indicated proteins in spheroids generated from miR-183-5p.1 overexpression hepatoma cells
and control cells. E The correlation between the level of MUC15 and miR-183-5p.1 in primary HCC cells (n = 30) was determined by real-time
PCR analysis. F Representative images of hepatoma spheroids generated from miR-183-5p.1 overexpression hepatoma cells and control cells.
The number of spheroids was counted and compared. G Hepatoma cells dissociated from Hep3B miR-183-5p.1 overexpression spheroids or
control spheroids were inoculated into NOD-SCID mice subcutaneously, and the tumorigenicity was evaluated two months post inoculation.
H Hep3B/Huh7 miR-183-5p.1 and control cells infected with MUC15 overexpression virus were subjected to western blot assays. | Hep3B/Huh7
miR-183-5p.1 and control cells infected with MUC15 overexpression virus were subjected to spheroids formation. J Hep3B/Huh7 miR-183-5p.1
and control cells infected with MUC15 overexpression virus were subjected to in vitro limiting dilution assays. K Hep3B miR-183-5p.1 and
control cells infected with MUC15 overexpression virus were subjected to in vivo limiting dilution assays. Tumors were observed over
2 months; n = 8 for each group. All results are presented as the mean + SD, and statistical significance was assessed using a two-tailed Student

t-test. *p < 0.05.

and increased upon SOX2 upregulation in HCC spheres (Fig. 6A, B).
Consistently, a close correlation between SOX2 levels and miR-183-
5p.1 expression was observed in isolated primary HCC cells, HCC
tumoral samples and in liver T-ICs (Fig. 6C and Supplementary Fig.
S7A, B). As shown in Fig. 6D and Supplementary Fig. S7C, forced SOX2
expression increased the level of pri-miR-183-5p.1 and SOX2 knock-
down decreased the levels of pri-miR-183-5p.1 in HCC spheres.
Furthermore, we found that the activation of the miR-183-5p.1
promoter was suppressed by knocking down SOX2, and enhanced by
its ectopic expression (Fig. 6E and Supplementary Fig. S7D). ChIP assay
further detected the significant enrichment of SOX2 in the promoter
region of miR-183-5p.1 (Fig. 6F). Next, we found that mutation of the
SOX2 binding site within the miR-183-5p.1 promoter region
diminished the suppressive effect of SOX2 knockdown (Fig. 6G) or
the enhancement effect on SOX2 overexpression (Fig. 6H). Further-
more, western blot analysis showed that MUC15 was downregulated
and ¢-MET, p-AKT was upregulated in SOX2 knockdown hepatoma
spheroids (Fig. 6l). Conversely, SOX2 overexpression decreased the
level of MUC15 and increased the levels of c-MET, p-AKT in hepatoma
spheroids (Fig. 6J), which further clarify that the MUC15/c-MET/PI3K/
AKT/SOX2/miR-183-5p.1 regulatory circuit in liver T-ICs.

MUC15 determines the chemotherapeutic response in HCC
Increasing evidence showed that liver T-ICs are closely associate
with the resistance of cancer to pharmacotherapy [23]. As shown
in Supplementary Fig. S8A, the expression of MUCI5 was
dramatically reduced in lenvatinib-resistant HCC PDXs and cell
lines. The sensitivity of lenvatinib in hepatoma cells was
upregulated in MUC15 overexpression hepatoma cells (Fig. 7A).
We observed that MUC15 overexpression sensitized hepatoma
cells to undergo lenvatinib-induced cell growth inhibition and cell
apoptosis (Fig. 7B, C and Supplementary Fig. S8B, C). More
importantly, introduction of SOX2, AKT or c-MET alleviated
lenvatinib sensitivity in MUC15 overexpression hepatoma cells
(Fig. 7D and Supplementary Fig. S8D, E).

We further investigate the clinical significance of MUC15 in
patient response to lenvatinib therapy. HCC patients with high
MUC15 expression displayed longer survival time following
lenvatinib treatment than MUC15 low HCC patients (Fig. 7E).
Next, by virtue of PDOs, we found that the PDOs derived from
tumors with low MUC15 levels were resistant to lenvatinib
treatment (Fig. 7F and Supplementary Fig. S8F, G). Similarly, the
growth of PDXs derived from primary HCCs with high MUC15
levels was almost blocked upon lenvatinib treatment (Fig. 7G).
Moreover, decreased expression of Ki67, a marker of proliferating
cells, was only detected in lenvatinib-administrated PDXs derived
from tumors with high MUC15 levels (Fig. 7H), suggesting that
patient HCCs with high MUC15 expression could be more sensitive
to lenvatinib treatment. These results further demonstrate that
MUCT5 levels in patient tumors might serve as a reliable predictor
for lenvatinib response.
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DISCUSSION

Despite advances in the research and treatment of HCC, the
incidence and mortality of HCC have not improved. The existence of
T-ICs prevents most HCC from being eradicated. However, the
underlying regulatory mechanism for liver T-ICs is limited under-
standed. In this study, we found that miR-183-5p.1-mediated MUC15
mRNA degradation leads to downregulation of MUC15 expression in
liver T-ICs, and MUC15 suppresses liver T-ICs properties and
tumorigenicity via inhibition of c-MET/PI3K/AKT/SOX2 signaling.
Moreover, we demonstrated that SOX2 feedback inhibits MUC15
expression by directly transactivating miR-183-5p.1, and forced of
miR-183-5p.1 expression promoted liver T-ICs expansion via regula-
tion of MUC15/c-MET/PI3K/AKT/SOX2 signaling (Fig. 71). Our clinical
investigations further demonstrated that MUC15 levels are associated
with lenvatinib benefit in patients.

Although MUC15 was downregulated in HCC tissues and
inhibited HCC metastasis, the role of MUC15 in liver T-ICs was
not investigated. In this study, we identified that MUC15 inhibited
liver oncogenesis via impairing liver T-ICs generation. In addition,
we demonstrated that MUC15 levels was reduced in CD24" or
EpCAM™ cells as well as spheroid-enriched liver T-ICs. Functional
experiments showed that MUC15 suppressed the self-renewal and
expansion of liver T-ICs and thus inhibiting HCC initiation and
progression. Together, our data indicate that MUC15 has an
important function in liver T-ICs propagation, which also indicate
that MUC15 is a potential therapeutic target.

The PI3K/AKT signaling pathway is involved in progression and
activated in various cancers including HCC [24, 25]. Our RNA-seq
results showed that PI3K/AKT signaling pathway inactivation was
required for MUC15-mediated liver T-ICs expansion. Earlier studies
have suggested that TIPMs and MMPs were participated in
MUC15-mediated tumor metastasis [15]. However, we propose
that MUC15 modulates liver T-ICs expansion via AKT signaling
pathway inactivation and its downstream SOX2 restraint. Previous
studies have elucidated that SOX2 plays vital roles in cancer cells
proliferation, migration, and invasion [26]. In addition, SOX2 was
reported to control tumor initiation and T-ICs functions [27]. In
present study, we revealed that MUC15 downregulated SOX2 to
inhibits T-ICs generation and weaken TIC-like properties of
hepatoma cells, thus suppressing the initiation and progression
of liver cancer. These discoveries not only provided a novel
mechanism of liver T-ICs activation and also demonstrated the
crucial role of MUC15/AKT/SOX2 axis in liver T-ICs.

¢-MET has been reported to be associated with most human
cancers, which can stimulate various downstream signaling
pathways in tumor cells, such as PI3K/AKT, Wnt/B-catenin, JAK/
STAT, Ras/MAPK, and SRC [28-30]. Our previous studies found that
MUC15 was found to interact with EGFR to inhibit HCC metastasis
[15]. In this study, our data suggest that MUC15 selectively
modulates HGF-induced c-MET/PI3K/AKT signaling in liver T-ICs
but has negligible impact on EGF-stimulated signaling. In addition,
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the physical interaction between MUC15 and c-MET effectively
prevented the cell surface expression of c-MET and enhanced
degradation of ¢-MET, which in turn modulated expression of
PI3K/AKT/SOX2. Considering the important role of MUC15/c-MET/
PI3K/AKT/SOX2 axis in liver T-ICs, we believe that targeting the
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MUC15/c-MET/ PI3K/AKT/SOX2 axis could be a novel therapeutic
strategy for HCC.

Existing evidences are showing that miRNA expression is
dysregulated in T-ICs and contribute to T-ICs expansion [8, 23].
We hypothesized that the loss or gain of miRNAs targeting MUC15
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Fig. 6 SOX2 upregulates miR-183-5p.1 in liver T-ICs. A Real-time PCR analysis of miR-183-5p.1 in spheroids generated from SOX2
knockdown hepatoma cells and control cells. B Real-time PCR analysis of miR-183-5p.1 in spheroids generated from SOX2 overexpression
hepatoma cells and control cells. C The correlation between the level of SOX2 and miR-183-5p.1 in primary HCC cells (n = 30) was determined
by real-time PCR analysis. D Real-time PCR analysis of pri-miR-183-5p.1 in spheroids generated from SOX2 knockdown hepatoma cells and
control cells. E The luciferase reporter activity of miR-183-5p.1 promoter was measured in SOX2 knockdown and control HCC spheres. F
Hepatoma cells subjected to ChIP assay with anti-SOX2 or anti-IgG antibody. G The luciferase reporter activity of miR-183-5p.1-WT or miR-183-
5p.1-Mut promoter was measured in SOX2 knockdown and control HCC spheres, and the relative activity was presented (relative to control). H
The luciferase reporter activity of miR-183-5p.1-WT or miR-183-5p.1-Mut promoter was measured in SOX2 overexpression and control HCC
spheres, and the relative activity was presented (relative to control). I Western blot analysis of indicated proteins in spheroids generated from
SOX2 overexpression hepatoma cells and control cells. J Western blot analysis of indicated proteins in spheroids generated from SOX2
knockdown hepatoma cells and control cells. All results are presented as the mean * SD, and statistical significance was assessed using a two-

tailed Student t-test. *p < 0.05.

may cause downregulation of MUCT5 in liver T-ICs. Our luciferase
reporter assay identified miR-183-5p.1 as an upstream MUC15
regulator that directly targets MUC15. Dysregulated miR-183-5p.1
has been reported to function as an oncogene in gastric cancer
[31]. In the present study, we demonstrated that miR-183-5p.1 was
dramatically upregulated in liver T-ICs, and facilitates liver T-ICs
self-renewal and tumorigenesis by targeting MUC15/c-MET/PI3K/
AKT/SOX2 axis. Moreover, activated SOX2 upregulated the
expression of miR-183-5p.1, thus completing an miR-183-5p.1/
MUC15/c-MET/PI3K/AKT/SOX2 regulatory circuit. These findings
not only provide a new mechanism of liver T-ICs activation and
also implicate a crucial role of the miR-183-5p.1/MUC15/c-MET/
PI3K/AKT/SOX2 axis in liver T-ICs.

Advanced HCC patients who develop resistance to lenvatinib
have limited therapeutic options in the clinic at present [32-34].
Thus, it is urgent to investigate the biological basis of lenvatinib
resistance and identify reliable biomarkers that can predict
chemotherapeutic response in HCC patients. In the current study,
we found that forced MUC15 expression sensitized HCC cells to
lenvatinib-induced growth inhibition and apoptosis. More impor-
tantly, our data demonstrated that SOX2 is required for MUC15-
mediated lenvatinib response in hepatoma cells. Therefore,
targeting MUC15/c-MET/PI3K/AKT/SOX2 signaling could be an
optimal combinational therapeutic strategy to overcome lenvati-
nib resistance in a subset of HCCs. Lenvatinib cohort, PDO and
PDX studies further demonstrated that high MUC15 levels are
associated with a better response and survival in patients, who
have received lenvatinib treatment. Therefore, it is advisable to
evaluate MUC15 expression in HCC tumors to identify patients
who might benefit from lenvatinib therapy before deciding on a
course of treatment, which merits further investigation in
biomarker-guided clinical trials.

MATERIALS AND METHODS

Patients and analysis

All samples used in this study were obtained during liver transplantations
or liver resections performed in the Eastern Hepatobiliary Surgery Hospital
(EHBH) (Shanghai, China). Each High-grade dysplastic nodules (HGDN)
specimen was diagnosed consistently by two senior pathologists and the
criteria for HGDN reported previously [35]. Cohort 1 (n=45) consists of
HCC patients who received lenvatinib after hepatectomy in EHBH from
2018 to 2020. Detailed clinicopathological features are described in
Supplementary Table S1. All of the above studies were approved by the
Ethical Committee of the Second Military Medical University and
conducted in accordance with the ethical guidelines of the World Medical
Association Declaration of Helsinki.

Cell lines and lentivirus

Normal liver cell lines HL7702 and THLE3, and HCC cell lines Hep3B and
Huh?7 were from Cell Bank of Type Culture Collection of Chinese Academy
of Sciences (Shanghai Institute of Cell Biology of the Chinese Academy of
Sciences). The HCC cells were cultured with Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% and 15% fetal bovine serum
(FBS) separately and 2 mM L-glutamine, and 25 pg/ml of gentamicin and
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maintained at 37°C in 5% CO, incubator. MUC15 knockdown, AKT
overexpression, SOX2 overexpression, c-MET overexpression, miR-183-5p.1
overexpression, and control lentiviruses (designated as shMUC15, AKT,
SOX2, ¢-MET, miR-183-5p.1 mimic, and GFP) were purchased from
GenePharma (Shanghai, China). FLAG-MUC15 or control lentiviruses
(designated as MUC15 and Control) were obtained from Obio Technology
Co. (Shanghai, China). The anti-Flag antibody was used to recognize
exogenous Flag-tagged MUCI15 protein in Flag-tagged MUCT5
infected cells.

Mice and HCC induction

Muc15 knock-in (KI) mice and Muc15 flox/flox (KO) mice were generated
by Beijing Biocytogen Co. Ltd (Beijing, China) by applying CRISPR/
Cas9 system. Briefly, for Muc15 knock-in mice, a lox-stop-lox sequence
followed by human Muc15 was inserted at Rosa26 locus (Rosa26-LSL-
Muc15) using CRISPR/Cas9 system. The sequence of small guide RNA
(sgRNA) was 5’-AAGGCCGCACCCTTCTCCGGAGG-3'. For Muc15 flox/flox
mice, loxP sites flanking Muc15 exon 2 was inserted in C57BL/6 mouse
using CRISPR/Cas9 system. The sequence of 5’ sgRNA was 5-TCTCAAT-
TAATCTGGACCCCTGG-3' and the sequence of 3’ sgRNA was 5'-GTCACC-
CAATGTCTCAGGCAGGG-3'. Muc15 knock-in mice and Muc15 flox/flox mice
were mated to Alb-Cre mice to generate liver specific Muc15 knock-in mice
(ROSA26M4"%; Alb-Cre) and KO mice (Muc157/1°% Alb-Cre mice). All mice
were given free access to food and water, and were maintained a 12/12 h
light-dark cycle at 25 °C ambiences. For HCC induction, male mice were
intraperitoneally injected with a single dose of diethylnitrosamine (DEN)
(25 mg/kg body weight) at 14 days of age (n=6 each, randomized
allocated). At 4 weeks of age, mice then commenced intraperitoneally
injection with CCl, (0.5 ml/kg in olive oil, Shanghai Macklin Biochemical
Co., Ltd) twice a week for up to 12 weeks and were sacrificed at the age of
5 months. The mouse livers and serum were collected for subsequent
experiments. All animal procedures were conducted with the approval of
the EHBH.

In vivo xenograft and PDX model

BALB/c nude mice (male, 4 weeks old) were purchased from Chinese
Academy of Sciences Slack Company (Shanghai, China). For in vivo tumor
growth assay, Hep3B MUCI15 and control spheroids were injected
subcutaneously into six nude mice at 2 x 10° cells per mouse (n = 8 each,
randomized allocated). Xenografted tumor formation was monitored and
the mice were sacrificed at 5 weeks of post inoculation. For the patient-
derived xenograft (PDX) model, primary tumor samples were obtained for
xenograft establishment as described previously [36]. When the PDX
volume reaches approximately 100 mm? nude mice were randomly
assigned into lenvatinib group and len-control group. Mice in lenvatinib
group were intraperitoneally injected with lenvatinib (60 mg/kg) or saline
daily for 24 days (n=5 for each group, randomized allocated). Tumor
volumes were measured by caliper twice a week using formula Volume =
/6 * L * W?, where L is the longest tumor axis and W is the shortest tumor
axis. When PDX volume reached approximately 1500 mm?, mice were
euthanized by CO,, and tumor was sectioned or frozen for following
analysis.

NOD-SCID mice (male, 4 weeks old) were purchased from Chinese
Academy of Sciences Slack Company (Shanghai, China). For in vivo limiting
dilution assay, spheroids were mixed with Matrigel (BD) at a ratio of 1:1
and injected subcutaneously at various cell doses per NOD-SCID mouse (n
= 8 each, randomized allocated). Kinetic of tumor formation was evaluated
per week for 8 weeks. For in vivo transformation assay, HL7702 cells
infected with shMUC15 or GFP were dissociated into single cells and mixed
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with matrigel at a ratio of 1:1. The mixtures were then injected
subcutaneously into eight NOD-SCID mice at 1x 10° cells per mouse (n

=6 each,

randomized allocated). Xenografted tumor formation was

monitored and the mice were sacrificed at 10 weeks of post-inoculation.
All procedures and protocols were approved by the Ethics Committee

of EHBH.
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Tissue dissociation and organoid culture

Organoid culture was performed as previously described [37]. Fresh liver
cancer tissue was obtained, and the blood, fat, necrotic, and connective
tissue on the tissue were cut off, and the area with abundant tumor cells
was preserved and cut into pieces. The tissues were put into 5ml 5mM
PBS/EDTA liquid for 15 min at room temperature. Then the tissues were
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Fig.7 MUC15 determines the response of lenvatinib in HCC. A Hep3B/CSQT-2 MUC15 and control cells were treated with lenvatinib for 48 h
and their cell survival curves was calculated. B Hep3B/CSQT-2 MUC15 and control cells were treated with lenvatinib (2.5 pM) for 7 days and
their colony growth was examined. C Hep3B MUC15 and control cells were treated with lenvatinib (10 pM) for 48 h and their apoptosis was
examined by flow cytometry. D MUC15 overexpression cells and control hepatoma cells infected with SOX2 overexpression virus were treated
with lenvatinib for 48 h followed by cytometry analysis of apoptosis. E IHC staining and scoring of MUC15 expression was performed in HCC
samples from 45 patients who had received adjuvant lenvatinib therapy after surgery. The overall survival (OS) of patients between MUC15-
high or MUC15-low groups was evaluated by Kaplan-Meier analysis (p = 0.01). F PDOs derived from the primary HCCs with high MUC15 levels
(Patient #4-5) or low MUCT15 levels (Patient #6-7) were treated with lenvatinib for 7 days and their cell survival curves was calculated. G PDXs
derived from the primary HCCs with high MUC15 levels (Patient #4-5) or low MUC15 levels (Patient #6-7) were treated with lenvatinib (60 mg/
kg body weight) or vehicle for 24 days (n =5 for each group). The xenograft growth was monitored. H PDXs derived from indicated patients
treated with vehicle or lenvatinib were subjected to Ki67 staining. Representative views were shown. Scale bar =25 pm. I A model showing
miR-183-5p.1/MUC15/c-MET/PI3K/AKT/SOX2 regulatory circuit in manipulating the properties of liver tumor-initiating cells. All results are
presented as the mean + SD, and statistical significance was assessed using a two-tailed Student t-test. *p < 0.05.

placed in 5mL of 1 mM PBS/EDTA containing 2x TrypLe and digested at
37°C for 1h. The cells are suspended in liquid by mechanical force
blowing away the tissue mass. Isolated cells collected in DMEM/F12
medium, at 4°C, 12,000 rpm centrifugal 5min, make regrouped into
granular cells. The granular cells suspended using 120 pl contains GFR
matrigel and seeded into 24 or 48 cell culture plate. The drop was
solidified by a 30 min incubation at 37 °C and 5% CO,. After solid drops
formed, 1.5 ml of the organoid culture media was added to the well, and
the medium was changed every 3-4 days. Lenvatinib with different
concentrations were added to the organs when they grew to a certain
amount and size.

Data analysis
Statistical analysis was performed using SPSS V.18.0. The data are
expressed as the mean+SD. Student’s t-test or Mann-Whitney U-test
was used to compare two variables and ANOVA to compare three or more.
The patient survival of distinct subgroups was compared by Kaplan-Meier
method and log-rank analysis. Pearson’s correlation analysis was
performed to determine the correlation between two variables. Each data
set was analyzed separately. A p-value less than 0.05 was considered
statistically significant.

The remainder of the description of the materials and methods can be
found in the Supplementary materials.

DATA AVAILABILITY
The data in the current study are available from the corresponding authors upon
reasonable request.
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