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SNORA49 negatively regulates self-renewal
of liver cancer stem cells and
hepatocarcinogenesis via suppressing
SOX9 transcription
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Cancer stem cells (CSCs) play a critical role in tumor initiation, progression,

and recurrence. How liver CSCs initiate their self-renewal remains elusive. Here
we identify a conserved small nucleolar RNA (snoRNA), SNORA49, which is
lowly expressed in liver CSCs, as a negative regulator of CSC self-renewal.
SNORA49 knockout enhances the self-renewal capacity of liver CSCs and
accelerates hepatocellular carcinoma (HCC) tumorigenesis, whereas over-
expression of SNORA49 suppresses tumor formation. Mechanistically, in non-
CSCs, SNORA49 is specifically localized in the nucleoplasm to associate with
HNRNPU, blocking its interaction with ZC3H1S, resulting in inhibition of SOX9
transcription. In liver CSCs, lowly expressed SNORA49 releases HNRNPU to
engage with ZC3H18 and enrich on the promoter of SOX9, leading to its
transcription. Of note, lipid nanoparticle (LNP)-mediated delivery of SNORA49
RNAs and antisense oligonucleotides (ASOs) targeting SOX9 exerts potent
synergistic anti-tumor effect on HCC tumors. Our findings define SNORA49 as a
tumor suppressor in liver CSCs, and restoring SNORA49 levels and silencing
SOX9 with LNP-delivered system may provide therapeutic strategy for clinical
intervention to HCC patients.

M Check for updates

Hepatocellular carcinoma (HCC) is the sixth most common and third
most deadly cancer worldwide'. Although various clinical treatments are
available for HCC, including surgical resection, radiotherapy, che-
motherapy, and target therapy, their overall efficacy remains limited*
The major challenge lies in the heterogeneity and high recurrence of
HCC. Cancer stem cells (CSCs), a subpopulation of tumor cells that
possess the ability to self-renew and differentiate, have been considered
as the root cause of tumor initiation, progression, and metastasis,

leading to drug resistance, treatment failure, and tumor recurrence’
Over the past two decades, extensive research has been dedicated to
identifying and characterizing liver CSCs using surface markers such as
CD133, CD13, CD47, EpCAM, and Lgr5>°. Based on these findings, specific
therapies targeting liver CSCs have shown significant potential in animal
models and preclinical trials, with even greater efficacy when combined
with chemotherapy and immunotherapy. For instance, blocking CD47
with an anti-CD47 antibody sensitize HCC cells to sorafenib, promoting
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cell phagocytosis and inhibiting tumor progression®. In addition, treat-
ment with ANXA3-neutralizing antibodies reduces the expression of
CD133, CD24, and EpCAM in liver CSCs, enhancing the effectiveness of
sorafenib and regorafenib in HCC"®. These studies suggested that ther-
apeutic strategies targeting and eliminating CSCs hold great promise for
the future of cancer treatment. However, to find effective biomarkers,
develop more effective CSC-based therapies, and understand the bio-
logical characteristics of CSCs are urgently needed.

Similar to embryonic stem cells, CSCs rely on various stemness
signaling pathways and stemness factors to maintain their self-renewal
capacity’. Among these factors, the Sex determining region Y-box 9
(SOX9) plays a critical role in carcinogenesis of various malignancies,
including HCC, breast cancer, gastric cancer, and lung cancer'®". For
example, in breast cancer, expression of SOX9 endows tumor cells
with stem cell-like properties and enhances their tumor-initiating and
metastasis-seeding abilities”. In gastric cancer, elevated SOX9 levels
induce intestinal metaplasia, a pre-malignant stage in gastric
carcinogenesis®, or increase B-catenin levels to accelerate tumor cell
proliferation'. In HCC, SOX9 promotes the expansion of liver CSCs via
tilting asymmetric division toward symmetric division by inhibiting the
Notch antagonist Numb®. In addition, SOX9 functions downstream of
YAP and exerts a decisive influence on HCC tumor plasticity in the
context of YAP activation’. These findings indicate that SOX9 plays a
pivotal role in maintaining liver CSC self-renewal, which may interact
with other stemness-related pathways, such as Notch and Hippo sig-
naling, to exert its functions. Nevertheless, the precise mechanism that
regulates SOX9 expression in liver CSCs still remains elusive.

Small nucleolar RNAs (snoRNAs) are a type of non-coding RNAs
with a length of 60-300 nt, which are originally discovered in the
nucleolus”. They are categorized into two major classes: H/ACA box
snoRNAs (snoRA) and C/D box snoRNAs (snoRD). Canonically, snoRNAs
are known to guide 2-O-methylation or pseudouridylation of ribosomal
RNAs (rRNAs) through complementary base pairing. Confined by their
nucleolus-only localization and limited functions, snoRNAs have not
initially attracted much attention in cancer research. However, with the
advent of whole-genome deep sequencing technologies, emerging stu-
dies have identified a variety of novel snoRNAs that are widely expressed
in different cancer types. They have localizations beyond the nucleolus
and functions beyond rRNA modifications. For example, SNORD50A and
SNORDSO0B are specifically localized in the cytoplasm, the loss of which
results in hyperactivation of Ras-ERK signaling in melanoma, ovarian
cancer, and lung cancer®. In addition, SNORD27 binds to E2F7 pre-
mRNAs in the nucleus, regulating the alternative splicing of E2F7, a
transcriptional repressor of cell-cycle-regulated genes, which is often
dysregulated in many malignancies'®. In HCC, upregulation of SNORDI7
promotes cell growth and tumorigenesis by inhibiting p53-mediated cell
cycle arrest and apoptosis®. We recently showed that SNORDSSB is
highly expressed in liver CSCs. Elevated SNORD8S8B anchors WRN in the
nucleolus to inhibit STK4 transcription via recruitment of XRCCS, lead-
ing to enhancement of self-renewal of liver CSCs”. These studies indicate
that snoRNAs play a critical role in the regulation of tumor initiation and
progression. However, the function and mechanisms of snoRNAs in liver
CSCs still remain poorly understood. In this study, we identify a con-
served snoRNA SNORA49 (originated from £EP400 gene transcripts, NCBI
ID: 677829) that is lowly expressed in liver CSCs and negatively regulates
their self-renewal capacity. Downregulation of SNORA49 promotes
enrichment of HNRNPU with ZC3H18 on SOX9 promoter to initiate SOX9
transcription, which induces the self-renewal of liver CSCs and HCC
tumorigenesis. Of note, LNP-mediated delivery of SNORA49 RNAs with
SOX9 ASOs exerts a potent synergistic anti-tumor effect on HCC tumors.

Results

SNORA49 is lowly expressed in liver CSCs

To explore the role of snoRNAs in liver CSCs, we sorted liver CSCs
(CD13CD133") and non-CSCs (CD13°CD133") from human primary

HCC tumor tissues by fluorescence-activated cell sorting (FACS) as
previously described” and performed snoRNA transcriptome
sequencing (Fig. 1A). We validated the top five downregulated snoR-
NAs in CSCs using qRT-PCR (Supplementary Fig. S1A). To determine
their functions, we depleted these snoRNAs in primary HCC cells using
short hairpin RNAs (shRNAs) (Supplementary Fig. SI1B) and conducted
sphere formation assays to evaluate the self-renewal capacity of tumor
cells. Among the five snoRNAs, knockdown of SNORA49 most sig-
nificantly enhanced sphere formation ability (Fig. 1B). Therefore, we
selected SNORA49 to examine its function in the regulation of
liver CSCs.

SNORA49 is located in the intronic region of its host gene £P400,
between exons 28 and 29, with a length of 137 nt (Fig. 1C). qRT-PCR and
Northern blotting revealed that SNORA49 expression was dramatically
lower in HCC tumor tissues compared with peri-tumor tissues (Fig. 1D),
lower in CSCs compared with non-CSCs (Fig. 1E), and lower in spheres
compared with non-spheres (Supplementary Fig. S1C). When normal-
ized to peri-tumor expression, there was also a stepwise decline from
peri-tumor tissues to non-CSC tumors and further to liver CSCs (Sup-
plementary Fig. SID). Moreover, lower expression of SNORA49 in
patient tumor tissues was further confirmed via fluorescence in situ
hybridization (FISH) (Supplementary Fig. S1E). While SNORA49 was
downregulated in liver CSCs compared with non-CSCs, the expression
levels of its host gene EP400 remained unchanged (Supplementary
Fig. SIF), suggesting that the downregulation of SNORA49 in liver CSCs
was independent of its host gene.

Next, we investigated the subcellular localization of SNORA49 in
liver CSCs by fractionation and qRT-PCR. We found that SNORA49 was
primarily localized in the nucleoplasm, with a small amount in the
cytoplasm and nucleolus (Fig. 1F). Consistently, RNA FISH also showed
a nucleoplasm-specific localization of SNORA49 in both liver CSCs and
non-CSCs (Fig. 1G). We also quantified copy numbers of SNORA49 in
liver CSCs and non-CSCs using absolute quantification assays. We
validated that SNORA49 was much lower in liver CSCs compared to
non-CSCs (Supplementary Fig. S1G). Of note, Kaplan-Meier survival
analysis of liver cancer patients, based on data from The Cancer Gen-
ome Atlas (TCGA), indicated that higher levels of SNORA49 were
associated with better patient prognosis (Fig. 1H), suggesting that
SNORA49 may serve as a tumor suppressor gene in HCC. Taken toge-
ther, SNORA49 is lowly expressed in liver CSCs and correlated with
improved survival of HCC patients.

SNORA49 depletion enhances self-renewal capacity of liver CSCs
and promotes HCC progression

To explore the function of SNORA49 in liver CSCs, we constructed
SNORA49-depleted Huh7 and primary HCC cells via lentivirus-
mediated short hairpin RNA interference. Efficient depletion of
SNORA49 was confirmed by qRT-PCR (Supplementary Fig. S2A) and
Northern blotting (Supplementary Fig. S2B), without affecting the
expression of its host gene EP400 (Supplementary Fig. S2C). After
SNORA49 depletion, sphere formation of liver CSCs sorted from both
Huh?7 and primary HCC cells was dramatically enhanced, which could
be inhibited by overexpression of SNORA49 (Fig. 2A). Serial passaging
assays also demonstrated similar results (Fig. 2B), suggesting that
SNORA49 depletion enhanced the self-renewal capacity of liver CSCs.
Consistently, we observed an increased proportion of CSCs
(CD13'CD133") in SNORA49-depleted cells (Supplementary Fig. S2D).
Furthermore, SNORA49 knockdown enhanced the proliferation capa-
city of tumor cells by colony formation and cell counting kit-8 (CCK-8)
assays (Supplementary Fig. S2E, F). These results indicate that
SNORA49 negatively regulates the stemness of CSCs in vitro.

To assess whether SNORA49 exerts inhibitory effects on liver CSCs
in vivo, we performed a limiting dilution assay, a well-established
approach to evaluate the stemness of tumor cells in vivo. We sub-
cutaneously injected gradient numbers of SNORA49-depleted or
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Fig. 1| SNORA49 is lowly expressed in liver CSCs. A Volcano plot showing dif-
ferentially expressed snoRNAs between liver CSCs (CD13'CD133") and non-CSCs
(CD13°CD133") sorted from HCC samples. Differential expression was assessed
using an unpaired two-sided Student’s ¢ test, and P-values were adjusted for mul-
tiple testing using the Benjamini-Hochberg method. snoRNAs with adjusted
P<0.05 and Log,FC > 1.2 were considered significant. The top five downregulated
snoRNAs were highlighted in blue. B Sphere formation assays with snoRNA silen-
cing. HCC#1 and HCC#2 represent two HCC patient samples. sh#1 and sh#2
represent two short hairpin RNAs designed for each snoRNA. Results are presented
as means + SD. n =3 independent experiments. Exact P-values from upper to lower:
0.0003, 0.0004, 0.0002, 0.0007. C Schematic annotation of genomic localization
of SNORA49. E1, Exonl. The black arrowhead indicates the transcription direction of
EP400 and SNORA49. D, E Expression levels of SNORA49 in HCC tumors and peri-
tumors (D), and in CSCs and non-CSCs (E) were detected by qRT-PCR (upper panel)
and Northern blotting (lower panel). 18S rRNA was used as a loading control.

Months

Results are presented as means * SD. n =3 independent experiments. Exact P-
values from left to right: (D) 0.0009, 0.0019, 0.0003, 0.0001, 0.0103; (E) 0.0002,
6.12E-06, 3.53E-05, 0.0021. F Fractionation of HCC cells followed by qRT-PCR.
SNORA49 was localized in the nucleoplasm (upper panel). UI was used as a positive
control for nuclear localization. Immunoblotting showed separation efficiency
(lower panel). EEAL, H3 and Nucleolin served as markers for cytoplasm, nucleo-
plasm, and nucleolus, respectively. Data are presented as means + SD. n =3 inde-
pendent experiments. G Representative FISH images of SNORA49. Scale bar, 10 um.
H Kaplan-Meier survival analysis of liver cancer patients from the TCGA database.
Patients were grouped by SNORA49 expression levels. Solid lines indicate the
Kaplan-Meier estimate of survival probability, and shaded areas represent 95%
confidence intervals. P= 0.0001 by Log-Rank test. * P< 0.05; ** P< 0.01; ** P< 0.001
by two-tailed Student’s ¢ test. Data are representative of at least three independent
experiments.

Nature Communications | (2026)17:766


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66486-1

A B —1shScramble
- m= ShRA49#1
shScramble shRA4O#1 shRA4g#2 SIRA49#2 157 e . ShRA49#2
+0eRA49 Q\/ rrand . Bl
- - - = - e o = mn shRA49 #2
= I i +0eRA49
N~ (] -
< 10
= ()]
I g *kk
o I \ Hkk Kok
g . |08
. 2 7
(3]
5 &
o 7]
I 0
1st 2nd 3rd
Huh7 HCC#3
D 2N
c 1001 - shScramble @(@@%@%ﬂ’ — shScramble
S + shRA49#1 [ | @ N =~ 8007 & w = ShRA49 #1
< 4 O % XN
o 80 shRA49#2 N Q) €
8 & 3 < shRA49 #2
£ 604 o & 600 [ ¢ &
0] S %‘)(\ QE) « [ Y
£ 40- 102 e 3 400{ |*®a
. 10° oe!vee 9 ® @
§ 204 104 se0 : w80 5 200 ~
= 0 10°|e 60, D40 @8 3
1010 10 10 ° 8 12 16 20 24 28
Cells grafted
Day
E %'\ ¥ F Snora49** Snora49"-
d@«\ AN o
B N =)
=%
W
z L E
- 15 5 ,_o
= T3
= h - 4w
a A0AL o
X
G Snora49"* S 49/ H /4 -/~ | /4 /-
nora * Snora49 = Snora49 * Snora49** = Snora49
“ 15 - . °\° 20 -
2w r 5 — £ 15 4 :
bt -g 10 5 -g . —TE
g3 g 54 s - o
Z N = 'HE‘ E 5 -
4 W { 3 { [ . 2
{ . 3
‘‘‘‘‘ \t — 0 T T 0 T T
3W 4 W 3W 4 W

Fig. 2 | SNORA49 depletion and knockout promote self-renewal of liver CSCs
and HCC progression. A Sphere formation assay of SNORA49-depleted and res-
cued CSCs sorted from Huh?7 cells and HCC primary cells. Scale bar, 200 pm.

B Statistics of serial passaging and sphere formation assays. 1st, 2nd, and 3rd
indicate the first, second, and third generations of spheres, respectively. Data are
presented as means + SD. n =3 biologically independent experiments. Exact P-
values from left to right: 0.0011, 0.0011, 0.0027, 0.0002, 3.67E-05, 0.0004, 0.0002,
0.0001, 0.0009, 0.0007, 0.0003, 0.0004, 0.0008, 0.0004, 0.0005, 0.0005,
0.0001, 2.55E-05. C Limiting dilution assay of SNORA49-depleted and control cells.
Gradient numbers of cells were subcutaneously injected into BALB/c nude mice and
allowed to grow for up to 3 months. Ratios of tumor-free mice for each group were
calculated (left panel), and representative images of subcutaneous tumors were
shown (right panel). n=5 for each group. Scale bar, 1 cm. Exact P-values by paired
one-sided ¢ test from left to right: 0.0288, 0.0288. D 1 x 10° SNORA49-depleted or
control cells were subcutaneously injected into BALB/c nude mice, and tumor
growth was measured every 4 days. n =4 for each group. Representative images of

tumors were shown. Data are presented as means + SD. Scale bar, 1cm. Exact P-
values from left to right: 0.0324, 0.0046, 0.0019, 0.0013. E 5 x 10° luciferase-
labeled cells were orthotopically injected into the liver of BALB/c nude mice and
visualized by in vivo imaging system (IVIS) one week later. Representative images
(left panel) and statistics of bioluminescence signals (right panel) were shown.n=6
for each group. Data are presented as means + SD. Exact P-values from upper to
lower: 2.81E-07, 2.31E-08. F Representative images of HCC tumors induced by
hydrodynamic tail vein injection (HTVI) in Snora49** and Snora49~~ mice. Results
from two timepoints (3 weeks and 4 weeks) were shown. Scale bar, 5mm. G H&E
staining of tumors in (F). Scale bar, 0.5 mm. H, I Statistics of tumor numbers (H) and
liver-to-body weight ratios (I) of Snora49*"* and Snora49™~ mice. n =6 for each
group. Data are presented as means + SD. Exact P-values from left to right: (H)
0.0025, 2.72E-06; (I) 0.0005, 0.000L. * P< 0.05; * P< 0.0L ** P< 0.001 by two-
tailed Student’s ¢ test. Data are representative of at least three independent
experiments.
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control cells into BALB/c nude mice and observed that SNORA49
knockdown remarkably increased tumor incidence (Fig. 2C and Sup-
plementary Fig. S2G). In addition, we subcutaneously injected
SNORA49-depleted cells into BALB/c nude mice and monitored tumor
growth for approximately one month. We observed that SNORA49-
depleted tumors grew much larger than those of control cells (Fig. 2D).
Moreover, SNORA49 knockdown significantly increased ratios of liver
CSCs (CD13CD133") in subcutaneously formed tumors (Supplemen-
tary Fig. S2H). To further confirm the impact of SNORA49 depletion on
tumor growth, we generated luciferase-labeled SNORA49-depleted
cells and injected them into the livers of BALB/c nude mice for in situ
tumor monitoring. Bioluminescence imaging revealed that SNORA49
knockdown remarkably promoted orthotopic tumor growth (Fig. 2E).
Collectively, SNORA49 inhibits the stemness of human liver CSCs and
suppresses HCC tumor growth.

Although we validated the role of SNORA49 in liver CSCs via both
invitro and in vivo assays, these models could not fully recapitulate the
complexities of HCC tumorigenesis in vivo. To address this limitation,
we generated Snora49 knockout (KO) mice using CRISPR/Cas9 tech-
nology (Supplementary Fig. S2I) and subjected them to HCC induction
via hydrodynamic tail vein injection (HTVI), a widely used model that
closely mimics human HCC tumorigenesis® . In brief, a saline solu-
tion containing Sleeping Beauty transposon plasmids (HrasGI2V plus
shp53) in a volume of 10% of the mouse body weight was rapidly
injected into the tail vein. Huge hydrodynamic pressure could force
fluid into livers, cause liver expansion, and push plasmid DNAs into
hepatocytes, inducing tumor formation. Given that SNORA49 was
highly conserved between mouse and human, sharing similar length,
intact snoRNA motifs, and a comparable genomic localization (Sup-
plementary Fig. S2J), mouse models provide more pathogenic ratio-
nale for liver tumorigenesis. We confirmed the genotype of Snora49
KO mice by PCR (Supplementary Fig. S2K) and verified the complete
absence of Snora49 in mouse hepatocytes by Northern blotting (Sup-
plementary Fig. S2L), without effect on the expression of its host gene
Ep400, at both RNA and protein levels (Supplementary Fig. S2M, N).
Following tail vein injection, we euthanized mice at two time points (3
and 4 weeks) to examine the role of Snora49 in both HCC initiation and
progression. We noticed that Snora49 knockout mice exhibited an
increased incidence of liver tumors and accelerated tumor growth
compared with their wild-type (WT) littermates (Fig. 2F, G). These mice
developed more and larger tumor lesions and displayed higher liver-
to-body weight ratios, indicating a higher tumor burden (Fig. 2H, I).
Taken together, SNORA49 plays a tumor-suppressive role in both HCC
initiation and progression.

SNORA49 overexpression impairs stemness of CSCs and sup-
presses tumor formation in mouse models

We next wanted to examine whether the self-renewal capacity of liver
CSCs could be suppressed by upregulating SNORA49 expression. We
overexpressed SNORA49 in Huh7 and primary HCC cells using a
lentivirus-mediated approach, which was confirmed by qRT-PCR and
Northern blotting (Supplementary Fig. S3A). We found that over-
expression of SNORA49 remarkably reduced sphere formation
(Fig. 3A, B), CSC proportion (Supplementary Fig. S3B), and cell pro-
liferation (Fig. 3C and Supplementary Fig. S3C). Furthermore,
SNORA49 overexpression obviously inhibited tumor formation in
limiting dilution assays (Fig. 3D and Supplementary Fig. S3D) and
inhibited tumor growth both subcutaneously (Fig. 3E) and orthotopi-
cally (Fig. 3F and Supplementary Fig. S3E).

To achieve liver-specific overexpression of Snora49 in vivo, we
cloned full-length sequences of mouse Snora49 into an adeno-
associated virus (AAV) plasmid and used a liver-specific TBG pro-
moter to drive its expression (Fig. 3G). Packaged AAV was then injected
into the tail veins of mice, and AAV-mediated overexpression of
Snora49 in mouse hepatocytes was confirmed (Supplementary

Fig. S3F). Two weeks later, when AAV-mediated Snora49 expression
peaked, HCC tumors were induced in these mice using HTVI (Fig. 3G).
As expected, overexpression of Snora49 dramatically suppressed
tumor induction in these mice (Fig. 3H, I), with fewer and smaller
tumor lesions and lower liver-to-body weight ratios compared to those
of controls (Fig. 3J, K). Collectively, overexpression of SNORA49
effectively impairs the self-renewal capacity of liver CSCs and inhibits
tumorigenesis.

SNORA49 binds to HNRNPU protein to abrogate its interaction
with ZC3H18

We then sought to explore the mechanism by which SNORA49 regu-
lated the self-renewal of liver CSCs. Canonically, snoRNAs containing
H/ACA boxes mediate the pseudouridylation of target rRNAs via
complementary base pairing in the nucleolus”. However, to date, there
has been no validated rRNA site targeted by SNORA49, which was
consistent with our observations that SNORA49 was localized in the
nucleoplasm (Fig. 1G) rather than the nucleolus, where snoRNAs
usually bind to rRNAs for modification. This led us to determine its
non-canonical functions in the regulation of liver CSCs.

Recent studies have shown that snoRNAs exert non-canonical
functions through interactions with various proteins’®*°*, We next
performed RNA pulldown assays to identify potential binding pro-
teins of SNORA49 in liver CSCs using biotin-labeled full-length
SNORA49 probes (Fig. 4A). After silver staining and mass spectro-
metry (MS) analysis, we identified an RNA-binding protein, hetero-
geneous nuclear ribonucleoprotein U (HNRNPU) (Supplementary
Fig. S4A) and confirmed their interaction by immunoblotting
(Fig. 4B). To further assess whether the binding of SNORA49 and
HNRNPU was specific, we conducted an RNA immunoprecipitation
assay using a polyclonal HNRNPU antibody in sphere lysates from
Huh?7 and primary HCC cells. We found that HNRNPU specifically
bound to SNORA49 but not to other snoRNAs, such as SNORDI7 or
SNORA74A (Fig. 4C). After incubating purified human HNRNPU
protein with biotin-labeled SNORA49 probes, we observed a shift
band in the migration pattern of SNORA49 on gel, indicating an
interaction between HNRNPU and SNORA49 (Fig. 4D). Addition of
unlabeled probes could compete with the labeled SNORA49 probes
for binding to HNRNPU. However, neither SNORA74A or scramble
probes with the same size and GC content as SNORA49 could com-
pete with SNORA49 for HNRNPU binding (Supplementary Fig. S4B),
further supporting the specificity of SNORA49-HNRNPU interaction.
Consistently, both SNORA49 and HNRNPU exhibited nucleoplasm-
specific localization by immunofluorescence staining (Fig. 4E). To
test which part of SNORA49 interacted with HNRNPU, we performed
a truncated RNA probe mapping assay. We found that the 31-60 nt
region of SNORA49 was required for the interaction (Fig. 4F). We also
generated Flag-tagged HNRNPU constructs lacking specific domains
and subjected them to RNA pulldown by SNORA49. Deletion of the
SPRY domain abolished the binding between HNRNPU and SNORA49
(Fig. 4G). Of note, the RGG motifs in the C terminal region of
HNRNPU, previously shown to be responsible for RNA binding”,
were not required for SNORA49 binding.

Next, we sought to determine how SNORA49 exerted its functions
through its association with the HNRNPU protein. First, we ruled out
the possibility that SNORA49 affects the expression of HNRNPU, as its
depletion did not alter the RNA or protein levels of HNRNPU (Sup-
plementary Fig. S4C). Since HNRNPU is involved in RNA splicing®®?’, we
hypothesized that HNRNPU might engage in the splicing of the EP400
transcript, the host gene of SNORA49, thereby modulating SNORA49
biogenesis. However, depletion of HNRNPU had no effect on SNORA49
expression, as confirmed by qRT-PCR and Northern blotting (Supple-
mentary Fig. S4D, E). These results suggest that the interaction of
SNORA49 with HNRNPU may influence the function of HNRNPU
instead of its expression.
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Fig. 3 | Overexpression of SNORA49 suppresses stemness of liver CSCs and
tumor formation. A Oncosphere formation assay of SNORA49-overexpressed and
control CSCs. Scale bar, 200 pm. B Statistics of serial passaging and sphere for-
mation assay. 1st, 2nd, and 3rd indicate the first, second, and third generations of
spheres, respectively. n =3 biologically independent experiments. Data are pre-
sented as means + SD. Exact P-values from left to right: 8.85E-05, 5.08E-05, 1.57E-05,
0.0014, 0.0004, 0.0005. C Colony formation assay of SNORA49-overexpressed and
control CSCs. Scale bar, 5 mm. D Limiting dilution assay of SNORA49-overexpressed
and control cells. Ratios of tumor-free mice for each group were calculated (left
panel), and representative images of subcutaneous tumors were shown (right
panel). n=5 for each group. P=0.0069 by paired one-sided ¢ test. Scale bar, 1cm.
E 1x10° SNORA49-overexpressed or control cells were subcutaneously injected
into BALB/c nude mice. Tumor volumes were measured every 4 days. Scale bar,
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1cm. Data are presented as means + SD. n =4 for each group. Exact P-values from
left to right: 0.0286, 0.0350, 0.0015, 0.0003. F 5 x 10° luciferase-labeled cells were
orthotopically injected into the liver of BALB/c nude mice and visualized by IVIS
one week later. Representative images were shown. n = 6 for each group.

G Schematic diagram of AAV-mediated Snora49 overexpression in mouse liver,
followed by HTVI induction. H Representative images of HCC tumors induced by
HTVI in AAV-Scramble and AAV-Snora49 mice. Results from two timepoints were
shown. Scale bar, 5 mm. I H&E staining of tumors in (H). Scale bar, 0.5 mm.

J, K Statistics of tumor numbers (J) and liver-to-body weight ratios (K) of mice
corresponding to (H). n = 6 for each group. Data are presented as means + SD. Exact
P-values from left to right: (J) 0.0003, 0.0002; (K) 0.0161, 0.0012. * P<0.05; **
P<0.01; ** P<0.001 by two-tailed Student’s ¢ test. Data are representative of at
least three independent experiments.

HNRNPU is implicated in promoting gene transcription in various
diseases. It has been shown to bind DDXS5 to activate the transcription
of LMO4, thereby supporting tumor growth in triple-negative breast
cancer®®. HNRNPU can also drive chromatin remodeling and facilitate

enhancer activation to promote target gene expression in antiviral
immunity®’. However, since HNRNPU itself is not a transcription factor,
it may need to cooperate with other transcription factors to exert its
transcriptional promotion effect. To identify the interacting proteins
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of HNRNPU in liver CSCs, we purified GST-tagged HNRNPU protein and
performed co-immunoprecipitation (co-IP) with anti-GST beads using
Huh?7 sphere lysates (Fig. 4H). Through this approach, we identified
zinc finger CCCH-type containing 18 (ZC3H18) as a binding partner of
HNRNPU (Supplementary Fig. S4F), and verified their interaction by
reciprocal co-IP using their respective polyclonal antibodies (Fig. 41).

100_ Flag-ZC3H18

o

130 [@mem——| GST-HNRNPU
= | Flag-zC3H18
g

GST-HNRNPU

We also performed domain-mapping to identify the binding site on
HNRNPU that interacted with ZC3HI8. Interestingly, HNRNPU lacking
the SPRY domain lost the ability to bind to ZC3H18 (Supplementary
Fig. S4G), as was the same case for SNORA49 binding to HNRNPU. We
also modeled the interaction between HNRNPU and ZC3H18 by
Alphafold2®’. As expected, we found that the second domain of
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Fig. 4 | SNORA49 engages with HNRNPU to impair its interaction with ZC3H18.
A Biotin-labeled RNA pulldown assay. Full-length sense and antisense sequence of
SNORA49 were transcribed, biotin-labeled and incubated with Huh7 sphere lysates,
followed by protein electrophoresis, silver staining and MS analysis. The arrow
indicates the band of HNRNPU. B Immunoblotting of HNRNPU pulled down by
SNORA49. C RIP assay performed in HCC and Huh7 sphere lysates with an anti-
HNRNPU polyclonal antibody, followed by qRT-PCR. SNORD17 and SNORA74A
served as controls. n = 3 biologically independent experiments. Data are presented
as means + SD. Exact P-values from left to right: 4.73E-05, 0.1097, 0.0955, 0.0001,
0.1771, 0.5754. D Biotin-labeled SNORA49 was incubated with increasing con-
centrations of HNRNPU and then subjected to EMSA. E Representative images
showing colocalization of SNORA49 and HNRNPU in the nucleoplasm. Scale bar,
10 um. F Truncated SNORA49 probes were subjected to RNA pulldown. A1-30nt,
lacking the 1-30 nt while retaining other parts. G Flag-tagged HNRNPU was differ-
ently truncated (left panel) and then subjected to SNORA49 pulldown (right panel).

ASAP, lacking the SAP domain while retaining other domains. FL, full length. H Co-
IP assay was conducted with GST-tagged HNRNPU and anti-GST beads in

Huh? sphere lysates, followed by silver staining and MS analysis. Corresponding
bands were indicated by arrows. I Inmunoblotting validation of binding between
HNRNPU and ZC3H18 by reciprocal co-IP with respective polyclonal antibodies in
Huh? sphere lysates. Endogenous RNAs were removed by RNase A before incuba-
tion with antibodies. ] Co-IP assay was performed in control and SNORA49-depleted
Huh? sphere lysates using an anti-ZC3H18 polyclonal antibody. 3-actin was used as
aloading control. K, L GST-tagged HNRNPU and Flag-tagged ZC3H18 were purified
and subjected to in vitro binding assay. GST-HNRNPU was pre-incubated with
increasing concentrations of SNORA49 (K) or SNORA74A (L) and then incubated
with Flag-tagged ZC3H18. GST-HNRNPU and the interacting protein Flag-ZC3H18
were pulled down by anti-GST beads. * P< 0.05; ** P< 0.01; ** P< 0.001 by two-
tailed Student’s ¢ test. Data are representative of at least three independent
experiments.

HNRNPU mediated their binding, highlighted by the interactions at the
Y350-D353 sites (Supplementary Fig. S4H). This overlap of binding
regions prompted us to investigate whether SNORA49 binding could
affect the interaction between HNRNPU and ZC3H18.

To address this issue, we conducted co-IP experiments using an
anti-ZC3H18 antibody in lysates from SNORA49-depleted and rescued
Huh7 spheres. We found that the interaction between HNRNPU and
ZC3H18 was remarkably enhanced in SNORA49-depleted cells, while
rescued SNORA49 attenuated this enhancement (Fig. 4J). Similar
results were observed using an anti-HNRNPU antibody (Supplemen-
tary Fig. S4I). Conversely, overexpressed SNORA49 strongly sup-
pressed the binding of HNRNPU to ZC3H18 (Supplementary Fig. S4J,
K). In order to eliminate the interference from endogenous cellular
factors, we purified GST-tagged HNRNPU and Flag-tagged ZC3HIS8 to
test their interaction in vitro. We incubated GST-HNRNPU with
increasing concentrations of SNORA49 and then added Flag-ZC3H18
for co-IP using anti-GST beads. As expected, pre-incubation with
SNORA49 hindered the binding of HNRNPU to ZC3HIS8 in a dose-
dependent manner, with high concentrations of SNORA49 completely
blocking this interaction (Fig. 4K), whereas another unrelated RNA,
SNORA74A, had no such effect (Fig. 4L). Taken together, these data
indicate that SNORA49 specifically binds to HNRNPU and impairs its
interaction with ZC3H18.

ZC3H18 associates with HNRNPU to initiate SOX9 transcription
To further explore the mechanism by which SNORA49 modulated CSC
self-renewal, we performed RNA sequencing of SNORA49-depleted and
control Huh7 cells. We found that SNORA49 depletion obviously
upregulated several transcription factors (Fig. 5A). We confirmed these
changes in SNORA49-depleted Huh?7 cells (Supplementary Fig. S5A). In
contrast, SNORA49-overexpressed cells showed reversed down-
regulation of these transcription factors (Supplementary Fig. S5B). We
then depleted these transcription factors in Huh7 cells and assessed
their impact on sphere formation. Among these candidates, knock-
down of SOX9 most significantly impaired the stemness of Huh7 cells
(Fig. 5B). We further confirmed upregulation of SOX9 in SNORA49-
depleted Huh7 and primary HCC cells by qRT-PCR and immunoblot-
ting (Fig. 5C and Supplementary Fig. S5C). Conversely, in SNORA49-
overexpressed cells, both mRNA and protein levels of SOX9 were
remarkably reduced (Supplementary Fig. S5D).

We then examine how SNORA49 regulated the expression of
SOX9. Analysis of the TCGA database revealed a positive correlation
between SOX9 expression and transcript levels of both HNRNPU and
ZC3H18, with Pearson correlation coefficients (R) of 0.52 and 0.38,
respectively (Supplementary Fig. SSE). Since SNORA49 could inhibit
the interaction between HNRNPU and ZC3H18, we hypothesized that
SNORA49 might impact target genes by interfering with this interac-
tion. ZC3HI8 is a well-characterized RNA-binding protein involved in
nuclear RNA degradation®**. Therefore, we speculated that ZC3H18

might bind to the pre-mRNA or mRNA of SOX9, thereby regulating
SOX9 expression post-transcriptionally. We thus performed RNA
immunoprecipitation experiments using the anti-ZC3H18 antibody but
did not detect ZC3H18 binding to the pre-mRNA or mRNA of SOX9
(Supplementary Fig. S5F). They do not interact indirectly via HNRNPU,
since there was no binding between HNRNPU and the SOX9 RNAs
(Supplementary Fig. S5F). ZC3H18 contains a zinc finger domain, which
is associated with DNA-binding activity, and interacts with HNRNPU, a
known transcriptional regulator. This prompted us to explore its
potential role in transcriptional regulation. It has been reported to
bind to the BRCAI promoter and activate its transcription, promoting
ovarian cancer progression®. We next wanted to determine whether
ZC3H18 could bind to the SOX9 promoter and cooperated with
HNRNPU to regulate SOX9 transcription in liver CSCs. We then per-
formed chromatin immunoprecipitation (ChIP) with a polyclonal
antibody against ZC3H18. The 4 kb region upstream of the SOX9
transcription start site was divided into 10 fragments, and we found
that ZC3H18 was enriched in the -600 -~ -400 region of the SOX9 pro-
moter (Fig. 5D). We also used biotin-labeled DNA probes of this region
to enrich ZC3H18 (Fig. SE). Moreover, depletion of either HNRNPU or
ZC3H18 remarkably reduced chromatin accessibility in the SOX9 pro-
moter (Fig. 5F). Of note, overexpression of SNORA49, blocking the
interaction between HNRNPU and ZC3H]1S8, also caused reduction in
chromatin accessibility in the SOX9 promoter (Fig. 5G) and impaired
the binding of ZC3H18 to this region (Fig. SH).

To further determine the transcriptional regulation of SOX9, we
performed dual-luciferase reporter assays in ZC3HI8-depleted (Sup-
plementary Fig. S5G) and SNORA49-overexpressed cells. We cloned the
-600 ~-400 region of the SOX9 promoter into a pGL3 vector to drive
luciferase expression. Luciferase activity was obviously reduced in
ZC3H18-depleted cells (Fig. 5I), similar to the effect of SNORA49 over-
expression (Supplementary Fig. S5H). In addition, SNORA49 over-
expression also decreased levels of H3K4 trimethylation
(Supplementary Fig. S5I) and H3K27 acetylation (Supplementary
Fig. S5)), two histone modifications associated with transcriptional
activation, at the SOX9 promoter. Consistent with changes in tran-
scriptional activity, both mRNA and protein levels of SOX9 were
remarkably decreased following knockdown of HNRNPU or ZC3HIS8
(Fig. 5J). Immunofluorescence staining also revealed a concomitant
decrease in SOX9 expression following depletion of either HNRNPU or
ZC3H18 in liver CSCs (Fig. 5K and Supplementary Fig. S5K). Conse-
quently, proportions of liver CSCs were also remarkably reduced after
HNRNPU or ZC3H18 depletion (Fig. 5L and Supplementary Fig. S5L). To
explore the possibility that ZC3H18 indirectly regulated SOX9 expres-
sion via upstream regulators such as p-catenin, we performed ChIP
experiments and found that there was no enrichment of ZC3H18 at the
promoter of CTNNBI (the gene encoding [-catenin) (Supplementary
Fig. S5M). Collectively, these data indicate that the association and
cooperation of HNRNPU with ZC3H18 are essential and sufficient for
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SOX9 transcription, which can be disrupted by SNORA49, leading to
transcriptional suppression of SOX9 in liver CSCs.

SOX9 is highly expressed in liver CSCs and promotes self-
renewal of liver CSCs

To determine the role of SOX9 in liver CSCs, we examined its
expression by qRT-PCR and immunoblotting and observed that SOX9

shZC3H18
shScramble shZC3H18 +0eZC3H18
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CD133——

was highly expressed in HCC tumor tissues compared with normal
tissues (Fig. 6A), highly expressed in CSCs compared with non-CSCs
(Fig. 6B), and highly expressed in spheres compared with non-spheres
(Fig. 6C). Similar observations were validated in HCC patient samples
by immunohistochemistry (Fig. 6D). High expression of SOX9 in HCC
patient samples was further confirmed from the TCGA database
(Fig. 6E), which was negatively correlated with survival outcomes for
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Fig. 5 | ZC3H18 recruits HNRNPU to enrich on the promoter of SOX9 for its
transcription in liver CSCs. A Volcano plot showing differentially expressed genes
(FDR < 0.05, Log,FC > 0.8) in SNORA49-depleted Huh7 cells compared with control
cells. B Sphere formation assays after silencing top 12 upregulated genes in (A).
n=3 independent experiments. Results are shown as means + SD. Exact P-value:
2.22E-06. C Expression levels of SOX9 in SNORA49-depleted HCC cells were
detected by immunoblotting. 3-actin was used as a loading control. D Diagram of
SOX9 promoter (left panel) and ChIP assay showing enrichment of ZC3H18 in the
-600 - -400 fragment of SOX9 promoter (right panel). n =3 independent experi-
ments. Data are presented as means + SD. Exact P-value: 6.07E-05. E ZC3H18 was
specifically pulled down by biotin-labeled DNA probes of the -600 ~ -400 region of
the SOX9 promoter. NSP, non-specific probes. F, G Chromatin accessibility assays of
SOX9 promoter (-600 ~-400 region) in HNRNPU and ZC3HI8 depleted (F) or
SNORA49-overexpressed Huh? cells (G). n=3 independent experiments. Results
are shown as means + SD. Exact P-values from left to right: (F) 0.0019, 0.0017; (G)

0.0021. H Enrichment of ZC3H18 in the -600 ~ -400 region of the SOX9 promoter
was reduced in SNORA49-overexpressed Huh7 cells. n=3 independent experi-
ments. Data are presented as means + SD. Exact P-value: 4.16E-05. I Dual-luciferase
reporter assay of SOX9 promoter (-600 ~-400 region) in ZC3H18-depleted Huh7
cells. Data are presented as means + SD. n =3 independent experiments. Exact P-
value: 3.27E-05. ) mRNA and protein levels of SOX9 after depletion and rescue of
HNRNPU and ZC3H18 in Huh? cells. Data are presented as means + SD. n =3 inde-
pendent experiments. Exact P-values from upper to lower: 3.20E-04, 0.0001,
0.0003, 3.01E-06. K Representative immunofluorescence images showing con-
sequent downregulation of SOX9 protein in CSCs following ZC3H18 depletion.
Scale bar, 10 pm. L FACS analysis of CSC (CD13'CD133") frequencies in ZC3H18-
depleted or rescued Huh?7 cells. Data are presented as means + SD. n =3 indepen-
dent experiments. Exact P-values from left to right: 8.17E-05, 8.14E-05. * P< 0.05; **
P<0.01; ** P<0.001 by two-tailed Student’s ¢ test. Data are representative of at
least three independent experiments.

HCC patients (Fig. 6F). Of note, patients with higher SNORA49
expression and lower SOX9 levels had significantly better survival
(Supplementary Fig. S6A). These results indicate that SOX9 plays a
critical role in HCC tumorigenesis.

Next, we knocked down SOX9 in Huh7 and primary HCC cells
(Supplementary Fig. S6B, C). SOX9 depletion dramatically reduced
sphere formation (Fig. 6G and Supplementary Fig. S6D), cell pro-
liferation (Fig. 6H), and CSC proportion (Supplementary Fig. S6E) in
HCC cells, whereas overexpression of SOX9 could restore these
oncogenic features. Moreover, SOX9 knockdown suppressed sub-
cutaneous tumor growth in BALB/c nude mice (Fig. 6l). To further test
the link between SNORA49 and SOX9, we silenced SOX9 in SNORA49-
depleted cells. We found that enhanced sphere formation caused by
SNORA49 knockdown was reversed by SOX9 depletion (Fig. 6)). By
contrast, overexpression of SOX9 in SNORA49-overexpressed tumor
cells augmented the self-renewal capacity of liver CSCs. Taken toge-
ther, these results indicate that SOX9 is involved in the enhancement
of self-renewal of liver CSCs as a downstream stemness factor of
SNORA49.

Lipid nanoparticle delivery of SNORA49 and ASOs against SOX9
exerts synergistic antitumor effect on HCC tumors

In order to test the in vivo role of SOX9 in HCC tumor development, we
generated Alb-Cre;LSL-Cas9 mice that constitutively expressed Cas9 in
the liver and deleted Sox9 upon delivery of specific sgRNAs. We
injected packaged AAV-TBG-sgSox9 and/or AAV-TBG-Snora49 plas-
mids via mouse tail veins and detected efficient reduction of Sox9
expression (Supplementary Fig. S6F). We then established HCC tumors
via HTVI and collected tumors three weeks later (Fig. 7A). We observed
that deletion of Sox9 dramatically inhibited tumor formation, with
more pronounced effects combining with Snora49 overexpression
(Fig. 7B, C). To further evaluate their effects on CSC self-renewal, we
sorted tumor cells from HTVI-induced and AAV-treated mouse HCC
tumors and injected them subcutaneously into BALB/c nude mice to
generate secondary tumors. Both Snora49 overexpression and Sox9
deletion dampened secondary tumor formation, and their combina-
tion exerted a synergistic anti-tumor effect (Fig. 7D).

Despite its high efficacy, AAV-mediated gene manipulation has
not yet been suitable for clinical applications. Lipid nanoparticles
(LNPs) have been used to deliver siRNAs and mRNAs in clinical
treatment®**”. To examine the potential of LNP-mediated RNA delivery
for HCC treatment, we first tested in vitro transfection and silencing
efficiency of delivering human SNORA49 RNAs and SOX9 ASOs into
Huh7 cells via LNPs. Full-length human SNORA49 was in vitro tran-
scribed using T7 polymerase, yielding a high quantity of capped RNAs.
SOX9-targeting ASOs were chemically modified with 2’-O-methox-
yethyl groups at both ends and phosphorothioate modifications in the
backbone, enhancing their stability, binding affinity, and pharmaco-
logical properties®™. LNP delivery achieved obvious SNORA49

overexpression and SOX9 depletion (Supplementary Fig. S7A), which
consequently dampened the stemness of liver CSCs as validated by
oncosphere formation assay (Supplementary Fig. S7B). To evaluate the
therapeutic potential of SNORA49 and SOX9 in mouse HCC models, we
encapsulated mouse Snora49 RNAs and ASOs against Sox9 with LNPs
and administered them to tumor-bearing mice (Fig. 7E). Two weeks
after HTVI, mice were treated with LNPs containing Snora49 RNAs and/
or Sox9 ASOs at a dose of 1 mg/kg, administered intravenously once a
week (Fig. 7E). We observed efficient RNA delivery in mouse livers via
LNPs, reaching ~ 40-fold increase in Snora49 levels and 50% reduction
in Sox9 expression, which was even more prominent when Snora49
and ASOs were used together (Supplementary Fig. S7C). LNPs con-
taining Snora49 RNAs or Sox9 ASOs remarkably suppressed tumor
growth (Fig. 7F-H). A Combination of Snora49 RNAs with Sox9 ASOs
led to more reduction in tumor sizes and numbers, improving survival
rates of tumor-bearing mice (Fig. 71). We also assessed potential side
effects of LNP-mediated RNA delivery in mice. Compared with control
groups, those treated with either empty LNP vectors or LNP-RNAs
displayed normal liver, kidney, and spleen morphology, comparable
body weight and organ size, and only a slight but non-significant
increase in hepatic expression of cytokines IFN-y and IL-2 (Supple-
mentary Fig. S7D, E). These results indicated that LNP-mediated RNA
delivery had non-detective toxicity, minimal immunogenicity, and
favorable biosafety. To further assess the translational potential of this
therapy in humanized mouse models, we orthotopically injected
luciferase-labeled primary HCC cells into livers of BALB/c nude mice,
followed by treatment with empty LNPs or RNA-loaded LNPs (Fig. 7J).
In this model, LNPs also achieved efficient RNA delivery and SOX9
silencing (Supplementary Fig. S7F). We found that combination
treatment of human SNORA49 RNAs and SOX9 ASOs markedly sup-
pressed orthotopic tumor growth, with greater effects than either
agent alone (Fig. 7K). Taken together, LNP-mediated delivery of
SNORA49 RNAs and SOX9 ASOs exerts potent synergistic anti-tumor
effects on HCC tumors, providing strong preclinical evidence for this
approach as a potential therapeutic strategy.

Discussion

The self-renewal of CSCs is tightly regulated by many factors, among
which non-coding RNAs have gained a lot of attention in recent years.
We and others have previously identified several non-coding RNAs that
regulate liver CSCs****°, while most of them are highly expressed in
CSCs and exert tumor-promoting functions. In this study, we identified
a conserved snoRNA SNORA49, which is downregulated in liver CSCs
and exerts a suppressive effect on CSC self-renewal. SNORA49 is
localized in the nucleoplasm, where it binds to HNRNPU protein to
disrupt the interaction of HNRNPU with ZC3H18, leading to tran-
scriptional repression of the SOX9 gene. Our in vitro experiments and
mouse models further confirmed the tumor suppressor role of
SNORA49. Of note, co-administration of SNORA49 and ASOs against
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SOX9 has synergistic anti-tumor effects, which provides new insights
into the development of CSC-targeted therapies for HCC patients.
snoRNAs are originally identified in the nucleolus, where they
mediate 2’-O-methylation or pseudouridylation of rRNAs*. However,
recent studies have shown that some snoRNAs exert their functions in
a non-canonical manner*>*, For instance, SNORA73 binds mRNA and

7SL RNA in the cytoplasm to strengthen the association of the
SNORA73-targeted mRNA with the signal recognition particle (SPR),
thereby facilitating ER translocation and protein secretion*’. We
recently revealed that elevated SNORDSSB anchors WRN in the
nucleolus, which promotes XRCCS5 interaction with STK4 promoter to
suppress its transcription, leading to augment of self-renewal of liver
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Fig. 6 | SOX9 is highly expressed in liver CSCs and promotes self-renewal of liver
CSCs and HCC tumorigenesis. A-C Expression levels of SOX9 in HCC tumors and
peri-tumor tissues (A), in CSCs and non-CSCs (B) and in oncospheres and non-

spheres (C) were detected by qRT-PCR (upper panels) and immunoblotting (lower
panels). B-actin was used as a loading control. Results are presented as means + SD.
n=3independent experiments. Exact P-values from left to right: (A) 0.0006, 4.33E-
05, 0.0025, 6.57E-06, 6.89E-06; (B) 0.0016, 9.14E-06, 7.53E-06, 7.37E-06; (C) 1.38E-
06, 5.67E-05, 2.19E-06, 4.44E-05. D Representative immunohistochemistry images
of SOX9 expression in HCC patient samples. SOX9-positive staining is shown in

brown. Scale bar, 50 um. E Expression levels of SOX9 in tumors and peri-tumor

tissues from TCGA liver cancer patients. n =50 for Normal and n =373 for Tumor.
Data are presented as means + SD. Exact P-value: 1.20E-26. F Kaplan-Meier survival
analysis of TCGA liver cancer patients. Patients were grouped by SOX9 expression
levels. A 95% confidence interval was indicated by dotted lines. G Sphere formation

assay of SOX9-depleted or rescued CSCs sorted from Huh7 and HCC primary cells.
Scale bar, 200 pm. H Colony formation assay of SOX9-depleted or rescued CSCs
sorted from Huh7 and HCC primary cells. Scale bar, 5mm. 11x10° SOX9-depleted
or control cells were subcutaneously injected into BALB/c nude mice. Tumor
volumes were measured every 4 days. n=4 for each group. Data are presented as
means + SD. Exact P-values from left to right: 0.0107, 0.0135, 0.0016, 0.0003.

J SOX9 was depleted in SNORA49-silenced cells (upper panel) or overexpressed in
SNORA49-overexpressed cells (lower panel). Representative images of sphere for-
mation and statistical results were shown. Scale bar, 200 um. n =3 independent
experiments. Data are presented as means + SD. Exact P-values from upper to
lower: 1.79E-05, 5.86E-05, 1.71E-05, 2.34E-05. * P< 0.05; ** P< 0.01; *** P< 0.001 by
two-tailed Student’s ¢ test. Data are representative of at least three independent
experiments.

CSCs?. In this study, we found that SNORA49 exhibits a nucleoplasm-
specific localization. This localization may be related to the absence of
its target rRNAs in the nucleolus and its association with the
nucleoplasm-localized protein HNRNPU. Our findings strongly sup-
port that SNORA49 does not possess canonical functions, with guiding
rRNA modifications in the nucleolus, thereby theoretically excluding
the possibility that it regulates liver CSC self-renewal through cano-
nical mechanisms.

HNRNPU is a pluripotent protein involved in various biological
processes, including chromatin organization, gene transcription, and
RNA processing***. Here, we identified both SNORA49 and ZC3H18
bind to the same domain of HNRNPU, and SNORA49 binding blocks the
interaction between HNRNPU and ZC3HI8 to suppress SOX9 tran-
scription. However, lower expressed SNORA49 releases HNRNPU,
which then engages with ZC3H18 to enrich on the SOX9 promoter,
resulting in SOX9 transcription for the induction of self-renewal of liver
CSCs. However, how SNORA49 is downregulated in liver CSCs still
needs further investigation.

SOX9 is recognized as a key stemness factor in a wide range of
cancers. Previous studies have shown that SOX9 is highly expressed in
HCC tumor tissues and liver CSCs"*”. However, how SOX9 is upregu-
lated in HCC tumors is still unclear. In this study, we showed that
ZC3H18 recruits HNRNPU to enrich on the promoter of SOX9, leading
to its transcription initiation. In normal liver tissues, elevated SNORA49
and ZC3H18 competitively bind HNRNPU to inhibit the interaction of
HNRNPU with ZC3H18, leading to inactivation of SOX9 transcription. In
contrast, in liver CSCs, lower SNORA49 unleashes ZC3HI18 to engage
with HNRNPU to enrich on the promoter of SOX9, resulting in its
transcription. We also showed that deletion of Sox9 inhibits the
development of HCC tumors. Therefore, lowly expressed SNORA49
induces the association of HNRNPU with ZC3HI18 to trigger SOX9
transcription, leading to the initiation of self-renewal of liver CSCs.

Treatment of HCC remains a huge challenge worldwide. Despite
the use of various drugs and combined therapies, only a small subset of
patients with advanced HCC achieves objective responses and survival
benefits’. Targeting CSCs offers potential advantages over traditional
regimens, given the biological complexity and heterogeneity of HCC.
However, the identification of CSC-specific markers or factors that can
reliably distinguish liver CSCs or tumor cells from normal tissues
remains one of the major challenges in the development of such
therapies. Here, we defined SNORA49is lowly expressed, whereas SOX9
is highly expressed in liver CSCs. Moreover, SNORA49 progressively
declines from peri-tumor tissues to tumor tissues and further to liver
CSCs, whereas SOX9 exhibits the opposite trend, being markedly
upregulated in tumors and liver CSCs but minimally expressed in
normal hepatocytes. This inverse and causally linked expression pat-
tern presents a valuable therapeutic window, enabling specific tar-
geting of liver CSCs and tumor cells while minimizing potential toxicity
to normal tissues. In addition, in the combined survival analysis of the
TCGA liver cancer cohort, patients with a SNORA49"€"SOX9'°" profile

had significantly better overall survival compared to those with a
SNORA49*SOX9"e" profile. This finding underscores the prognostic
value and therapeutic potential of this inverse regulatory relationship.
Lipid nanoparticles display low toxicity, biocompatibility and non-
immunogenicity*®. Especially, LNPs possess a natural propensity to
accumulate in the liver after intravenous administration®, making
them an ideal vehicle for targeted liver delivery. Here, we demon-
strated that LNP-mediated delivery of SNORA49 RNAs and SOX9 ASOs
converged to reduce SOX9 expression and exhibited potent synergis-
tic anti-tumor effect on HCC tumors. Efficient delivery of RNAs and
ASOs into liver tumors with LNPs makes RNA-based drugs possible to
treat cancer patients. We believed that RNA-based drugs will be irre-
placeable for tumor therapy in the near future.

In summary, our findings reveal that lowly expressed SNORA49
releases the interaction of HNRNPU with ZC3H18 in liver CSCs to
induce SOX9 transcription, leading to the enhancement of liver CSC
self-renewal. LNP-mediated delivery of SNORA49 RNAs and SOX9 ASOs
exerts a potent synergistic anti-tumor effect on HCC tumors, high-
lighting the therapeutic potential of this approach for clinical inter-
vention to HCC patients.

Methods

All experiments in this study were conducted in compliance with
relevant ethical regulations and approved by the Institutional Com-
mittee of the Institute of Biophysics, Chinese Academy of Sciences.
Both male and female mice (6-8 weeks of age) were housed under
specific pathogen-free conditions with a 12 h light/dark cycle, tem-
perature of 20 +2 °C, and 50% relative humidity. Mice were randomly
assigned to experimental groups, and no sex-dependent differences
were observed in any of the analyses. All animal protocols were
reviewed and approved by the Institutional Animal Care and Use
Committee of the Institute of Biophysics, Chinese Academy of Sci-
ences. Mice were euthanized before tumors exceeded 15 mm in dia-
meter or developed skin ulceration. No biases were introduced with
respect to patient sex or gender.

Cell lines and HCC samples

Human HCC cell lines Huh7 and PLC were provided by Dr. Zeguang
Han (Shanghai Jiaotong University, School of Medicine, Shanghai,
China), and HEK293T cells were obtained from ATCC (American Type
Culture Collection, Manassas, VA, USA). HCC cell lines and
HEK293T cells were cultured in DMEM medium supplemented with
10% FBS, 100 pg/ml penicillin G and 100 U/ml streptomycin. Fresh
tumor tissues were minced into 1 mm? pieces and then digested with
digestion buffer (0.1% IV collagenase, 0.01% DNase, 0.05% protease
dissolved in serum-free DMEM) at 37 °C for 45 min. The supernatant
was then filtered through a 70 pm filter, and the filtrate was cen-
trifuged at 50 x g for 1 min to further remove clumps. The supernatant
was collected and centrifuged at 150 x g for 8 min. Cells were enriched
in the precipitate, and primary HCC cells were obtained after lysing the
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Fig. 7 | LNP-mediated delivery of SNORA49 RNAs and ASOs against SOX9 exerts
synergistic effect on HCC tumors. A Schematic diagram of AAV-mediated Sox9
deletion in mouse livers, followed by HTVI induction. B Representative images of
HCC tumors induced by HTVI in AAV-sgSox9 and/or AAV-Snora49 mice. Scale bar,
5mm. C Statistics of tumor numbers in mice corresponding to (B). n=6 for each
group. Data are presented as means * SD. Exact P-values from upper to lower:
3.29E-06, 0.0001, 2.74E-05. D Secondary tumor formation of HTVI-induced and
AAV-treated tumors in (B). 2 x 10° tumor cells were sorted by FACS and then sub-
cutaneously injected into BALB/c nude mice. Tumor volumes were measured every
4 days. n=4 for each group. Data are presented as means + SD. Scale bar, 1cm.
Exact P-values from left to right: 0.0049, 0.0012, 0.0026. E Schematic diagram of
HTVI induction and LNP administration in mice. F Representative images of HCC
tumors in mice treated with LNPs containing Snora49 RNAs and/or Sox9 ASOs. Scale

bar, 5 mm. G H&E staining of tumors in (F). Scale bar, 0.5 mm. H Statistics of tumor
numbers in mice corresponding to (F). n =6 for each group. Data are presented as
means + SD. Exact P-values from upper to lower: 4.79E-06, 0.0045, 0.0003.

1 Survival analysis of tumor-bearing mice treated with LNPs containing Snora49
RNAs and/or Sox9 ASOs. n = 6 for each group. Exact P-values from left to right by
Log-Rank test: 0.0161 0.0450, 0.0005. J Schematic diagram of LNP administration
in orthotopic PDC models. K 5 x 10° luciferase-labeled primary HCC cells were
orthotopically injected into livers of BALB/c nude mice, followed by intravenous
injection of LNPs containing SNORA49 RNAs and/or SOX9 ASOs. Representative
images and statistical results of IVIS were shown. n =6 for each group. Data are
presented as means + SD. Exact P-values from upper to lower: 8.22E-10, 4.49E-08,
7.33E-09. * P< 0.05; * P<0.01; ** P<0.001 by two-tailed Student’s ¢ test.

erythrocytes. All human HCC specimens were obtained from a partial
hepatectomy series at Wuxi People’s Hospital (Wuxi, China) and the
Department of Hepatobiliary Surgery, PLA General Hospital (Beijing,
China). All tissue samples were obtained from consenting patients and

approved by the Institutional Review Board of the Institute of Bio-
physics, Chinese Academy of Sciences, by the Ethics Committee of the
Affiliated Wuxi People’s Hospital of Nanjing Medical University, and by
the Ethics Committee of the PLA General Hospital. Clinical information
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of HCC patients in this study is listed in Supplementary Table SI1.
Materials used in this study are listed in Supplementary Data 1.

Sphere formation assay

2000 Huh7 or primary HCC cells were counted, seeded in low-
attachment 6-well plates (Corning) and cultured in serum-free DMEM/
F12 medium containing 20 ng/ml epithelial growth factor, 20 ng/ml
fibroblast growth factor-2, N2 and B27 for 1-2 weeks. The number of
spheres was counted under a stereomicroscope, and the percentage of
sphere-initiating cells was calculated as (number of spheres formed) /
(number of cells seeded per well) x 100%.

Colony formation assay

2000 Huh? or HCC cells were seeded into 6-well plates and cultured in
DMEM medium containing 10% FBS, 100 pg/ml penicillin G and 100 p/
ml streptomycin for approximately two weeks. After washing with PBS,
cells were fixed in 4% PFA for 10 min and then stained with 0.1% crystal
violet for 30 min. The plates were gently rinsed with running water and
dried naturally.

Cell counting kit-8 (CCK-8) assay

10,000 Huh7 cells were seeded into 96-well plates and cultured in
DMEM medium containing 10% FBS, 100 pg/ml penicillin G and 100 p/
ml streptomycin for 12 h to allow cell attachment. Then, 10 pl CCK-8
reagent (ZomanBio) was added to each well, followed by incubation at
37 °Cfor 2 h. The absorbance at 450 nm (OD450) was measured using a
microplate reader. Cell proliferation rates were calculated based on
the OD450 values.

Short hairpin RNA (shRNA) interference

Three shRNAs for each gene were cloned into the pSicoR-Puro lenti-
viral vector (Catalog No. 12084, Addgene). shRNA sequences used in
this study are listed in Supplementary Table S2. The vectors were
transfected into HEK293T cells with packaging plasmids pMD2.G
(Catalog No. 12259, Addgene) and psPAX2 (Catalog No. 12260,
Addgene). 48 h after transfection, the supernatant containing lenti-
virus was collected and filtered through a 0.45 um filter, mixed with an
equal volume of fresh DMEM medium and added to Huh?7 or primary
HCC cells for 24 h, followed by puromycin selection.

Gene overexpression

Full-length sequence of SNORA49 and coding sequence of HNRNPU,
ZC3H18 and SOX9 were cloned into the pLVX-IRES-Puro or pLVX-IRES-
GFP plasmid and transfected with packaging plasmids pMD2.G and
psPAX2 into HEK293T cells for 48 h. Lentivirus was collected, mixed
with an equal volume of DMEM medium, and transfected into target
Huh7 or primary HCC cells for 24 h, followed by puromycin selection
or GFP sorting.

Quantitative RT-PCR

Total RNAs were extracted from the samples using TRIzol and reverse
transcribed into cDNAs by All-In-One 5X RT Master Mix (Abm). Quan-
titative real-time PCR analysis was conducted using the SYBR Green
reaction system on the CFX Connect™ Real-Time PCR Detector (Bio-
Rad, USA). All experiments were repeated three times independently
and were analyzed using the 22*“ method. U6, ACTB and 18S rRNA
were used as internal references. Primers used in this study are listed in
Supplementary Data 2.

Absolute quantification assay

The sequence of SNORA49 was cloned into the pcDNA3 plasmid.
Plasmids were serially diluted and used as templates for qRT-PCR to
generate a standard curve of CT values and copy numbers of SNORA49.
Total RNAs of 2x10° CSCs or non-CSCs were extracted and reverse
transcribed to cDNAs, followed by qRT-PCR with SNORA49-specific

primers. The obtained CT values were then projected onto the stan-
dard curve to inversely calculate the copy number of SNORA49 in CSCs
and non-CSCs.

Cellular fractionation

2 x107 HCC cells were collected and lysed on ice for 10 min with 200 pl
lysis buffer (1% NP-40, 0.25% sodium deoxycholate, 10 mM Tris pH 7.4,
140 mM NaCl, 1.5 mM MgCl,, 1x protease inhibitor cocktail). The
lysates were centrifuged at 300 xg for 5min, and the supernatant
contained the cytoplasmic fraction. For further separation of the
nuclear and nucleolar fractions, the pellet was resuspended in 200 pl
sucrose solution (340 mM, 5 mM MgCl,) and sonicated to break up the
floccules in the suspension. Then 200 pl sucrose solution (880 mM,
5mM MgCl,) was added, and the nucleolar fraction was pelleted by
centrifugation at 500 x g for 30 min, leaving the nuclear fraction in the
supernatant. Finally, the nucleolar pellet was suspended in 200 pl
sucrose buffer (340 mM, 5 mM MgCl,).

RNA fluorescence in situ hybridization and immunofluorescence
staining

HCC cells were seeded on slides, fixed in 4% paraformaldehyde (PFA)
for 15 min, and permeabilized with 1% Triton X-100 for 15 min. Biotin-
labeled SNORA49 probes were diluted to a concentration of 10 ng/pl in
hybridization buffer(50% formamide, 5x SSC, 500 ng/pl yeast tRNA,
1 x Dehardt’s solution, 500 ng/pl sperm DNA, 50 ng/pl Heparin, 2.5 mM
EDTA, 0.1% Tween-20) and added to the slides and incubated at 45 °C
for 2 h. After washing three times with 2 x SSC, TSA fluorescein (Akoya)
was used to amplify the biotin signals according to the manufacturer’s
instructions. For immunofluorescence staining, 10% donkey serum was
used for blocking for 30 min. The primary antibodies were incubated
at room temperature for 2 h or at 4 °C overnight. After washing with
PBS for three times, the slides were incubated with secondary anti-
bodies at room temperature for 30 min. The slides were mounted with
DAPI and observed using Nikon AIR + confocal microscope.

Flow cytometry

Primary HCC tissues were dissociated into single cells and then were
stained with CD45 antibodies to gate CD45-negative tumor cells and
stained with FITC-conjugated CD13 and PE-conjugated CD133 anti-
bodies to gate CSCs. Cells were stained with fluorescent antibodies on
ice for 30 min and then sorted by flow cytometry. Data were analyzed
by FlowJo V10. Flow cytometry gating strategies are listed in Supple-
mentary Data 3.

Limiting dilution assay (LDA) and xenograft growth in

nude mice

For LDA, HCC cells were serially diluted, mixed with 100 pl Matrigel
and subcutaneously injected into BALB/c nude mice. The percentage
of tumor-free mice was calculated 3 months later. For subcutaneous
tumor growth, 1x10° HCC cells were injected into BALB/c nude mice.
Tumor volume was measured every 4 days, starting from day 8 until
day 28 and calculated as 1/2*(length)*(width)*(width). All BALB/c nude
mice were 6-8 weeks old and provided by Beijing Vital River Labora-
tory Animal Technology. Mice were sacrificed before the tumor dia-
meter exceeded 15 mm or skin ulcers appeared. Mouse experiments
were approved by the Animal Care and Use Commiittees of the Institute
of Biophysics, Chinese Academy of Sciences.

In vivo imaging system (IVIS)

5x10° luciferase-labeled Huh7 or primary HCC cells were orthotopi-
cally injected into the livers of BALB/c nude mice. 1-2 weeks post-
injection, mice were intraperitoneally injected with 3 mg D-luciferin
potassium salt and then anesthetized with isoflurane. Luciferase sig-
nals were detected by IVIS Lumina3 (PerkinElmer). Data were analyzed
by Living Image V4.
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Construction of knockout mice by CRISPR/Cas9 technology
Snora49 KO mice in C57BL6/) background were generated using
CRISPR/Cas9 technology. Two sgRNAs (listed in Supplementary
Table S3) targeting intronic sequences flanking the Snora49 locus were
synthesized and injected into zygotes, which were transplanted into
the uterus of pseudo-pregnant females to obtain FO mice. To generate
liver-sgSox9 mice, the U6 promoter in the AAV-sgRNA plasmid (Cata-
log No. 60231, Addgene) was replaced with the liver-specific TBG
promoter (AAV-TBG). sgRNAs targeting the coding sequence of Sox9
were cloned into the AAV-TBG plasmid and co-transfected with pHel-
per and pAnc into HEK293T cells for 48 h for virus packing. Then the
culture medium was collected and ultracentrifuged at 25,000 x g for
2 h. The pellet was resuspended with 0.9% NaCl solution and injected
intravenously into Alb-Cre;LSL-Cas9 mice in a volume of 200 pl per
mouse. The efficiency of AAV-mediated Sox9 knockout was assessed
by qRT-PCR and immunoblotting. All mice were euthanized before the
tumor diameter exceeded 15 mm or skin ulcers appeared. Alb-Cre mice
were obtained from GemPharmatech Co., Ltd, and LSL-Cas9 mice were
from Jackson Laboratory.

Hydrodynamic tail vein injection (HTVI)

8-week-old mice with C57BL/6 background were injected with 0.9%
NaCl solution containing 20 pg of pBABE-c-mycT58A+HRasGI2V plas-
mid (Catalog No. 11130, Addgene), 20 pg of pT2-shP53 plasmid (Cata-
log No. 124261, Addgene) and 20 pg of pT2/C-Luc//PGK-SB13 plasmid
(Catalog No. 20207, Addgene). The saline was in a volume equivalent
to 10% of the mouse body weight and was rapidly injected into the
mouse tail vein within 7s.

Generation of Snora49 overexpression mouse model

To achieve liver-specific overexpression of Snora49, the sequence of
Snora49 was cloned into the AAV-TBG plasmid, packaged into AAV,
and administered to mice via tail vein injection. Two weeks post-
injection, overexpression of Snora49 was detected by qRT-PCR and
Northern blotting.

RNA pulldown and mass spectrometry assay

Biotin-labeled sense and antisense probes of SNORA49 were in vitro
transcribed using the T7 RNA polymerase (Roche) and biotin labeling
agent (Roche). Sphere lysates of Huh7 cells were incubated with 3 mg
probes at 4 °C overnight. Then streptavidin magnetic beads were
added to pull down RNA probes and their binding proteins. After
washing with lysis buffer (RIPA), the proteins were subjected to SDS-
PAGE and silver staining. Differential bands were collected for liquid
chromatography-tandem mass spectrometry analysis.

For LC-MS/MS analysis, silver-stained gels were destained, reduced
with DTT, alkylated with iodoacetamide, and subjected to overnight
digestion with trypsin. Peptides were extracted in multiple steps using
acetonitrile at different concentrations and subsequently analyzed on a
nanoLC system coupled to a Q Exactive mass spectrometer (Thermo
Scientific) using a reversed-phase C18 analytical column (75 pm x 20 cm,
3 um particle size). Peptides were separated at a flow rate of 300 nL/min
with mobile phase A (0.1% formic acid in HO) and mobile phase B (0.1%
formic acid in acetonitrile). The gradient was programmed as follows:
4% B at O min, 8% B at 8 min, 22% B at 58 min, 32% B at 70 min, 90% B at
73-80 min. The Q Exactive was operated in data-dependent acquisition
mode (top 20), consisting of one full MS scan followed by MS/MS of the
20 most intense precursor ions. Full MS scans were acquired over m/z
300-1600. The spray voltage was set to 2.0 kV, and the capillary tem-
perature was 320 °C. Dynamic exclusion was set to 40 s.

Database searching was performed with the SEQUEST HT engine
in Thermo Proteome Discoverer (version 1.4.0.288) against the Uni-
Prot human 2022 database. Searches were conducted with trypsin
specificity, allowing up to two missed cleavages. The precursor ion

mass tolerance was set to 10 ppm, and the fragment ion mass tolerance
to 20 mDa. Carbamidomethylation of cysteine was specified as a fixed
modification, whereas oxidation of methionine and lactylation of
lysine were set as variable modifications. Spectral matches were fil-
tered with Percolator, applying a Delta Cn threshold of < 0.1and a false
discovery rate (FDR) cutoff of 1%. Peptides were further filtered by
requiring High peptide confidence. Proteins identified by mass spec-
trometry are listed in Supplementary Data 4.

Domain mapping

HNRNPU was divided into 4 fragments according to the distribution of
functional domains. The sequence of full-length HNRNPU or HNRNPU
lacking each domain was cloned into the p3xFlag-CMV10 plasmid and
then transfected into HEK293T cells. 48 h later, cells were lysed with
RIPA and subjected to immunoblotting to confirm the production of
truncated HNRNPU proteins. Correctly truncated HNRNPU proteins
were then incubated with biotin-labeled SNORA49 probes for RNA
pulldown or with ZC3H18 for Co-IP assay.

Electrophoretic mobility shift assay (EMSA)

Human HNRNPU was cloned to the pGEX-6p-hDcp2 plasmid (Catalog
No. 72216, Addgene) and purified by GST-tagged protein purification.
Biotin-labeled SNORA49 probes were incubated with HNRNPU, with or
without unlabeled probes, and then subjected to mobility shift assay
using a Chemiluminescent RNA EMSA Kit (Beyotime) according to the
manufacturer’s protocol. For competitive EMSA with SNORA74A and
scramble probes, full-lengthen SNORA74A sequence (200 nt) was used,
and the synthetic scramble RNA has the same lengthen (137 nt) and GC
content (48%) as SNORA49.

Co-immunoprecipitation (Co-IP) assay

Sphere lysates of Huh7 cells were treated with RNase A at 37 °C for
30 min to remove endogenous RNAs and pre-cleared with Protein A/G
agarose beads for 1 h and then incubated with anti-HNRNPU or anti-
ZC3H18 antibodies at 4 °C for 2 h. Protein A/G agarose beads were
added again to precipitate the target protein and its potential binding
proteins, followed by immunoblotting.

In vitro competitive binding

GST-tagged HNRNPU and Flag-tagged ZC3H18 were purified through
affinity chromatography. SNORA49 or SNORA74A was transcribed in
large quantities using the T7 high yield RNA transcription kit (Vazyme).
GST-HNRNPU was pre-incubated with increasing concentrations of
SNORA49 or SNORA74A at 4 °C for 2h, followed by incubation with
Flag-ZC3H18 at 4 °C for an additional 2 h. The complexes were then
captured with GST-beads. The interaction between HNRNPU and
ZC3H18 was semi-quantified by immunoblotting.

Chromatin immunoprecipitation (ChIP) assay

Huh7 sphere cells were cross-linked with 1% formaldehyde at 37 °C for
10 min, washed twice with PBS and lysed in SDS lysis buffer (1% SDS,
10 mM EDTA, 50 mM Tris). DNA was fragmented into 200 ~ 500-bp
fragments by sonication at 300 W for 1 min 4 times. The lysate was
incubated with 4 pg anti-ZC3H18 polyclonal antibodies at 4 °C over-
night. After incubation with Protein A/G agarose beads at 4 °C for 2 h,
DNA was eluted and analyzed by qPCR with specific primers listed in
Supplementary Table S4.

Chromatin accessibility assay
The nuclei of Huh7 sphere cells were isolated using the NE-PER nuclear
and cytoplasmic extraction kits (Thermo), suspended with 200 pl of
DNase Digestion Buffer and digested with 2 p of DNase I at 37 °C for
5 min. Digestion was stopped with Digestion Stop Buffer. DNAs were
extracted and analyzed by qPCR.
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Dual-luciferase reporter assay

The sequence of the SOX9 promoter was cloned into the pGL3 vector
and co-transfected with the pRL-TK plasmid into Huh?7 cells for 36 h.
After the cells were lysed, the luminescence signals were detected
using a Dual Luciferase Reporter Gene Assay Kit (Beyotime) according
to the manufacturer’s instructions.

Transcriptome sequencing

Total RNAs of 2x107 SNORA49-depleted and control cells were
extracted by TRIzol, followed by DNBSEQ sequencing (BGI). After
quality control, clean reads were aligned to the human
genome (GCF_000001405.39_GRCh38.p13). Data analysis was
performed by R 4.2.

Immunohistochemical staining

The tumor samples were fixed with 4% PFA for 48 h, embedded with
paraffin, and sectioned into 10 um thick slides. The slides were
deparaffinized by sequential washes in xylene, 100% ethanol, 95%
ethanol, and 85% ethanol, each for 10 min, and then rehydrated in PBS.
Antigen retrieval was performed using an antigen retrieval buffer (Tris/
EDTA pH 9.0) by heating the slides at 95 °C for 15 min. Endogenous
peroxidase was quenched by incubating the slides with 3% hydrogen
peroxide (H,0,) for 10 min. The slides were then blocked with 10%
donkey serum for 30 min, incubated with primary antibodies for 2 h,
and incubated with HPR-conjugated secondary antibodies for 1 h, all at
room temperature. The immunoreactivity was visualized using DAB
staining, and the slides were counterstained with hematoxylin. Finally,
the slides were mounted with neutral balsam for microscopic
examination.

Lipid nanoparticle packaging and administration

For large-scale transcription of human and mouse SNORA49, we
adopted a co-transcriptional capping reaction system, in which the
standard capping reagent m7G(5")ppp(5’)G was added together with
DNA templates, NTPs, and T7 RNA polymerase, following the manu-
facturer’s instructions (Vazyme). ASOs targeting SOX9 were synthe-
sized and chemically modified (Tsingke). ASOs targeting human and
mouse SOX9 have identical sequences, which are listed in Supple-
mentary Table S5. The LNP formulation was based on commercially
available ionizable lipids SM-102 (Moderna) and consisted of the fol-
lowing components: SM-102, cholesterol, 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), and PEG2000-DMG, with a molar ratio of
50:10:38.5:1.5. The average particle size of LNPs was approximately
100 nm, as determined by dynamic light scattering (DLS). RNAs were
packaged into LNPs with a concentration of 0.35 pg/pl. For in vitro LNP
administration, Huh?7 cells were treated with 100 ng/ml LNP-packaged
RNAs for 24 h, followed by collection for assessment of transfection
and gene silencing efficiency. For in vivo LNP treatment in mouse
models, 1 mg/kg RNAs (corresponding to 57 ul LNPs) were injected
into the tail vein of tumor-bearing mice (20 g) once a week. For bio-
safety assessment, WT mice were treated with empty LNP vectors or
RNA-loaded LNPs at the same dose used in HTVI-LNP model. Body and
major organ weights were recorded, liver, kidney, and spleen mor-
phology were evaluated, and expression levels of IFN-y and IL-2 in the
liver were measured by qRT-PCR 48 h after injection.

Statistics and reproducibility

Statistical analysis was performed using GraphPad Prism 9.0 and Excel
2019. Unless otherwise stated, statistical significance was assessed by
unpaired two-tailed Student’s t tests. A significance threshold of
P <0.05 was applied, with results denoted as * P<0.05, ** P<0.01, ***
P <0.001, and ns (not significant). All assays were performed in at least
three independent experiments, and representative results are
presented.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The snoRNA sequencing dataset analyzed in this study was previously
generated and reported in our earlier publication?, which has been
deposited to the Gene Expression Omnibus under accession code
GSE233521. SNORA49-depletion sequencing data are available from the
National Genomics Data Center under accession code HRA010557. The
mass spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium with the identifier PXD061379. The
remaining data are available within the Article, Supplementary Infor-
mation, Supplementary Data, or Source Data file. Source data are
provided in this paper.
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