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Anti-tumor immunity through checkpoint inhibitors, specif-
ically anti-programmed death 1 (PD-1)/programmed death
ligand 1 (PD-L1) interaction, is a promising approach for can-
cer therapy. However, as early clinical trials indicate that
colorectal cancers (CRCs) do not respond well to immune-
checkpoint therapies, new effective immunotherapy ap-
proaches to CRC warrant further study. Simvastatin is an
inhibitor of 3-hydroxy-3-methylglutaryl-coenzyme A (CoA)
reductase (HMGCR), the rate-limiting enzyme of the mevalo-
nate (MVA) pathway for the cholesterol biosynthesis. However,
little is known about the functions of simvastatin in the regula-
tion of immune checkpoints or long noncoding RNA
(IncRNA)-mediated immunoregulation in cancer. Here, we
found that simvastatin inhibited PD-L1 expression and pro-
moted anti-tumor immunity via suppressing the expression
of IncRNA SNHG29. Interestingly, SNHG29 interacted with
YAP and inhibited phosphorylation and ubiquitination-medi-
ated protein degradation of YAP, thereby facilitating downre-
gulation of PD-L1 transcriptionally. Patient-derived tumor
xenograft (PDX) models and the clinicopathological analysis
in samples from CRC patients further supported the role of
the IncRNA SNHG29-mediated PD-L1 signaling axis in tumor
microenvironment reprogramming. Collectively, our study un-
covers simvastatin as a potential therapeutic drug for immuno-
therapy in CRC, which suppresses IncRNA SNHG29-mediated
YAP activation and promotes anti-tumor immunity by inhibit-
ing PD-L1 expression.

INTRODUCTION

Colorectal cancer (CRC) is the third most commonly diagnosed
cancer and the fourth leading cause of cancer-related deaths
across the world.! CRC was developed through a multistep of
initiation and progression, including common mutations and
transcriptional and post-transcriptional modification, which
generate hallmarks of cancer.”™* Notably, the reprogramming of
energy metabolism and evading immune destruction have been
accepted as core hallmarks of cancer cells.” However, the under-
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lying mechanisms of these emerging properties of cancer remain
poorly understood.

The mevalonate (MVA) pathway is an essential metabolic pathway,
which was also referred to as the cholesterol biosynthesis pathway
critical to tumor progression.>” The 3-hydroxy-3-methylglutaryl co-
enzyme A reductase (HMGCR), a rate-limiting enzyme of the MVA
pathway, is aberrantly high expressed in CRC tissues. Therefore,
treatment of HMGCR inhibitors, such as simvastatin, significantly
reduced cancer-specific mortality of CRC patients.” Simvastatin
may be involved in essential cellular functions, such as cell prolifera-
tion and apoptosis of tumor cells;”'® however, little is known about
the function of simvastatin in the dysregulation of immune check-
points and immunotherapy.

Recently, immunotherapy has made great progress with promising
results, which prolong the overall survival (OS) of patients.'' "> A
prominent example of immune-checkpoint inhibitor (ICPi) is anti-
programmed death 1 (PD-1), which could block PD-1 to enhance
antitumor immunity, thereby causing tumor cell death.'*'> PD-1 is
displayed on T, B, and natural killer (NK) cells, and its ligand pro-
grammed death ligand 1 (PD-L1) is displayed on cancer cell and
antigen-presenting cells.'>'” However, the efficacy of immune-check-
point therapy (ICT) is limited in CRC patients.'® Increasing results
indicate that patients with mismatch repair deficient (AMMR) benefit
from anti-PD-1 antibody (Ab) immunotherapy.'’ Progression-free
survival of CRC patients with high expression of PD-L1 and microsat-
ellite instability-high (MSI-H) is significantly prolonged by anti-PD-1
antibody immunotherapy.”” >* However, as the MMR defect is only
found in about 10% to 15% of CRC patients at stages II and III, the
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Figure 1. Simvastatin targets HMGCR and reduces colorectal cancer (CRC)-specific mortality
(A and B) Exploring HMGCR mRNA and protein expression in most cancer categories by assembling The Human Protein Atlas (http://www.proteinatlas.org). (C) The
expression of HMGCR by immunohistochemistry (IHC) staining on paraffin-embedded CRC specimens. (D) The expression levels of HMGCR in formalin-fixed paraffin-
embedded (FFPE) colon cancers and normal tissues were showed in the indicated scattergram using Imaged (n = 142). “**p < 0.001. (E) Kaplan-Meier analysis of overall
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new effective approaches to cancer immunotherapy warrant further
study.

In addition, alterations in noncoding RNAs (ncRNAs) such as long
ncRNAs (IncRNAs) or microRNA (miRNA) could also contribute to
multiple steps of the carcinogenesis process and can be used as predic-
tive markers of patient outcome.”> IncRN As are emerging as critical reg-
ulators of gene expression, including direct interactions with DNA,
RNA, and proteins. Many studies including ours indicated that IncRNA
GAS5,* H19,” and HOTAIR*® are dysregulated in CRC tissues and are
associated with tumor progression and metastasis of CRC. IncRNAs
might also have critical regulatory roles in various links of immune sys-
tem development and function, especially in immune response.”” For
example, lincR-Ccr2-5'AS is regulated by the T helper 2 (Th2) subset
of Th cell transcription factor GATA-3, which upregulates numbers
of key Th2 chemokines.* linc-MAF-4 is reported specifically expressed
in the Th1 cell and can negatively regulate transcription factor MAF to
inhibit Th2 cell differentiation.”” Nevertheless, whether IncRNA medi-
ates the expression of ICPis PD-1/PD-LI remains unclear.

Here, we investigated the therapeutic implications of simvastatin in
an anti-tumor immune response. We identified simvastatin as a
new inhibitor of PD-L1 through repressing the expression of IncRNA
SNHG29, suggesting the therapeutic implications of IncRNA
SNHG29 for CRC patients.

RESULTS

Simvastatin targets cholesterol biosynthesis rate-limiting
enzyme HMGCR and reduces CRC-specific mortality

As cholesterol metabolism is vital for the progression of multi-can-
cers, we analyzed the primary rate-limiting enzyme in cholesterol
biosynthesis via compiling The Human Protein Atlas database
(http://www.proteinatlas.org). We found that HMGCR, the rate-
limiting enzyme of the MVA pathway, which is referred to as the
cholesterol biosynthesis pathway, was greatly upregulated in CRC
(Figures 1A and 1B). Furthermore, we examined the expression of
HMGCR by immunohistochemistry (IHC) staining on paraffin-
embedded CRC specimens in cohort 1, which included 142 cases of
CRC patients with clinical follow-up data collected at Sun Yat-sen
Memorial Hospital. Results showed that the expression of HMGCR
was significantly increased in the tumor tissues compared with the
adjacent normal counterparts (Figures 1C and 1D; Figure S1).
Furthermore, Kaplan-Meier analysis indicated that the higher
HMGCR expression was correlated to poor OS of CRC patients
(log rank = 4.158, p = 0.0414) (Figure 1E).

Statin, the inhibitor of HMGCR, is a widely used drug in patients with
hypercholesterolemia. The cohort from the Danish Colorectal Cancer

Group (DCCG) database,” a clinical registry of CRC patients with
nearly complete overall mortality outcome and follow-up, demon-
strated that the usage of statin reduced the hazard of death from
CRC (Figure 1F). Furthermore, we analyzed the association between
statin use and OS rates of CRC patients collected at Sun Yat-sen Me-
morial Hospital from January 2015 to December 2018 from cohort 2,
which included 415 cases of CRC patients with clinical follow-up
data. Kaplan-Meier analysis indicated that never-used statins the pre-
ceding year was related to poor OS in patients with CRC (log rank =
3.909, p = 0.048) (Figure 1G).

Simvastatin, a well-established HMGCR inhibitor, is recorded for
safety and reduces cardiovascular risk at the maximal recommended
dose of 80 mg/day. We added simvastatin at different concentrations
into the culture medium of the CRC cell lines to study the inhibition
efficiency of this drug against CRC tumor progression. The half-
inhibitory concentration (ICsp) was estimated, simultaneously
employing all dose responses across different CRC cell lines. The
dose-response curve was shown in Figure 1H, and the simvastatin
drug dose was lower than the initiation-effective plasma concentra-
tion of patients in this study. We further performed mRNA
sequencing to explore the function of simvastatin in CRC cell lines.
The Gene Ontology analysis was used to identify the biological pro-
cess of differentially expressed genes in the simvastatin-treated group
(/fold change/ > 2; p value < 0.05), demonstrating that these genes
were enriched for functions associated with the immune system pro-
cess (Figure 1I; Table S1). Intriguingly, the expression of ICPi PD-L1
was significantly decreased in the simvastatin-treated group (Fig-
ure 1]). Collectively, these data suggested that the HMGCR inhibitor,
simvastatin, reduces CRC-specific mortality and inhibits CRC cell
expression of PD-L1.

Simvastatin represses tumor expression of PD-L1 and enhances
cytotoxic T lymphocyte (CTL) infiltration in CRC patients

The mRNA-sequencing analysis showed that PD-L1 expression was
decreased in simvastatin-treated CRC cells. Furthermore, qRT-PCR
and western blotting assays showed that PD-L1 mRNA and protein
level were significantly repressed in CRC cell lines or CRC tumor-
derived xenograft tumor models treated with simvastatin compared
with that from control groups (Figures 2A—2D). To determine
whether simvastatin contributes to CTL exhaustion phenotype and
function in vivo, a patient-derived tumor xenograft (PDX) model of
CRC patients was obtained and analyzed (Figure 2E). Interestingly,
simvastatin significantly decreased the tumor growth rate and the
mean tumor volume compared to the negative control group (Fig-
ure 2F). Compared with that in negative group, the PD-L1 expression
level was significantly decreased, and tumor-infiltrating CD8" T cells
had higher activation marker granzyme B expression in the

survival (OS) of CRC patients with HMGCR. (F) The mutually adjusted hazard ratios for the associations of characteristics with the risks of recurrence, CRC-specific mortality,
and all-cause mortality from the DCCG database (2001-2011). (G) Kaplan-Meier analysis of OS in 415 CRC patients with and without statins therapy. (H) Cytotoxicity activity
of simvastatin against CRC cell line. () The Gene Ontology analysis shows the enriched biological process of differentially expressed genes in the simvastatin-treated group
(/fold change/ > 2; p value < 0.05). (J) Heatmap showing the difference transcripts between negative control and simvastatin-treated CRC cells (/fold change/ > 2; p value <

0.05).
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simvastatin-treated PDX model of CRCs (Figures 2G and 2H). In
addition, we examined PD-L1 expression and CD8" T cells from
the subcutaneous MC38 tumor model (Figure 2I). We found that
the tumor volume and PD-L1 expression level were significantly
repressed in the simvastatin-treated group compared to that in the
negative group, and the combination treatment of simvastatin and
PD-L1 antibody showed the enhanced inhibitory effects on tumor
growth compared with simvastatin treatment alone (Figures 2] and
2K). When we sorted tumor-infiltrated CD45" cells out and quanti-
fied tumor-infiltrating T cells and the immune-checkpoint expression
level on CD8" T cells, we found more CD8" tumor-infiltrating T cells
in the simvastatin-treated group than that in the negative control
group. Analysis of the mouse peripheral blood mononuclear cell
(PBMC) by flow cytometry also indicated that CD8" T cells were
significantly higher in the simvastatin-treated group than that in
the control group (Figure 2L). Taken together, these results indicated
that simvastatin inhibits tumor expression of PD-L1 and restores tu-
mor-infiltrating CD8" T cell function in the tumor microenviron-
ment. Overall, these results implicate an unsuspected relevance of
the MVA pathway inhibitor, simvastatin, in enhancing anti-tumor
immunity, as well as a role for simvastatin as a new PD-L1 inhibitor.

Simvastatin inhibits tumor expression of IncRNA SNHG29, which
promotes PD-L1 expression and tumorigenesis in vivo

Although we found that simvastatin plays a crucial role in inhibition
of PD-L1, the underlying mechanism has yet to be elucidated.
IncRNAs are involved in a variety of tumorigenic processes including
immune response. We performed IncRNA sequencing to determine
whether IncRNA mediates the function of simvastatin in CRC anti-
tumor immunotherapy. We identified 39 IncRNAs that were
significantly downregulated (>2.0-fold) in CRC cells treated with
simvastatin (Figure 3A; Table S2). To validate the data from RNA
sequencing, the top ten promising IncRNA candidates (with anno-
tated NR accession number) were detected using gRT-PCR in CRC
cells with different concentrations of simvastatin (Figure 3B). Among
these, IncRNA SNHG29, located in 17p11.2 with 7 exons and 3,206 bp
in length, was highly expressed in CRC cells and significantly down-
regulated after simvastatin treatment, and the expression of PD-L1
was also impaired significantly (Figures 3C and 3D). We further
transfected these small interfering RNAs (siRNAs) targeting IncRNA
candidates into CRC cells and examined the expression of PD-LI.

Among them, IncRNA SNHG29 knockdown significantly impaired
PD-L1 expression, whereas overexpression of IncRNA SNHG29
enhanced PD-L1 expression (Figure 3E). Furthermore, we performed
RNA in situ hybridization (ISH) and IHC in PDX models to study
changes of IncRNA SNHG29 expression after simvastatin treatment.
As expected, simvastatin inhibited IncRNA SNHG29 expression and
Ki67 expression of tumor cells and enhanced CTL activity in vivo
(Figure 3F). Collectively, these results indicated that simvastatin in-
hibits tumor expression of IncRNA SNHG29, which promotes PD-
L1 expression and tumorigenesis in vivo.

IncRNA SNHG29 knockdown enhances CTL killing targets

in vitro and in vivo

IncRNA SNHG29 was downregulated in simvastatin-treated CRC
cells and could upregulate PD-L1 expression, suggesting that IncRNA
SNHG29 might serve as a molecular link between simvastatin and tu-
mor-immune escape processes. Therefore, we investigated the effects
of simvastatin treatment and IncRNA SNHG29 knockdown in CRC
cells on the effector functions of tumor antigen-specific CD8"
T cells by cytotoxicity assays using the lactate dehydrogenase
(LDH) release measurement. Either simvastatin or negative control
was added to the cell culture medium of each CRC cell and incubated
for 24 h, and then the tumor cells and mature monocyte-derived den-
dritic cell (Mo-DC; human leukocyte antigen [HLA]-DR", CD86",
CD14")-induced activated CTLs were co-cultured for 6 h to deter-
mine LDH activity (Figure 4A). The T cell subset (CD8", CD69",
CD25"%) was activated (Figure 4B), and Mo-DCs with typical DC
phenotype were generated (Figure 4C) in vitro for the CTL assay.
The CTL assay showed that simvastatin treatment increased killing
effects of CTLs on tumor cells compared with control treatment (Fig-
ure 4D). Moreover, IncRNA SNHG29 knockdown also showed an in-
crease cytotoxicity rate of CTLs toward tumor cells (Figure 4E).

We next examined the role of IncRNA SNHG29 in tumorigenesis
using PDX models of CRC, which retain the patient’s tumor microen-
vironment and heterogeneity (Figure 4F). In the PDX model, deple-
tion of IncRNA SNHG29 by short hairpin (sh)RNA significantly
reduced tumor growth (Figures 4G and 4H). In contrast to negative
control, an sh-IncRNA SNHG29-treated tumor exhibited an elevated
antigen-specific CD8" T cell anti-tumor response (Figures 41 and 4J).
Furthermore, the therapeutic efficacy of the PD-L1-checkpoint

Figure 2. Simvastatin represses tumor expression of PD-L1 and enhances cytotoxic T lymphocyte (CTL) infiltration in CRC patients

(A) PD-L1 mRNA expression in HCT116 and RKO cells treated with simvastatin or negative control. (B) PD-L1 protein expression in HCT116 and RKO cells treated with
simvastatin or negative control. (C) PD-L1 protein expression in xenograft tumors from HCT116 and RKO cells. (D) PD-L1 protein expression in xenograft tumors from RKO
cells. (E) Graphic illustration of a human PDX model-based therapeutic study. PDX tumors were generated from CRC patients and treated with simvastatin or negative control.
(F) In vivo analyses of tumor (left panel) and growth (right panel) in mice that were subcutaneously implanted with tumor tissues from CRC patients and treated with simvastatin
or negative control (50 mg/kg) five times weekly for 3 weeks (n = 6). Results are presented as mean + SD. “**p < 0.001. (G) PD-L1 protein expression in the PDX model treated
with simvastatin or negative control. (H) Representative immunohistochemical images were shown in randomly selected tumor. (I) Graphic illustration of C57BL/6 mice
injected with 2 x 10° MC38 tumor cells. At day 7 after tumor inoculation, simvastatin or negative control was intragastric administrated into tumor-bearing mice (50 mg/kg,
five times weekly for 3 weeks). Anti-PD-L1 antibody was intraperitoneally injected combined with simvastatin in addition (10 pg/g, two times weekly for 3 weeks). (J) In vivo
analyses of tumors (upper panel) and their growth (bottom panel) in C57BL/6 mice that were subcutaneously injected with 2 x 10® MC38 tumor cells and treated with
simvastatin or combined with anti-PD-L1 antibody (n = 6). Results are presented as mean + SD. ***p < 0.001. (K) PD-L1 protein expression in the C57BL/6 mice model
treated with simvastatin or negative control. (L) CD8" T cells in PBMC and TILs were analyzed by flow cytometry. Experiments were performed with at least three biological
replicates and are representative of at least two independent experiments. The results are presented as mean + SD. **p < 0.01, ***p < 0.001.
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blockade was enhanced in the sh-IncRNA SNHG29 PDX mice model
(Figure 4K), implicating IncRNA SNHG29 as a potential therapeutic
target in anti-cancer immunotherapy. These results demonstrate that
IncRNA SNHG29 induces immune evasion via PD-L1-dependent
exhaustion of CD8" T cells in vitro and in vivo.

IncRNA SNHG29 interacts with Yes-associated protein (YAP) to
inhibit its phosphorylation and ubiquitination-mediated protein
degradation

We next performed an RNA pulldown assay by mass spectrometry
(MS) to identify IncRNA SNHG29-associated proteins that might
be involved in regulation of PD-L1 expression. Among these proteins,
the YAP protein was specifically enriched and confirmed by western
blotting (Figure 5A; Table S3). Moreover, RNA immunoprecipitation
(RIP) followed by qRT-PCR analysis of co-purified RNAs showed
that IncRNA SNHG29 was specially enriched in YAP immunoprecip-
itates (Figure 5B). Further immunofluorescence staining showed the
localization of YAP in different CRC cells (Figure S3). RNA fluores-
cent ISH (FISH) and an immunofluorescence co-staining assay
showed that IncRNA SNHG29 was co-localized with the YAP protein
in CRC cells (Figures S3 and S5). Further immunofluorescence
staining and western blotting using cytoplasmic and nuclear protein
fraction isolation showed that IncRNA SNHG29 promoted nuclear
accumulation of YAP protein, whereas IncRNA SNHG29 knockdown
arrested the YAP protein in the cytoplasm (Figures 5C and 5D).
Western blotting showed that knockdown of IncRNA SNHG29
increased the level of YAP phosphorylation at serine 127 and reduced
YAP target gene connective tissue growth factor (CTGF), whereas
overexpression of IncRNA SNHG29 reduced YAP phosphorylation
and increased CTGF expression (Figure 5E). It has been reported
that phosphorylated YAP can be sequestered in the cytoplasm and
subsequently degraded by a ubiquitin-proteasome system. The cyclo-
heximide (CHX) chase assay was performed to detect whether
IncRNA SNHG29 was related to YAP protein stability. Western
blotting analysis showed that the half-life of the YAP protein was
remarkably decreased in IncRNA SNHG29 knockdown CRC cells
(Figure 5F). A ubiquitination assay showed a significant decrease in
the polyubiquitinated YAP protein in IncRNA SNHG29-overexpress-
ing cells and a significant increase in YAP ubiquitination in IncRNA
SNHG29 knockdown cells (Figure 5G). Further mRNA-sequencing
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis demonstrated that the Hippo-YAP pathway was significantly
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enriched in simvastatin-treated CRC cells (Figure 5H; Table S4).
Western blotting analysis showed that simvastatin led to YAP
phosphorylation in Ser 127 and thus inhibited CTGF and PD-L1
expression, whereas serine/threonine-protein kinase LATS1, a pivotal
protein in the Hippo-YAP pathway, was not changed (Figure 5I).
Interestingly, an immunofluorescence staining assay indicated that
simvastatin attenuated IncRNA SNHG29 and YAP protein nuclear
accumulation, and IncRNA SNHG29 overexpression abolished
decreasing accumulation of the nuclear YAP protein induced by sim-
vastatin treatment (Figure 5J; Figure S4). Taken together, these results
demonstrated that IncRNA SNHG29 inhibits YAP phosphorylation
and ubiquitination-mediated protein degradation via facilitating
YAP nuclear accumulation.

IncRNA SNHG29 promotes the expression of PD-L1 via
facilitating YAP transcriptional activity

We used qRT-PCR and western blotting to analyze the expressions of
YAP and PD-L1 in CRC cells. Notably, YAP expression was positively
correlated with PD-L1 expression in CRC cells (Figures 6A and 6B).
Furthermore, western blotting analysis showed that YAP knockdown
remarkably decreased the expression of PD-L1, whereas YAP overex-
pression increased the PD-L1 expression significantly (Figure 6C).
We used the PROMO database to predict the region from —2,000
to +100 bp upstream of the PD-L1 transcriptional start site containing
the YAP binding site, and the chromatin immunoprecipitation
(ChIP) assay in YAP-overexpressed CRC cells confirmed that YAP
bound to the PD-L1 promoter region (Figure 6D). To determine
the functionality of the predicted sites, we constructed the PD-L1
promoter luciferase (luc) reporter. The luciferase reporter assays indi-
cated that the luciferase activity of the PD-L1 promoter was dramat-
ically enhanced by YAP, whereas the luciferase activity was signifi-
cantly inhibited by IncRNA SNHG29-specific siRNA co-transfected
into CRC cells (Figure 6E). Further western blotting analysis indi-
cated that SNHG29 overexpression promoted expression of CTGF
and PD-L1, whereas YAP-specific siRNA abolished SNHG29-medi-
ated upregulation of CTGF and PD-L1. Meanwhile, knockdown of
SNHG29 inhibited expression of CTGF and PD-L1, whereas YAP
overexpression abolished SNHG29 knockdown-mediated downregu-
lation of CTGF and PD-L1 (Figure 6F). Overall, these findings
demonstrated that IncRNA SNHG29 bound with YAP, sustained
YAP nuclear localization, and promoted transcriptional activity of
YAP. Together, our study showed that simvastatin impairs the

Figure 4. IncRNA-SNHG29 inhibition manifest enhances CTL killing targets in vitro and in vivo

(A) Graphic illustration of isolation, activation, and expansion of human cytotoxic T cells and Mo-DCs to perform cytotoxicity LDH assay. (B and C) Flow cytometry analysis of
cell surface markers showed in vitro-generated and -activated CD8" T cells (B) and mature Mo-DCs (C). (D and E) Cytotoxic activity of CD8* T cells against CRC cells treated
with simvastatin or negative control (D) and mock or INcRNA SNHG29-specific siRNAs (E). The graph shows percentage of specific killing of CRC cells with various effector-
to-target (E:T) ratios measured by LDH assays. (F—H) Graphic illustration of a human PDX model-based therapeutic study. PDX tumors with negative control or SNHG29-
specific ShRNAs were generated from CRC patients (F). At day 7 after tumor inoculation, SNHG29-specific sShRNAs or negative control were intratumor injected into tumor-
bearing mice (10° TU, twice). Tumor volume was monitored every 7 days (G and H). (I) Representative ISH staining for SNHG29 and IHC staining for PD-L1, CD8, granzyme B,
and Ki67 expression in the xenograft tumor tissues from CRC patients treated with SNHG29-specific sShRNAs or negative control after 3 weeks. (J) The relative intensities of
ISH and IHC staining were quantified by Imaged software. The density of immune cell infiltrates in the tumor was calculated as the number of positive cells per field of tissue. All
experiments were performed in triplicate, and results are presented as mean + SD. ***p < 0.001. (K) Tumor volume of PDX tumor tissues was monitored every 7 days with anti-
PD-L1 antibody or immunoglobulin G (IgG) isotype intraperitoneal injection (10 ng/g, two times weekly for 3 weeks), and INcRNA SNHG29-specific shRNAs or negative
control were intratumor injected (10° TU, twice) (n = 5). Results are presented as mean + SD. **p < 0.05, ***p < 0.001.
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binding of the transcription factor YAP to the PD-L1 promoter via
inhibiting the expression of IncRNA SNHG29, thereby inhibiting
PD-L1 transcription (Figure 6G).

IncRNA SNHG29 expression positively correlates with YAP and
PD-L1 levels in tumors from a CRC patient

Because IncRNA SNHG29 functions closely with YAP activity to pro-
mote PD-L1 expression, we examined the expression of IncRNA
SNHG29 by ISH staining in paraffin-embedded CRC specimens
and subsequently categorized them as IncRNA SNHG29-low and
IncRNA SNHG29-high groups by comparing their levels to the indi-
vidual median. The ISH analysis and IHC staining in paraffin-
embedded CRC specimens showed that the expression of IncRNA
SNHG29, YAP, and PD-L1 was significantly increased in the tumor
tissues compared with the adjacent tissues (p < 0.01) (Figures 6H
and 6]). Among them, eighty-three tumor tissues (50.9%) exhibited
a high expression, and the other 80 cases (49.1%) had low expression
of IncRNA SNHG29. Eighty-seven of tumor tissues (53.4%) exhibited
a high expression of YAP and one hundred (61.3%) exhibited a high
expression of PD-L1. The relationship among these three markers
and the clinicopathologic parameters of patients with CRC were
analyzed (Tables S5—S7). Further, the expression of IncRNA
SNHG29 was positively correlated with YAP and PD-L1 expressions
in tumors from CRC patients (Figure 61; Figure S1). In addition, cor-
relations among the expressions of IncRNA SNHG29, YAP, and PD-
L1 were analyzed with a Spearman’s rank correlation. The scatterplot
showed a positive relationship between IncRNA SNHG29 and YAP
(r* = 0.853; p < 0.001) and YAP and PD-L1 (* = 0.585; p < 0.001)
and a positive relationship between IncRNA SNHG29 and PD-L1
(r* = 0.548; p < 0.001) in 163 CRC specimens (Figure 6K). Further-
more, we analyzed the association between IncRNA SNHG29 and
OS rates of CRC patients in cohort 3, which included 94 cases of
CRC patients with clinical follow-up data. Fifty-seven patients
(60.6%) exhibited a higher expression of SNHG29 in tumor tissues,
and the other 37 cases (39.4%) had lower expression of SNHG29 in
tumor tissues. Kaplan-Meier analysis indicated that the higher
SNHG29 expression was related to poor OS of CRC patients (log
rank = 4.244, p = 0.0394). Kaplan-Meier and log-rank test analyses
also suggested a positive correlation between the YAP expression
and a significantly reduced OS rate of CRC patients (log rank =
6.467, p = 0.0110) (Figure S2).
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Collectively, these results demonstrated that the expression of
IncRNA SNHG29 is increased in CRC tissues compared with adjacent
tissues, and higher expression of IncRNA SNHG29 is associated with
elevated expressions of YAP and PD-L1 in tumor tissues from CRC
patients. Elevated expression of IncRNA SNHG29 is a significant
prognostic factor for poor OS in CRC patients, indicating that
IncRNA SNHG29 may be a potential therapeutic target for cancer
treatment.

DISCUSSION

ICT has revolutionized the field of cancer therapy since ipilimumab,
nivolumab, pembrolizumab, and atezolizumab were successively
approved for clinical oncology. About 20% of patients who have
not responded well to conventional chemoradiotherapy or target
therapies have achieved satisfactory tumor remission and long-term
survival after treatment with the ICPis such as PD-1/PD-L1 anti-
bodies (nivolumab, pembrolizumab, and atezolizumab) or CTLA-4
antibodies (ipilimumab). However, the effect of ICT in the vast ma-
jority of treated individuals is still limited. Therefore, scientists are
actively exploring and developing new therapeutic strategies to
enhance the efficacy of tumor immunotherapy. Recently, the inhibi-
tion of PCSKY, a key protein in the regulation of cholesterol meta-
bolism, was found to promote the response of tumors to ICT via
increasing the expression of major histocompatibility complex
(MHC) class I proteins on the tumor cell surface and promoting
robust intratumoral infiltration of cytotoxic T cells,”’ suggesting
that targeting the lipid metabolism will be a promising approach
for immunotherapy.

Cholesterol biosynthesis is an essential metabolic pathway for
mammalian cell survival, and cholesterol-derived metabolites play
vital roles in promoting tumorigenesis and suppressing immune re-
sponses.”> > Mammalian cells can synthesize cholesterol via the
MVA pathway, which is upregulated in several cancers such as
breast,>® hepatic,37 and CRC.*® Statins acting as inhibitors of the
MV A pathway have been reported to reduce the cancer-specific mor-
tality in CRC patients through their interactions with tumor cell pro-
liferation or apoptosis.® However, little is known about the functions
of simvastatin in the regulation of immune checkpoints or IncRNA-
mediated immunoregulation in cancer. A prospective observational
study (UMIN: UMIN000021694) enrolled 73 patients who were

Figure 5. IncRNA SNHG29 interacts with YAP to inhibit its phosphorylation and ubiquitination-mediated protein degradation

(A) INcRNA SNHG29-associated proteins identified by RNA pulldown and mass spectrometric analyses in HCT116 cells (upper panel). Western blot analysis of pulldown
product (bottom panel). (B) RIP assays in HCT116 cells. gRT-PCR analysis of RIP (upper panel). Agarose electrophoresis of PCR products (bottom panel). Experiments were
performed in triplicate, and data are presented as mean + SD. **p < 0.001. (C and D) IncRNA SNHG29 facilities YAP nuclear accumulation as demonstrated by immu-
nofluorescence staining (C) and western blot (D). (E) Silencing of SNHG29 caused downregulation of CTGF but increased phosphorylation of YAP in HCT116 cells.
Overexpression of SNHG29 caused upregulation of CTGF but reduced YAP phosphorylation in DLD1 cells. (F) RKO cells were transfected with SNHG29-specific siRNAs or
negative control and subjected to a cycloheximide (CHX) chase assay. Immunoblot detection of YAP (left panel); IB data were quantified using Imaged software (right panel).
After 24 h, CHX (10 pg/mL) was added to the cell culture medium, and incubation was continued for 0, 4, 8, or 12 h. Error bars indicate the mean + SD. **p < 0.001. (G)
Ubiquitination assays of CRC cells co-transfected YAP with SNHG29-specific siRNA (left) or SNHG29 plasmid (right). The bottom panels depict the input of the cell lysates.
24 h after transfection, 10 nM MG132 was added to the 1640 culture medium, and incubation was continued for 8 h. (H) KEGG enrichment analysis of pathways, which
significantly enriched in simvastatin-treated CRC cells (adjusted p < 0.05). (I) Western blot showed total and phosphorylated protein of YAP, LATS1, CTGF, and PD-L1 in
RKO cells treated with simvastatin or negative control. (J) YAP localization as demonstrated by immunofluorescence staining. Cells were treated with simvastatin or negative
control alone or co-cultured with SNHG29 plasmid for 24 h before fixation.
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treated with nivolumab for advanced non-small cell lung cancer
(NSCLC) at the Tokyo Metropolitan Cancer and Infectious Diseases
Center Komagome Hospital (Tokyo, Japan) between January 2016
and February 2017. The results demonstrated that a combination
therapy of nivolumab and statins improves the survival rate of
advanced NSCLC.” However, the effects of statin treatment com-
bined with PD-1/PD-L1 antibodies in CRC patients were still unclear.
In this study, we identified simvastatin as a new inhibitor of PD-L1
through repressing the expression of IncRNA SNHG29. Mechanisti-
cally, we screened and verified that SNHG29 could interact with YAP
to inhibit the ubiquitination-mediated protein degradation and pro-
mote the transcription of PD-L1. Our study demonstrated that
combining simvastatin with anti-PD-L1 antibodies could enhance
the ICT response and uncover a perspective therapy for future clinical
trials in CRC patients.

Emerging studies demonstrate multiple and intricate regulation path-
ways of PD-L1 expression at the transcriptional, post-transcriptional,
and protein level."”** For example, BRAFY®"F that activates
mitogen-activated protein kinase-extracellular signal-regulated ki-
nase (MAPK-ERK) signaling could transcriptionally upregulate PD-
L1 expression and enhance chemotherapy-induced apoptosis in
CRC.*® In addition, a histone modifier, AT-rich
domain-containing protein 3B (ARID3B) promoted the stem-like
features of CRC to escape the PD-1/PD-L1-checkpoint blockade.**
Interestingly, IncRNA SNHG14 was found to upregulate Zinc finger
E-box binding homeobox 1 (ZEB1) and then transcriptionally acti-
vate SNHGI14 and PD-L1 to promote the immune evasion of the
diffuse large B cell lymphoma (DLBCL).** Nevertheless, the underly-
ing mechanism about IncRNAs and PD-L1 in CRC is still poorly
characterized. Here, we identified a novel IncRNA SNHG29/YAP/
PD-L1 axis, which was suppressed by statin treatment in CRC.

interaction

IncRNAs are involved in transcriptional, post-transcriptional, or
epigenetic regulation through their interactions with DNA,*
RNA," and proteins.***’ IncRNAs may shuttle between the nucleus
and the cytoplasm to regulate signaling mediators that are critical for
cancer development.SU 2 In our study, we identified a new mecha-
nism that IncRNA SNHG29 inhibits YAP phosphorylation and ubig-
uitination-mediated protein degradation via facilitating YAP nuclear
accumulation. However, the mechanisms modulating the subcellular
transport of the YAP protein in CRC progression still remain poorly

Molecular Therapy

understood. Intriguingly, our results showed that SNHG29 increased
the total cholesterol production, whereas the expression of HMGCR
was not altered with either overexpression or knockdown of SNHG29
(Figure S6). These findings suggest that the IncRNA SNHG29 may
promote total cholesterol production through a mechanism that is in-
dependent of targeting the functions of HMGCR, which warrants
further study in the future.

Herein, we found that that simvastatin inhibits PD-L1 expression and
promotes anti-tumor immunity via suppressing the expression of
IncRNA SNHG29. Mechanistically, SNHG29 interacts with YAP
and inhibits phosphorylation and ubiquitination-mediated protein
degradation of YAP, thereby facilitating downregulation of PD-L1
transcriptionally. Our study not only indicates IncRNA SNHG29 as
a critical molecular link between simvastatin and PD-L1-dependent
immune-escape processes but also suggests a potential therapeutic
target for treating CRC.

MATERIALS AND METHODS

Human tissues management, ISH, IHC, and co-staining of RNA
FISH and immune fluorescence

CRC tissues and the adjacent normal tissues were collected from Sun
Yat-Sen Memorial Hospital from January 2015 to December 2018.
The study was approved by the Ethics Committee of Sun Yat-Sen
University, and informed consent was obtained from each patient.
The locked nucleic acid (LNA)-modified oligonucleotide probe tar-
geting IncRNA SNHG29 (5'-DiGN/TGATGCTGATTCTTCACGA
AT/-3'DiG_N) was designed and synthesized at Exiqon (Vedbaek,
Denmark). IncRNA SNHG29 expression was measured in paraffin-
embedded CRC samples using the enhanced sensitive ISH Detection
Kit (Boster, Wuhan, China) according to the manufacturer’s
instructions.

For co-staining of RNA FISH and immune fluorescence, endogenous
IncRNA SNHG29 expression in CRC cells was measured according to
the manufacturer’s instructions of the enhanced sensitive ISH Detec-
tion Kit V (fluorescein isothiocyanate [FITC]) (Boster, Wuhan,
China). In brief, the signal was detected by incubation with horse-
radish peroxidase (HRP)-conjugated anti-digoxigenin (DIG) anti-
bodies. Then, the signals were amplified and stained using a strept
avidin-biotin complex (SABC)-conjugated FITC kit, and then, cell
samples were co-incubated overnight at 4°C with Alexa Fluor 647

Figure 6. IncRNA SNHG29 promotes the expression of PD-L1 via facilitating YAP transcriptional activity

(A and B) gRT-PCR (A) and western blots analysis (B) showed a positive correlation between YAP and PD-L1 in various CRC cells. (C) IB detection using the indicated
antibodies in CRC cells transfected with the indicated plasmid (left panel) or siRNAs (right panel). (D) Binding of YAP to the PD-L1 promoter was studied by the chromatin
immunoprecipitation (ChiP) assay, and the coprecipitated DNA was subjected for analysis of PD-L1 by qRT-PCR (upper panel). The PCR procedures was shown by agarose
gel electrophoresis (bottom panel). Experiments were performed in triplicate, and data are presented as mean + SD. “**p < 0.001. (E) Potential YAP binding sites in the human
PD-L1 promoter between —2,000 and + 100 bp. YAP plasmid alone or with SNHG29-specific sSiRNA was transfected into HEK293 cells to detect the transcriptional activity of
the PD-L1 promoter by a dual-luciferase reporter system. Experiments were performed in triplicate, and data are presented as mean + SD. **p < 0.05, **p < 0.001. (F) IB
detection using the indicated antibodies in CRC cells transfected with the indicated plasmid or siRNAs. Data shown represent three independent experiments. (G) The
graphic illustration of simvastatin as a new inhibitor of PD-L1 to enhance anti-tumor immunity via inhibiting INcCRNA-SNHG29-mediated YAP activation in CRC tumor
progression. (H and I) The ISH staining of SNHG29 and IHC staining of YAP and PD-L1 in tumor tissues and adjacent normal tissues of CRC paraffin-embedded samples. (J)
The expression levels of SNHG29, YAP, and PD-L1 in FFPE colon cancers and normal tissues were shown in an indicated scattergram using ImagedJ (n = 163). ***p < 0.001.
(K) The correlation of expression of INcRNA SNHG29, YAP and PD-L1 in FFPE CRC tissues (n = 163 biologically independent samples); linear regression analysis.
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anti-active YAPI antibody. The images were acquired with a fluores-
cence microscope (LSM 800; Zeiss, Germany).

IHC was performed as we previously described.””* The ISH and IHC
staining scores were evaluated by two individuals in a blinded fashion.
The scoring system from 0 to 12 combined the intensity and percent-
age (signal: “0,” no staining; “1,” weak staining; “2,” intermediate
staining; and “3,” strong staining; percentage: “0,” 0%; “1,” 1%-
25%; “2,” 26%-50%; “3,” 51%-75%; “4,” >75%), which were used as
we described previously. The median value of total staining scores
was identified as the optimal cut-off value.

»

In vivo model

All animal studies were performed according to the NIH Guide for the
Care and Use of Laboratory Animals, with the approval of the Insti-
tutional Animal Care and Use Committee of Sun Yat-Sen University.

For the subcutaneously injected tumor model, 2 x 10° human tumor
cells or mice tumor cells were subcutaneously injected into the flanks
of male BALB/c nude mice or C57BL/6 mice (age, 4-6 weeks; Guang-
dong Medical Laboratory Animal Center, China). For PDX models,
fresh tumor tissues were obtained from CRC patients and cut into
~0.5—1 mm. After subcutaneously injecting tumor tissues from
CRC patients into the B-NDG mice (age, 4-6 weeks; Biocytogen,
China), when the volume of xenograft reached 200 mm?, simvastatin
(50 mg/kg, five times weekly) or sh-IncRNA SNHG29 (10° TU, twice)
was administered. We monitored tumor growth for 4 weeks and per-
formed ISH or ITHC staining to measure indicated biomarkers.

Tissue dissociation, PBMC isolation, and flow cytometry

Tissue dissociation was automated using the gentleMACS Octo Dis-
sociator according to the manufacturer’s instructions (Miltenyi
Biotec, Bergisch Gladbach, Germany). Moreover, tumor-infiltrating
leukocytes (TILs) were isolated by CD45 (TIL) MicroBeads. Briefly,
the cell suspension was loaded onto a MACS column, and the
magnetically retained CD45" cells can be eluted as the positively
selected cell fraction. Isolation of PBMCs used density centrifugation
(Ficoll-Paque) (Solarbio Life Sciences, China) according to the man-
ufacturer’s instructions.

We used flow cytometry to detect and quantify TILs and PBCM T cell
subpopulations. For surface staining, cells were incubated with indi-
cated antibody and analyzed within 30 min. For intracellular cytokine
staining, stimulation by activation cocktail with GolgiPlug is needed
before the fixation and permeabilization steps. Viability was assessed
by staining with Fixable Viability Stain (FVS) Reagent FVS510. All
flow cytometry was performed on a BD Fortessa flow cytometer.
Analysis of flow cytometry data was performed using FlowJo (Tree
Star).

The following antibodies were used in this study: CD45-phycoery-
thrin-cyanine 7 (PE-Cy7; Becton Dickinson [BD]; lot #552848),
CD3-BUV395 (BD; lot #563565), CD4-Percp-cy5.5 (BioLegend; lot
#100434), CD8-BB515 (BD; lot #564422), PD1-BV650 (BD; lot

#744546), granzyme B-BV421 (BioLegend; lot #396414), CD14-
FITC (Invitrogen; lot #11-0149-42), HLA-DR-BV605 (BD; lot
#562845), CD86-PerCP-Cy5.5 (BioLegend; lot #305420), and
CD11c-PE (Invitrogen; lot #12-0116-42).

Generation of Mo-DCs as stimulator cells

PBMCs were obtained from healthy donors and isolated using density
centrifugation (Ficoll-Paque) (Solarbio Life Sciences, China) accord-
ing to the manufacturer’s instructions. Monocytes were enriched with
anti-CD14 MicroBeads according to the manufacturer’s protocol
(Miltenyi Biotec, Bergisch Gladbach, Germany). Monocytes were
differentiated in complete culture medium containing RPMI 1640
with 10% fetal bovine serum (FBS), 100 ng/mL granulocyte macro-
phage-colony-stimulating factor (GM-CSF; PeproTech, Cranbury,
NJ, USA), and 50 ng/mL interleukin (IL)-4 (PeproTech, Cranbury,
NJ, USA) for 6 days. DC maturation was induced by addition of
50 ng/mL tumor necrosis factor (TNF)-a. (PeproTech, Cranbury,
NJ, USA) for 1 day. Mature DCs (mDCs; HLA-DR', CD86",
CD14") were seeded into 6-well plates and incubated with tumor ly-
sates for 1 day to stimulate mDC antigen presentation.

Isolation, activation, and expansion of CD8"* CTLs from PBMCs
CTLs were sorted from PBMCs by anti-CD8 MicroBeads according
to the manufacturer’s protocol (Miltenyi Biotec, Bergisch Gladbach,
Germany). In vitro stimulation of purified T cells used the T Cell
Transact for 3 days according to the manufacturer’s protocol (Milte-
nyi Biotec, Bergisch Gladbach, Germany). Activated T cells were
expanded in complete culture medium containing RPMI 1640 with
10% FBS and 50 IU/mL IL-2 (Miltenyi Biotec, Bergisch Gladbach,
Germany) for 3 days. Incubated mDCs were used as antigen-present-
ing cells to stimulate CTLs for another 8 days. At day 14, they pro-
ceeded to downstream application.

In vitro LDH cytotoxicity assay

An LDH assay was performed to evaluate the specific cytotoxic effects
of CTLs on CRC cells. CRC cells were used as target cells and seeded
into 6-well culture plates at density of 1 x 10* cells/well for 24 h. We
seeded activated CTLs into 6-wells in complete RPMI 1640. DC-
induced activated CTLs were used as effector cells and added into
target cells at variable effector to target (E:T) ratios (0:1, 10:1, 20:1,
and 40:1) to conduct the LDH assay. After incubation for 6 h at
37°C in a 5% CO, incubator, cell lysates were collected to test the
amount of LDH according to the manufacturer’s instructions (Do-
jindo, Shanghai, China). The percentage of lysis was calculated using
the following formula: 100% X ([experimental release — effector
spontaneous release — target effector spontaneous release]/[target
maximum release — target spontaneous release]).

Cell lines, cell culture, and transfection

CRC cell lines including HCT116, RKO, DLD1, LOVO, SW480,
LS174T, SW620, and HT29 were obtained from the Cell Bank of
Type Culture Collection (Guangzhou Cellcook Biotech, Guangzhou,
China). Short tandem repeat (STR) identification was performed to
show the cell line authentication with the ATCC STR database. The
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cell culture and transfection were performed as we previously
described. Detailed descriptions of oligonucleotide sequences,
primers, and antibodies can be found in Table S8.

RNA sequencing

RNA sequencing was performed to explore the function of simva-
statin in the CRC cells. Total RNA was extracted using TRIzol reagent
(Takara Bio, Dalian, China). The Agilent 2100 Bioanalyzer and Nano-
Drop 2000 were used to analyze the total RNA quality and quantity.
Then rRNAs were removed to retain mRNAs and ncRNAs. The en-
riched mRNAs and ncRNAs were fragmented into short fragments by
using fragmentation buffer and reverse transcripted into cDNA with
random primers. The cDNA libraries were sequenced on the Illumina
sequencing platform by Genedenovo Biotechnology (Guangzhou,
China). Transcript abundances were quantified by software RSEM.
The transcript expression level was normalized by using the FPKM
(fragments per kilobase of transcript per million mapped reads)
method. Therefore, the calculated transcript expression can be
directly used for comparing the difference of transcript expression
among samples.

RNA pulldown and RIP assay

For RNA pulldown, biotin-labeled IncRNA SNHG29 was transcribed
in vitro with the Biotin RNA Labeling Mix (Roche) and T7 RNA po-
lymerase (Roche) as we described previously. Biotinylated RNA was
then mixed with streptavidin magnetic beads (Life Technologies, Gai-
thersburg, MD, USA) at 4°C for 16 h. Then cell lysates were added
into the binding reaction, the RNA-protein binding mixture was
incubated for 1 h, and the eluted proteins were detected by MS or
western blotting.

For RIP assay, Magna RIP RNA Binding Protein Immunoprecipita-
tion Kit (Millipore, Billerica, MA, USA) was used as we previously
described. Briefly, magnetic beads were pre-incubated with indicated
antibody, added into tumor cell lysates, and incubated at 4°C over-
night. Then, purified RNA was eluted and quantified by qRT-PCR
or RNA sequencing.

CHX chase and ubiquitination assay

For CHX chase, the YAP plasmids and IncRNA SNHG29-specific
siRNAs were transiently transfected into CRC cells using jetPRIME
according to the manufacturer’s instructions (Polyplus, Strasbourg,
France). 24 h later, CHX (10 pg/mL) was added to the complete cul-
ture medium containing RPMI 1640 with 10% FBS, and incubation
was continued for 0, 8, 12, or 24 h. Then, the cell lysates were submit-
ted to western blotting, and analysis data were quantified by Image]
software.

For ubiquitination assay, ubiquitin, YAP, and IncRNA SNHG29-spe-
cific siRNAs were transiently transfected into CRC cells using
jetPRIME according to the manufacturer’s instructions (Polyplus,
Strasbourg, France). 8 h later, 10 nM MG132 was added to the com-
plete culture medium containing RPMI 1640 with 10% FBS, and in-
cubation was continued for 8 h. Then, magnetic beads pre-incubated
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with indicated antibody were added into tumor cell lysates and incu-
bated at 4°C overnight with rotation, and eluted proteins were de-
tected by western blotting.

ChIP and dual-luciferase reporter assay

We performed the ChIP assay using the SimpleChIP Enzymatic
Chromatin IP Kit according to the manufacturer’s instructions
(Cell Signaling Technology, Beverly, MA, USA). As we previously
described, tumor cells were fixed with formaldehyde and then har-
vested and chromatin fragmented by digestion. Finally, the frag-
mented chromatin is subjected to immunoprecipitation using YAP
antibodies to detect the particular YAP-binding DNA sequences.

For dual-luciferase reporter assay, Dual-Glo Luciferase Assay System
Kit (Promega, Madison, WI, USA) was used following the manufac-
turer’s instructions. A fragment from —2,000 to + 100 relative to the
transcription start site of the PD-L1 genomic sequence of PD-L1
(—2,000/+100)-luciferase was fused to pGL3-basic vector. Briefly,
we transfected YAP plasmids with constructed PD-L1 promoter-
luciferase vector (0.4 pg per well) and pRL-TK vector (20 ng per
well) for 24 h. The pGL3-basic vector was transfected as a negative
control. 24 h later, prepared cell lysates were used to measure the
luciferase activity on a Spark multimode microplate reader (Tecan,
Mannedorf, Switzerland) as we previously described.

Statistical analysis

All statistical analyses in this study were carried out using SPSS 19.0
software. The data are presented as mean + SD. The significance of
mean values between two groups was analyzed by Student’s t test
(*p < 0.05, **p < 0.01, **p < 0.001). Pearson correlation analysis
was performed to determine the correlation among IncRNA
SNHG29, YAP, and PD-L1 expression. Pearson’s chi-square test
was used to analyze the clinical variables. Kaplan-Meier survival anal-
ysis was utilized to compare CRC patient survival based on IncRNA
SNHG29 expression by log-rank test. A p value < 0.05 was considered
a significant difference. Each experiment was repeated independently
with similar results at least three times.

Data availability

The RNA-sequencing data discussed in this paper have been depos-
ited in NCBI Sequence Read Archive under accession and are acces-
sible through SRA: SRP313172. The data will become public when
this manuscript is published online.
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Figure S1. The expression of IncRNA SNHG29, HMGCR, YAP and PD-L1 in CRC
tumor tissues and adjacent normal counterparts. (A) qRT-PCR detection of genes
expressions of SNHG29, HMGCR, YAP and PD-L1 . All experiments were performed in
triplicate, and results are presented as mean £ SD. **p < 0.01, and ***p < 0.001 (B)
Western blots analysis of the indicated protein expression in CRC tumor tissues and

adjacent normal counterparts.



Figure S2

15— ok ok 15+ * k¥
] | |
“6 c
g Y c Ab AR AN
@ o 10- % 10— S
o N ﬂh} AA ab
x T x o -
05 a — @ TP T ——
o o
> 5- 2 97
‘.(-U' ™ 4‘_‘, “TIIAAL AXALIEAL AR oA
E A E FYVVVVVY VRyvVVVy Ak
m R m AMAAAMARAARAAALAAL
Abbbbiddibiddddibd L
0 I 0 T T
N s 2 o
oﬂ@'b o Q&O eo(é\ «\)@
(n=94) (n=94) (n=94) (n=94)
—— Low expression of SNHG29(n=37)

100 —— High expression of SNHG29(n=57) - Low expression of YAP(n=31)
90- 100+ —— High expression of YAP(n=63)
80 90

E 5 -
2 60+ 2
3 o 60—
2 507 2 5
[= - -
o 40 c
5 304 8 407
o o 304
20 O oo
12' Log-rank=4.244, P=0.0394 10 |_og-rank=6.467, P=0.0110
T T T T | T T 1 0 T T T T T T T 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Survival Time(Months) Survival Time(Months)

Figure S2. Survival curve of IncRNA SNHG29 and YAP in CRC patients. (A)
Expressions of SNHG29 and YAP in CRC tumor tissues and adjacent normal
counterparts. (B) Overall survival curve of SNHG29 and YAP expression in CRC
patients. Median expression value of SNHG29 and YAP was selected as the threshold
to divide CRC patients into high expression group and low expression group.



Figure S3
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Figure S3. Immunofluorescence staining showed the localization of YAP in
different CRC cells.
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Figure S4. RNA FISH analysis show the subcellular location of IncRNA SNHG29
affected by simvastatin treatment in CRC cells.



Figure S5

HCT116

YAP SNHG29 DAPI

Figure S5. RNA FISH and immunofluorescence co-staining showed
colocalization of SNHG29 and YAP in CRC cells.
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Figure S6. The HMGR levels (A) and cholesterol production (B) are examined in
SNHG29 overexpression or knockdown CRC cells.



Table S5: Correlations between InNcRNA SNHG29 express levels and
clinicopathological features in 163 CRC cases

Clinical INcRNA SNHG29

character Clinical group  All cases High  Low X2 P value

Age(Year) <50 26 14 12 0.106 0.745
=50 137 91 46

Gender Female 62 33 29 0.213 0.645
Male 101 50 51

Pathological I 121 61 60 0.048 0.826
Grade Il 42 22 20

AJCC stage -1 59 32 27 0.407 0.523
-1V 104 51 53

LN involvement  Yes 86 39 47 2.261 0.133
No 77 44 33

Metastasis MO 106 58 48 1.748 0.186
M1 57 25 32

P value <0.05 was considered to indicate statistical significance. The P values were
calculated in SPSS 19.0 using Pearson’s chi-square test.

Table S6: Correlations between YAP express levels and clinicopathological
features in 163 CRC cases

Clinical All YAP

character Clinical group  cases High  Low X2 P value

Age(Year) <50 26 13 13 0.142 0.707
=50 137 60 77

Gender Female 62 36 26 0.885 0.347
Male 101 51 50

Pathological I 121 63 58 0.323 0.570

Grade 1l 42 24 18

AJCC stage -1 59 29 30 0.662 0.416
-1V 104 58 46

LN involvement  Yes 86 46 40 0.001 0.975
No 77 41 36

Metastasis MO 106 59 47 0.637 0.425
M1 57 28 29

P value <0.05 was considered to indicate statistical significance. The P values were
calculated in SPSS 19.0 using Pearson’s chi-square test.



Table S7: Correlations between PD-L1 express levels and clinicopathological
features in 163 CRC cases

Clinical All PD-L1

character Clinical group  cases High Low X2 P value

Age(Year) <50 26 17 9 0.645 0.212
=50 137 83 54

Gender Female 62 39 23 0.102 0.750
Male 101 61 40

Pathological I 121 75 46 0.080 0.778

Grade 1l 42 25 17

AJCC stage -1 59 42 17 3.773 0.052
-1V 104 58 46

LN involvement  Yes 86 48 38 2.353 0.1625
No 77 52 25

Metastasis MO 106 69 37 1.793 0.181
M1 57 31 26

P value <0.05 was considered to indicate statistical significance. The P values were
calculated in SPSS 19.0 using Pearson’s chi-square test.



Table S8. Key Resources Table

REAGENT or RESOURCE \ SOURCE IDENTIFIER

Antibodies

YAP (D8H1X) XP® rabbit mAb Cell Signaling Cat# 14074
Technology

Rabbit monoclonal Anti-YAP1 antibody [EPR19812] abcam Cat# ab225440

(Alexa Fluor® 647)

PD-L1 (E1IL3N®) XP® Rabbit mAb Cell Signaling Cat#13684
Technology

Mouse PD-L1/B7-H1 Antibody (Mouse Specifc) R&D Cat# AF1019

LATS1 (C66B5) rabbit mAb Cell Signaling Cat#3477
Technology

Anti-HMGCR antibody abcam Cat# ab174830

Phospho-YAP (Ser127) (D9W2I) rabbit mAb Cell Signaling Cat#13008
Technology

CTGF (D828U) rabbit mAb Cell Signaling Cat#86641
Technology

Ubiquitin (P4D1) mouse mAb Cell Signaling Cat#3936
Technology

Beta Actin Monoclonal Antibody

Proteintech

Cat# 66009-1-Ig

Rabbit polyclonal anti-GAPDH

Proteintech

Cat#10494-1-AP

Mouse monoclonal anti-Lamin B1

Proteintech

Cat#66095-1-g

Mouse polyclonal anti-Ki67 ZSGB-BIO Cat#ZM-0166

CD8a (C8/144B) Mouse mAb Cell Signaling Cat# 38553
Technology

CD3¢ (D7TAGE™) XP® Rabbit mAb Cell Signaling Cat# 95194
Technology

CD4 (D7D2Z) Rabbit mAb Cell Signaling Cat# 25229
Technology

CD8-a (D4W2Z) XP® Rabbit mAb (Mouse Specifc) Cell Signaling Cat# 98941
Technology

Granzyme B (D6E9W) Rabbit mAb Cell Signaling Cat# 46890
Technology

Granzyme B antibody ZSGB-BIO Cat# ZA-0599-3.0

PerCP/Cyanine5.5 anti-human CD86 Biolegend Cat# 305419

FITC anti-human CD69 Biolegend Cat# 310904

Ms CD25 BV786 BD Cat# 564368

Hu HLA-DR BV605 BD Cat# 562845

ANTI-HU CD14 61D3 FITC eBioscience Cat# 11-0149-42

Bacterial and Virus Strains

DH5alpha Competent E. coli TIANGEN Cat#CB101

Chemicals, Peptides, and Recombinant Proteins

Cycloheximide MedChemExpress Cat#HY-12320

MG-132 Selleck Cat#133407-82-6

Actinomycin D MedChemExpress Cat#HY-17559

Critical Commercial Assays

Magna RIP™RNA-Binding Protein Immunoprecipitation | Millipore Cat# 17-701

Kit

PARIS™ Kit Invitrogen Cat# AM1921




SimpleChIP® Enzymatic Chromatin IP Kit (Magnetic Cell Signaling Cat#9003
Beads) Technology
Dual-Glo® Luciferase Assay System Promega Cat#E2920
Deposited Data
IncRNA-seq Raw data This paper SRP313172
Experimental Models: Cell Lines
Human: DLD1 Cellcook Biotech Cat#CC0507
Co.,Ltd.
Human: SW480 Cellcook Biotech Cat#CC0505
Co.,Ltd.
Human: SW620 Cellcook Biotech Cat#CC0503
Co.,Ltd.
Human: HCT116 Cellcook Biotech Cat#CC0506
Co.,Ltd.
Human: RKO Cellcook Biotech Cat#CC0501
Co.,Ltd.
Human: HT29 Cellcook Biotech Cat#CC0504
Co.,Ltd.
Experimental Models: Organisms/Strains
Mice: B-NDG nude BIOCYTOGEN N/A
Mice: C57BL/6 Guangdong Medical N/A
Laboratory Animal
Center
Mice: BALB/C nude Guangdong Medical N/A
Laboratory Animal
Center
Oligonucleotides
LNA™ |SH probe: SNHG29 Exigon 328067375
(/5DigN/TGATGCTGATTCTTCACGAAT /3Dig_N/)
YAP-F: TAGCCCTGCGTAGCCAGTTA The Beijing Genomics | N/A
Institute
YAP-R: TCATGCTTAGTCCACTGTCTGT The Beijing Genomics | N/A
Institute
SNHG29-F: CAGTCCCAAGGACCAGTAGC The Beijing Genomics | N/A
Institute
SNHG29-R: CTGCTGAGCATGTCCTCTGA The Beijing Genomics | N/A
Institute
CTGF-F: CAGCATGGACGTTCGTCTG The Beijing Genomics | N/A
Institute
CTGF-R: AACCACGGTTTGGTCCTTGG The Beijing Genomics | N/A
Institute
CYR61-F: CTCGCCTTAGTCGTCACCC The Beijing Genomics | N/A
Institute
CYR61-R: CGCCGAAGTTGCATTCCAG The Beijing Genomics | N/A
Institute
GAPDH-F: AGCTGAACGGGAAGCTCACT The Beijing Genomics | N/A
Institute
GAPDH-R: TGCTTAGCCAAATTCGTTG The Beijing Genomics | N/A
Institute
esiRNA target: YAP- Shanghai Integrated N/A

1;F:GGUCAGAGAUACUUCUUAAAU

Biotech Solutions
Co.,Ltd




R:UUAAGAAGUAUCUCUGACCAG Shanghai Integrated N/A
Biotech Solutions
Co.,Ltd
esiRNA target: YAP- Shanghai Integrated N/A
2;F:GGUGAUACUAUCAACCAAAGC (B:iotech Solutions
0.,Lt
R:UUUGGUUGAUAGUAUCACCUG Shanghai Integrated N/A
Biotech Solutions
Co.,Ltd
esiRNA target: SNHG29-1;F: Shanghai Integrated N/A
CGAGAGAACUGGGUUGCAAAU ?;“’ti‘fg Solutions
0.,
R: UUGCAACCCAGUUCUCUCGGG Shanghai Integrated N/A
Biotech Solutions
Co.,Ltd
esiRNA target: SNHG29-2;F: Shanghai Integrated N/A
GUUGCAAAUUCGUGAAGAAUU BiOtng Solutions
Co.,Lt
R: UUCUUCACGAAUUUGCAACUU Shanghai Integrated N/A
Biotech Solutions
Co.,Ltd
SiRNA(NC), F:UUCUCCGAACGUGUCACGUTT Shanghai Integrated N/A
Biotech Solutions
Co.,Ltd
R:ACGUGACACGUUCGGAGAATT Shanghai Integrated N/A
Biotech Solutions
Co.,Ltd
Recombinant DNA
pcDNA3.1 (+) -YAP1-6xhis Shanghai Integrated N/A
Biotech Solutions
Co.,Ltd
pCDH-MSCV-MCS-EF1-GFP-puro-YAP1 Shanghai Integrated N/A
Biotech Solutions
Co.,Ltd
pcDNA3.1 (+) -SNHG29 Shanghai Integrated N/A
Biotech Solutions
Co.,Ltd
pCDH-MSCV-MCS-EF1-GFP-puro-SNHG29 Shanghai Integrated N/A

Biotech Solutions
Co.,Ltd
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