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Novel Long Non-coding RNA lncAMPC Promotes
Metastasis and Immunosuppression in Prostate
Cancer by Stimulating LIF/LIFR Expression
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Long non-coding RNAs (lncRNAs) participate in the develop-
ment and progression of prostate cancer (PCa). We aimd to
identify a novel lncRNA, named lncRNA activated in metastatic
PCa (lncAMPC), and investigate its mechanisms and clinical sig-
nificance in PCa. First, the biological capacity of lncAMPC in
PCa was demonstrated both in vitro and in vivo. The lncAMPC
was overexpressed in tumor tissue and urine of metastatic PCa
patients and promoted PCa tumorigenesis and metastasis.
Then, a mechanism study was conducted to determine how the
lncAMPC-activated pathway contributed to PCa metastasis
and immunosuppression. In the cytoplasm, lncAMPC upregu-
lated LIF expression by sponging miR-637 and inhibiting its ac-
tivity. In the nucleus, lncAMPC enhanced LIFR transcription by
decoying histone H1.2 away from the upstream sequence of the
LIFR gene. The lncAMPC-activated LIF/LIFR expressions stim-
ulated the Jak1-STAT3 pathway to simultaneously maintain
programmed death-ligand 1 (PD-L1) protein stability and pro-
mote metastasis-associated gene expression. Finally, the prog-
nostic value of the expression of lncAMPC and its downstream
genes in PCa patients was evaluated. High LIF/LIFR levels indi-
cated shorter biochemical recurrence-free survival among pa-
tients who underwent radical prostatectomy. Therefore, the
lncAMPC/LIF/LIFR axis plays a critical role in PCa metastasis
and immunosuppression and may serve as a prognostic
biomarker and potential therapeutic target.
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INTRODUCTION
Prostate cancer (PCa) is the most commonmalignancy in men and ac-
counts for 13% of all cancer-related deaths,1 with distant metastasis as
the primary cause of death. The most frequent sites for metastatic PCa
are the bone (84.0%) and regional lymph nodes (10.6%), while the inci-
dence of visceral metastasis, including liver (10.2%), thorax (9.1%), and
brain (3.1%) metastases, is relatively low.2 Overall, 18.4% of PCa pa-
tients have multiple metastatic sites. Distant metastasis, particularly
visceral involvement, negatively impacts survival outcomes in PCa pa-
tients.3 Thus, prognostic biomarkers and comprehensive therapies are
needed for patients with visceral metastasis. Metastasis is a multistep
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and complex process that includes the acquisition of invasive properties
ofmetastatic cells from the primary tumor, dissemination to distant or-
gans, and initiation of secondary lesions.4 Identifying molecules that
play important roles in the tumorigenesis of PCa and understanding
the molecular mechanisms underlying progression and metastasis are
imperative for developing treatments for advanced PCa.

In PCa, long non-coding RNAs (lncRNAs) can promote cell prolifer-
ation, invasion, metastasis, and castration resistance.5–7 Large-scale
RNA-sequencing (RNA-seq) technologies have drastically promoted
the discovery of novel cancer-associated lncRNAs. Understanding the
molecular mechanisms of these lncRNAs and how they regulate can-
cer could be crucial in determining their prognostic and therapeutic
values. lncRNAs are involved in the biological process through
diverse mechanisms, including recruiting chromatin-modifying com-
plexes or transcriptional co-regulators at the transcription level8 and
interacting with RNAs or proteins at the post-transcription level.9

In this study, we identified a novel lncRNA NR_046357.1, named
lncRNA activated in metastatic PCa (lncAMPC), and investigated
its contributions to metastasis and immunosuppression of PCa as
well as its clinical significance for patients.
RESULTS
lncAMPC Is a Novel lncRNA that Is Upregulated in Metastatic

PCa

First, the quantitative real-time polymerase chain reaction (PCR)
analysis of an independent set of PCa tissues validated that the
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lncAMPC expression in PCa tumor was significantly higher than that
in its adjacent normal prostate tissue among 14/32 cases (Figure S1B).
Interestingly, the lncAMPC was preferentially upregulated in meta-
static PCa compared with localized PCa (Figure 1A). Moreover,
another independent set of urine samples from PCa patients was
analyzed. The expression of lncAMPC in locally advanced ormetasta-
tic PCa was consistently significantly higher than that in localized PCa
(Figure 1B). Lastly, lncAMPC expression was detected in a panel of
PCa cells (LNCaP, 22Rv1, C4-2, DU145, and PC-3), and we found
that lncAMPC is highly expressed in aggressive PCa cells such as
C4-2, DU145, and PC-3 (Figure 1C). The expression of lncAMPC
was also evaluated in bladder cancer cell lines (J82 and T24) and renal
carcinoma cell lines (786-O and ACHN). The lncAMPC levels in
these non-PCa cell lines were significantly lower than those in PCa
cell lines (Figure S1C). Located on chromosome 18 in humans,
lncAMPC is composed of 2 exons with a poly(A) tail and has a full
length of 1,887 nt, as revealed via a rapid amplification of cDNA
ends assay (Figures 1D and 1E). Furthermore, the lncAMPC gene is
moderately to highly conserved among placental mammals compared
with the highly conserved coding genes (Figure S1D). A nuclear and
cytoplasmic distribution assay (Figure 1F) and RNA in situ hybridi-
zation (Figure 1G) demonstrated that lncAMPC was expressed in
both the nucleus and cytoplasm, with expression in the nucleus ac-
counting for approximately 75% of its overall expression. These
data demonstrate that lncAMPC is a highly expressed novel lncRNA
in metastatic PCa.

lncAMPC Promotes Proliferation, Viability, Migration, and

Invasion Capacities of PCa Cells

We designed three small interfering RNAs (siRNAs) targeting
lncAMPC and found that all of them could reduce lncAMPC expres-
sion at different levels (Figure S1E). Two siRNAs—namely, siln-
cAMPC-1 and silncAMPC-2—were used in subsequent analyses.
We also successfully overexpressed lncAMPC in PCa cells via trans-
fection of pcDNA3.1-lncAMPC (Figure S1F).

In the cell proliferation assay, suppression of lncAMPC by siRNAs
reduced cell proliferation in C4-2 and PC-3 cells (Figure 2A), while
proliferation was enhanced after lncAMPC overexpression in LNCaP
and 22Rv1 cells (Figure 2B). In the colony assay, there were signifi-
cantly fewer colonies in the silncAMPC groups than in the negative
control siRNA (NCsi) group (Figure 2C). Meanwhile, there were
significantly more colonies formed in the lncAMPC-overexpression
(OV) group than in the overexpression control (NC-OV) group (Fig-
ure 2D).We also analyzed the effect of lncAMPCon cellmigration and
invasion. Compared with control groups, lncAMPC knockdown and
overexpression significantly decreased (Figure 2E) and increased (Fig-
ure 2F) the proportion ofmigrated and invasive PCa cells, respectively.

We investigated whether lncAMPC influenced epithelial-to-mesen-
chymal transition (EMT) in PCa via quantitative real-time PCR
and cell immunofluorescence. The quantitative real-time PCR anal-
ysis revealed that lncAMPC overexpression reduced the epithelial
markers E-cadherin and ZO-1 and increased the mesenchymal
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markers N-cadherin and vimentin (Figure 2G). Cell immunofluores-
cence staining also revealed that lncAMPC overexpression induced a
mesenchymal phenotype, downregulated E-cadherin and ZO-1, and
upregulated N-cadherin and vimentin (Figure 2H). These results sug-
gested that lncAMPC could promote PCa cell proliferation, invasion,
and EMT.

lncAMPC Enhances Tumorigenesis and Metastasis of PCa

In Vivo

To determine whether lncAMPC mediates tumorigenesis in vivo, we
conducted xenotransplantation experiments by subcutaneously in-
jecting PC-3 cells with lncAMPC knockdown or overexpression.
We found significantly lower growth curve and tumor volume in
the silncAMPC group compared with the control group (Figure 3A).
Meanwhile, the nude mice injected with cells overexpressing
lncAMPC exhibited significantly increased tumor growth compared
with the control group (Figure 3B). Furthermore, an immunohisto-
chemistry (IHC) assay for Ki67 and proliferating cell nuclear antigen
(PCNA) revealed that lncAMPC could enhance tumor cell prolifera-
tion (Figure 3C). Interestingly, there were fewer metastatic foci in the
liver specimen harvested from the lncAMPC knockdown group than
in the control group (Figure 3D).

We further explored the role of lncAMPC in PCa metastasis in vivo by
injecting PC-3 cells into the tail veins of nude mice. The PC-3 cells with
stable overexpression of lncAMPC formed more metastatic foci in the
mice than parental cells (Figure 3E). Hematoxylin and eosin (H&E)
staining showed that the lncAMPC overexpression group had more
large-sizedmetastatic tumor nests in the liver and lung than the control
group (Figure 3F). These results suggested that lncAMPC could
enhance tumorigenesis and metastasis of PCa in vivo.

lncAMPC Upregulates the Expression of LIF by Competitively

BindingmiR-637 and Then Inhibiting Its Activity in theCytoplasm

lncAMPC in the cytoplasm might act as a competing endogenous
RNA (ceRNA) to competitively bind microRNAs (miRNAs) and
cause the liberation of corresponding miRNA-targeted transcripts.10

First, we identified 6 putative lncAMPC-binding miRNAs using a
miRDB prediction algorithm (Table S2). Evaluation of the expres-
sions of these miRNAs and their corresponding targeted transcripts
showed that the miR-637 level was higher in the lncAMPC knock-
down group than in the control group. Importantly, lncAMPC
knockdown significantly reduced the expression of miR-637-targeted
LIF transcript (Figure 4A). As a member of cytokines, LIF was
demonstrated as a direct target of miR-637, and its expression could
be decreased by miR-637.11 Furthermore, we overexpressed miR-637
using miRNA mimics and confirmed that miR-637 mimics could
simultaneously reduce lncAMPC and LIF transcript expressions (Fig-
ure 4B). This indicated that miR-637 bound to lncAMPC and induced
the RNA degradation of lncAMPC. Western blot was further con-
ducted to detect the protein level of LIF in PCa cells transfected
with silncAMPC and/or miR-637 inhibitors. The protein level of
LIF was downregulated by lncAMPC knockdown but upregulated
by miR-637 inhibitors. Interestingly, the LIF level was also



Figure 1. lncAMPC Is Upregulated in Metastatic PCa

(A) Quantitative real-time PCR analysis of lncAMPC in an independent set of primary tumor tissues from patients with localized (n = 22) or metastatic (n = 10) PCa. (B)

Quantitative real-time PCR analysis of lncAMPC in an independent set of urine samples from patients with localized (n = 113), locally advanced (n = 22), or metastatic (n = 22)

PCa. (C) Quantitative real-time PCR analysis of lncAMPC expression in a panel of PCa cell lines (n = 3). (D) DNA gel electrophoresis of the 50 RACE and 30 RACE products of

lncAMPC. (E) Schematic annotation of lncAMPC genomic locus in humans. Blue rectangles represent exons. (F) Quantitative real-time PCR analysis of lncAMPC in the

subcellular fractions of PCa cell lines (n = 3). U6 and b-actin acted as nuclear and cytoplasmic markers, respectively. (G) RNA in situ hybridization of lncAMPC in LNCaP cells.

The green fluorescent signal is from the fluorescein isothiocyanate (FITC)-lncAMPC RNA probe, and the blue fluorescent signal is nuclear DNA counterstained with DAPI.

Results are presented as mean ± SD; *p < 0.05; **p < 0.01; ***p < 0.001.
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upregulated by co-transfection of silncAMPC and miR-637 inhibi-
tors, indicating that silncAMPC-induced decrease in LIF could be
rescued by miR-637 inhibition (Figure 4C).

To further confirm the direct binding between lncAMPC and miR-637
at endogenous levels, we performed an MS2-based RNA immunopre-
cipitation (RIP) assay with anti-GFP antibody to pull down endoge-
nous miRNAs associated with lncAMPC. The following quantitative
real-time PCR analysis demonstrated that miR-637 was significantly
enriched in products retrieved from MS2bs-lncAMPC compared to
that from control MS2bs (Figure 4D). It is known that miRNAs bind
to their targets and exert their translational repression or RNA degra-
dation functions through the RNA-induced silencing complex (RISC).
To investigate whether lncAMPC was regulated by miR-637 in such a
manner, we performed a RIP assay with anti-Ago2 antibody, the core
component of RISC, in PC-3 cells overexpressing miR-637. The
following quantitative real-time PCR analysis showed that endogenous
lncAMPC pull-down by Ago2 was significantly enriched in the miR-
637mimic group, compared with that in the control group (Figure 4E),
confirming that miR-637 was the target of lncAMPC. Using an anti-
Ago2 RIP assay in PC-3 cells with lncAMPC overexpression or knock-
down, we then further evaluated whether lncAMPC would affect the
enrichment of LIF transcript pull-down by Ago2. The succeeding
quantitative real-time PCR analysis showed that lncAMPC overexpres-
sion simultaneously increased enrichment of Ago2 on lncAMPC and
decreased enrichment on the LIF transcript (Figure 4F). Meanwhile,
lncAMPC knockdown significantly increased the enrichment of
Ago2 on the LIF transcript compared with the control group (Fig-
ure 4G). These results suggested that lncAMPC could compete with
the LIF transcript for the Ago2-based RISC in PCa cells.

To further validate the binding efficiency of miR-637 to lncAMPC, we
constructed luciferase reporters containing 1,887 nt of lncAMPCwith
wild-type (lncAMPCwt) or with mutated (lncAMPCmt) miR-637
binding sites (Figure 4H). The dual-luciferase reporter assay showed
that transfection of miR-637 mimics significantly inhibited luciferase
activity of wild-type reporter vector psiCHECK2-lncAMPCwt,
whereas mutant reporter vector psiCHECK2-lncAMPCmt showed
no response to miR-637 mimics (Figure 4I). These data suggested
that lncAMPC contained a functional miR-637 binding site.
lncAMPC-Induced Migration and Invasion in PCa Cells Are

Partially Rescued by miR-637 Inhibition

We designed a rescue experiment to evaluate the role of miR-637 in
cell migration and invasion. The results showed that miR-637 inhib-
Figure 2. Effect of lncAMPC Knockdown or Overexpression on Oncogenic Act

(A) MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H

NCsi, silncAMPC-1, or silncAMPC-2 (n = 3). (B) MTS assay testing the cell proliferation of

OV (overexpression control) (n = 3). (C) Colony assay testing the cell viability of C4-2 and

testing the cell viability of LNCaP and 22Rv1 transfected with lncAMPC-OV or NC-OV (

transfected with NCsi, silncAMPC-1, or silncAMPC-2 (n = 3). (F) Transwell assay testing t

NC-OV (n = 3). (G) The mRNA expression levels of EMT markers in PC-3 transfected

localization and expression of EMT markers in PC-3 transfected with lncAMPC-OV or N
itors only partially rescued the silncAMPC-mediated reduction of
migration or invasion effects (Figure S2A). Furthermore, transfection
of lncAMPC-OV and miR-637 mimics simultaneously also partially
rescued the enhanced migration or invasion effects via lncAMPC
overexpression (Figure S2B). Collectively, these data suggest that,
aside from miR-637 in cytoplasm, lncAMPC might interact with
certain nuclear components to exert its functional effects in PCa.
lncAMPC Enhances the Transcription of LIFR by Decoying

Histone H1.2 Away from the UpstreamSequence of LIFRGene in

the Nucleus

To identify the potential nuclear component that interacted with
lncAMPC, we utilized a human gene-expression array to analyze
global gene-expression change upon lncAMPC knockdown in PC-3
cells. The Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis of changed genes revealed that lncAMPC knock-
down markedly inhibited the activities of the Jak-STAT signaling
and cytokine-cytokine receptor interaction pathways (Figure 5A).
LIFR, an interleukin (IL)-6 receptor family member, is known as
the major upstream receptor of the Jak1-STAT3 cascade.12 Based
on the heatmap, 9.1%–13.6% of genes involved in the Jak-STAT
signaling and cytokine-cytokine receptor interaction pathways,
including LIFR, Jak1, and STAT3, were transcriptionally modulated
by lncAMPC (Figure 5B). We further verified the microarray data
via western blot and found that LIFR and p-STAT3 were suppressed
by lncAMPC knockdown and activated by lncAMPC overexpression
(Figure 5C).

To elucidate the mechanisms underlying the upregulation of LIFR by
lncAMPC, we performed an RNA pull-down assay to identify
lncAMPC-interacting proteins (Figure 5D). The band specifically
pulled down by lncAMPC was subjected to mass spectrometry anal-
ysis, and histone H1.2 was identified to potentially bind to lncAMPC
(Figure 5E). In addition, western blot confirmed the presence of his-
tone H1.2 in the RNA pull-down precipitates retrieved with biotin-
labeled lncAMPC but not with antisense RNA (Figure 5F). A RIP
assay was further performed to verify the specific interaction between
lncAMPC and histone H1.2 (Figure 5G). These results confirmed that
lncAMPC directly bound to histone H1.2 in the nucleus of PCa cells.

As the most specific variant of linker histone H1, histone H1.2 is more
abundant at repressed promoters and has the strongest correlation
with low gene expression.13 Therefore, we hypothesized that
lncAMPCmight regulate LIFR transcription by binding and decoying
histone H1.2 away from the promoter of the LIFR gene. To confirm
ivities In Vitro

-tetrazolium) assay testing the cell proliferation of C4-2 and PC-3 transfected with

LNCaP and 22Rv1 transfected with lncAMPC-OV (lncAMPC overexpression) or NC-

PC-3 transfected with NCsi, silncAMPC-1, or silncAMPC-2 (n = 3). (D) Colony assay

n = 3). (E) Transwell assay testing the cell migration and invasion of C4-2 and PC-3

he cell migration and invasion of LNCaP and 22Rv1 transfected with lncAMPC-OV or

with lncAMPC-OV or NC-OV (n = 3). (H) Cell immunofluorescence analysis of the

C-OV. Results are presented as means ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 3. Effect of lncAMPC Knockdown or Overexpression on Xenograft Tumor Growth and Metastasis In Vivo

(A) The growth curve and harvested specimen of PC-3 subcutaneous xenograft tumors transfected with in vivo NCsi or silncAMPC-2 (n = 4). (B) The growth curve and

harvested specimen of PC-3 subcutaneous xenograft tumors stably expressing lncAMPC-OV or NC-OV (n = 4). (C) The IHC analysis (Ki67 and PCNA) of tumors from

subcutaneous xenograft models. (D) The liver specimen harvested from the subcutaneous xenograft models above and its H&E staining. (E) Luciferase signal intensities and

representative images of mice over time after tail vein injection with PC-3 stably expressing lncAMPC-OV or NC-OV (n = 6). (F) The H&E staining of the liver and lung specimen

harvested from the tail-vein-injection xenograft models above. Results are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 4. lncAMPC Upregulates the Expression of LIF by Competitively Binding and Then Inhibiting the Activity of miR-637

(A) Quantitative real-time PCR analysis of miR-637 and LIF expressions in C4-2 and PC-3 transfected with NCsi, silncAMPC-1, or silncAMPC-2 (n = 3). (B) Quantitative real

time PCR analysis of lncAMPC and LIF expressions in C4-2 and PC-3 transfected with miR-637mimics or control mimics (n = 3). (C) Western blot analysis of LIF expression in

C4-2 and PC-3 transfected with silncAMPC-2 and/or miR-637 inhibitor (n = 3). (D) MS2-based RIP assay with anti-GFP antibody followed by miRNA quantitative real-time

PCR to detect the binding ability of lncAMPC to miR-637 (n = 3). (E) Anti-Ago2 RIP assay followed by quantitative real-time PCR to detect the binding ability of Ago2 to

lncAMPC (n = 3). (F and G) RIP assay of the enrichment of Ago2 on lncAMPC and LIF transcript relative to immunoglobulin G (IgG) in PC-3 cells transfected with lncAMPC-OV

(legend continued on next page
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this hypothesis, we performed a chromatin immunoprecipitation
(ChIP) assay with the anti-histone H1.2 antibody and assessed the
level of histone H1.2-bound LIFR promoter DNA. In total, 7 pairs
of PCR primers were designed to amplify approximately 100- to
400-bp segments spanning the 3,200–2,000 bp upstream of the
LIFR transcriptional start site (Figure 5H). ChIP-PCR assays in PC-
3 cells with lncAMPC knockdown or overexpression confirmed
that the enrichment of histone H1.2 in the distal promoter region
of LIFR was significantly increased in lncAMPC-knockdown cells
(Figure 5I), whereas it was decreased in lncAMPC-overexpressed cells
(Figure 5J). These data confirmed our hypothesis that lncAMPC
enhanced LIFR transcriptional activation by decoying histone H1.2
away from the upstream sequence of LIFR gene in PCa cell nucleus.
lncAMPC Activates the Jak1-STAT3 Signaling Pathway by

Stimulating LIF/LIFR Expression

We further explored whether the LIF/LIFR-activated Jak1-STAT3
pathway was essential for lncAMPC oncogenic activity in PCa. The
status of the LIF/LIFR/Jak1/STAT3 pathway was evaluated in
subcutaneous xenograft tumors using IHC analysis (Figure S3A).
Expressions of LIF, LIFR, and p-STAT3 were reduced in lncAMPC-
knockdown tumors and increased in lncAMPC-overexpressed tu-
mors, supporting the hypothesis that lncAMPC promoted PCa by
activating the LIF/LIFR/Jak1/STAT3 pathway.

Next, we performed a rescue experiment to determine whether LIF/
LIFR activation was functionally required for lncAMPC-induced in-
vasion (Figure S3B). The results indicated that the number of invasive
PCa cells increased due to lncAMPC overexpression but decreased by
LIF or LIFR knockdown. Simultaneous inhibition of both LIF and
LIFR using siRNAs could overcome the lncAMPC overexpression-
mediated enhancement of invasion. These data confirmed that the
LIF/LIFR-activated signaling pathway was essential for lncAMPC
oncogenic activity in PCa.
PD-L1-Mediated Immunosuppression Partially Contributes to

the Oncogenic Activity of lncAMPC-Activated LIF

In addition to changes in the expression of LIF, LIFR, and p-STAT3 in
PC-3 subcutaneous xenograft models, IHC also showed that PD-L1
expression was positively correlated with the lncAMPC-activated
LIF level (Figure S3A), which was further confirmed by The Cancer
Genome Atlas (TCGA) public human PCa dataset (Figure S3C). In
addition, the TCGA dataset indicated a positive correlation between
RNF165 gene transcripts (lncAMPC is one of the transcripts pro-
duced from RNF165 gene) and PD-L1 expression (Figure S3C).

EC330 alone or combined with anti-CD8 monoclonal antibody
(mAb) was applied in vivo to treat mouse RM-1 prostate tumors (Fig-
ures 6A–6C). Compared to the control group, the growth curve and
or NC-OV (F), and with NCsi or silncAMPC-2 (G) (n = 3). (H) Schematic outline of pred

mutated in the mutant constructs. (I) Luciferase activity of psiCHECK2-lncAMPCwt and

Data are presented as the ratio of Renilla luciferase activity to Firefly luciferase activity.
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tumor volume in the EC330-alone group were significantly decreased.
However, the antitumor efficacy of EC330 was inhibited by anti-CD8
mAb. Furthermore, an IHC assay detecting the status of the LIF/
LIFR/Jak1/STAT3 pathway, PD-L1, and CD8 revealed that the inhi-
bition of LIF weakened the PD-L1-mediated immunosuppression in
PCa (Figure 6D). These results indicated that PD-L1-mediated
immunosuppression partially contributed to the oncogenic activity
of lncAMPC-activated LIF in PCa.
LIF/LIFR Expression Is a Prognostic Factor for Outcomes of

Radical Prostatectomy

The public human PCa dataset was used to evaluate the expression
levels of LIF and LIFR in tumors of different stages (Figures 7A and
7B). Among the 171 PCa patients from the Gene Expression Omnibus
(GEO): GSE6919 dataset, LIF and LIFR expressions were the highest
in metastatic PCa, followed by those in primary PCa. Meanwhile, LIF
and LIFR expressions were the lowest in cases without PCa or normal
prostate tissue adjacent to tumor.

The correlations between LIF/LIFR expressions and clinicopatholog-
ical parameters, including Gleason score and metastatic status, were
analyzed in our tissue microarray (TMA) cohort of 237 PCa patients
who underwent radical prostatectomy (Figures 7C and 7D). LIF
expression was the highest in patients with a Gleason score >7, fol-
lowed by that in patients with Gleason scores of 7 and 6 (p < 0.01).
Similarly, higher average expression of LIFR was observed in patients
with higher Gleason scores, but the difference was not significant (p =
0.902). Compared to those in localized PCa subjects, LIF and LIFR
levels were significantly elevated in tumor tissue samples from meta-
static PCa (all p < 0.05). Kaplan-Meier analysis revealed that patients
with higher LIF or LIFR expression had a lower biochemical recur-
rence-free survival rate (all p < 0.05) (Figures 7E and 7F). Notably,
the subgroup of patients with both high LIF and LIFR expressions
had the shortest biochemical recurrence-free survival (all p < 0.01)
(Figure 7G). These data suggested that lncAMPC-activated LIF/
LIFR expressions could serve as prognostic biomarkers for patients
undergoing radical prostatectomy.
DISCUSSION
There is currently no curative treatment modality for metastatic PCa,
and metastatic PCa patients have a 5-year survival rate of only
approximately 35%. Hence, understanding the mechanisms involved
in PCa metastasis and identifying therapeutic targets and predictive
biomarkers are crucial for improving patient prognosis.

The landscape of lncRNAs in tumors often changes during disease
progression, and the expression of some lncRNAs may exhibit con-
stant upregulation or downregulation.14 In our study, we found
that lncAMPC was significantly upregulated in urine samples from
icted binding site for miR-637 on lncAMPC; the red nucleotides (binding site) were

psiCHECK2-lncAMPCmt upon transfection of miR-637 mimics in 293T cells (n = 3).

Results are presented as mean ± SD; *p < 0.05; **p < 0.01; ***p < 0.001.



Figure 5. lncAMPC Enhances the Transcription of LIFR by Decoying Histone H1.2 Away from the Upstream Sequence of LIFR Gene

(A)KEGGpathwayanalysisofgenesaffectedby lncAMPCknockdown inPC-3 frommicroarraydata. (B)Heatmapshowing theexpressiondataofgenes involved incytokine-cytokine

receptor interaction and Jak-STAT signaling pathway. (C) Western blot analysis of the indicated proteins in PC-3 transfected with NCsi, silncAMPC-1, silncAMPC-2, NC-OV, o

lncAMPC-OV (n = 3). (D) RNA pull-down precipitates of lncAMPC-associated proteins were separated via SDS-PAGE and visualized using silver staining (n = 3). The black frame

indicates the sectionof thegel cutout formassspectrometry analysis. (E)Massspectrometryanalysis of theproteinsspecifically pulleddownby lncAMPC. (F)Westernblotanalysis o

histoneH1.2 in theRNApull-downprecipitates retrievedwithbiotin-labeled lncAMPCorantisenseRNA from the lysatesofPC-3cells (n=3). (G)RIPassayof theenrichmentofhistone

H1.2with lncAMPCrelative to IgG in the lysates ofPC-3cells (n =3). (H) The7pairs ofprimers designed to cover the3,200bp–2,000bpdistal promoter regions from the transcription

start siteof LIFR. (I andJ) Anti-histoneH1.2ChIPassay followedbyquantitative real-timePCR todetect thebinding ability of histoneH1.2 to LIFRdistal promoter regions inPC-3cells

transfected with NCsi or silncAMPC-2 (I) and NC-OV or lncAMPC-OV (J) (n = 3). Results are presented as mean ± SD; *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 6. Inhibition of lncAMPC-Activated LIF Weakens the PD-L1-Mediated Immunosuppression in PCa

(A–C) The harvested specimen (A), growth curve (B), and tumor weight (C) of mouse RM-1 prostate tumors treated with EC330 alone or in combination with anti-CD8 mAb

(n = 6). (D) IHC analysis evaluating the status of the LIF/LIFR/Jak1/STAT3 signaling pathway, PD-L1, and CD8 in the mouse RM-1 prostate tumors (n = 3). Results are

presented as mean ± SD; *p < 0.05; **p < 0.01; ***p < 0.001.
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locally advanced or metastatic PCa patients compared with localized
PCa patients. In particular, urine biomarkers—including DNA, RNA,
and protein—are, by far, the most developed biomarkers, because
they are non-invasive.15 Several new urine lncRNA biomarkers,
such as PCA3, MALAT-1, and FR0348383, have been developed in
the past decade to detect PCa and monitor progression.16–18 Our
data indicate that lncAMPC had potential value as a prognostic
biomarker for patients undergoing radical prostatectomy.

As an uncharacterized lncRNA, lncAMPC was identified to be highly
expressed in metastatic PCa patients, indicating that lncAMPCmight
be involved in distant metastasis. Many lncRNAs have been demon-
strated to participate in the dysregulation of gene expression in PCa,
which then contributes to cancer initiation, development, and pro-
gression.19 Gain- and loss-of-function experiments indicated that
lncAMPC enhanced the biological capacities of cell growth and inva-
sion in PCa. Furthermore, lncAMPC regulated EMT by inducing a
2482 Molecular Therapy Vol. 28 No 11 November 2020
mesenchymal phenotype. As an early event of tumor cell metastatic
dissemination, EMT played a critical role in tumor metastasis by
providing cells with a more motile, invasive potential.20 The afore-
mentioned results were verified via in vivo experiments where
lncAMPC enhanced both tumorigenesis and metastasis of PCa.

At a molecular level, lncRNAs have been reported to participate in
several processes, ranging from chromatin remodeling and transcrip-
tional regulation to protein translational control.21 Chromatin modi-
fication, epigenetic regulation, and alternative splicing by SCHLAP1,
HOTAIR, and MALAT1 represent characterized examples of
lncRNA-mediated control of cell invasiveness and metastasis.22–24

The subcellular localization of lncRNA in cells usually determines
its possible specialized functions. Specifically, we found that
lncAMPC was expressed in both the nucleus and the cytoplasm of
PCa cells. This feature of discrete distribution in different cellular
compartments is extensively shared by other lncRNAs,25,26 indicating



Figure 7. LIF/LIFR Expression as a Prognostic Factor for Outcomes of Radical Prostatectomy

(A and B) The public human PCa dataset evaluating the expression levels of LIF (A) and LIFR (B) (n = 171). (C and D) IHC scores of LIF (C) and LIFR (D) expression in PCa

patients having radical prostatectomy (n = 237). (E–G) Kaplan-Meier analyses of biochemical recurrence-free survival for PCa patients having radical prostatectomy using

staining status of LIF (E), LIFR (F), and both of them (G) (n = 237). Results are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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the possibility of lncRNA shuttling between the nucleus and cyto-
plasm. Kino et al.27 showed that lncRNA Gas5 was localized both
in the cytoplasm and the nucleus of HeLa cells, with its presence
more predominant in the former compartment. They further demon-
strated that Gas5 interacted with the ligand-activated glucocorticoid
receptor in the cytoplasm and co-migrated with this glucocorticoid
receptor into the nucleus. Miyagawa et al.28 found that lncRNA MA-
LAT1 was actively retained in the nucleus through its nuclear reten-
tion elements, and altered MALAT1 was passively exported to the
cytoplasm in the absence of these factors. How the lncAMPC shuttles
between the cytoplasm and nucleus (using either active or passive
localization mechanisms) is still unclear and remains to be answered.
The discrete distribution of lncAMPC in PCa indicated its possible
roles in diverse biological processes. The regulatory mechanisms of
lncAMPC in the metastasis and immunosuppression of PCa are sum-
marized in Figure 8. Yuan et al.29 demonstrated that lncRNA-acti-
vated by TGF-b (ATB) promoted the invasion-metastasis cascade
of hepatocellular carcinoma cells via two distinct RNA-RNA interac-
tions. Qu et al.30,31 also found that lncARSR not only acted as a
ceRNA for miR-34 and miR-449 but also regulated Yes-associated
protein (YAP) activity by blocking its phosphorylation in renal
cancer.

miRNAs are usually regarded as negative regulators of gene expres-
sion by decreasing the stability of target RNAs or limiting their trans-
lation.32 Zhang et al.11 reported that miR-637, a primate-specific
miRNA, negatively regulated STAT3 phosphorylation by suppressing
autocrine LIF expression and exogenous LIF-triggered STAT3 in he-
patocellular carcinoma. Accordingly, we hypothesized that lncAMPC
upregulated the expression of LIF by competitively binding and then
Molecular Therapy Vol. 28 No 11 November 2020 2483
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Figure 8. Schematic Diagram of lncAMPC-Based Regulatory Mechanism in PCa
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inhibiting the activity of miR-637 in PCa cell cytoplasm. This is
consistent with the theory of ceRNAs proposed by Salmena et al.33

that cytoplasmic lncRNAs act as the “RNA sponges,” interacting
with miRNAs and protecting target mRNAs from miRNA-mediated
suppression.

Several recent studies have showed that many lncRNAs are involved
in molecular regulatory networks through their interactions with pro-
teins.8 As a key structural component of chromatin, histones have
been reported to participate in the regulation of various gene expres-
sions by lncRNAs in cancers.34 As archetypes of molecular functions,
lncRNAs have recently been shown to execute, guide, decoy, and scaf-
fold.35 If the lncRNA titrates transcription factors or other compo-
nents away from chromatin, as is the case for lncAMPC, then the
lncRNA develops into a molecular decoy.36 Based on our data, we hy-
pothesize that lncAMPC enhances the transcription of LIFR by de-
coying histone H1.2 away from the upstream sequence of the LIFR
gene in the PCa cell nucleus. As the key structural component of chro-
matin, histone H1 is not uniformly distributed along the genome.
Notably, the abundance of histone H1.2 at the 3,200- to 2,000-bp
distal promoter regions from the transcription start site is inversely
proportional to gene expression.13 This provides a possible correla-
tion between the abundance of histone H1.2 and the silencing of spe-
cific genes. Furthermore, additional studies suggested that histone H1
was not a global repressor of transcription but rather played a more
dynamic and gene-targeted role, contributing to gene-specific tran-
2484 Molecular Therapy Vol. 28 No 11 November 2020
scriptional regulation.37 Hence, we hypothesize that histone H1.2
plays a critical role in the transcriptional regulation of LIFR by
lncAMPC. However, the definite interaction mechanisms and bind-
ing sites for lncAMPC and histone H1.2 warrant further
investigation.

LIF, a member of the IL-6 family cytokines, can bind to a heterodimer
of the specific LIFR to activate downstream signaling through the Jak/
STAT, mitogen-activated protein kinase (MAPK), and phosphatidy-
linositol 3-kinase (PI3K) signaling pathways.38 We found that the
LIF/LIFR/Jak1/STAT3 signaling pathway mediated the metastasis
and immunosuppression process activated by lncAMPC in PCa.
The oncogenic activity of LIF in different solid tumors has been
described; however, its role in tumor-induced immunosuppression
remains largely unexplored. Notably, in our study, CD8+ T cells
were recruited to the tumor tissue upon LIF blockade by EC330 or
silncAMPC. Similar findings were observed in glioblastoma and
ovarian cancer models.39 We demonstrated for the first time that
lncAMPC-activated LIF positively regulated PD-L1 expression in
PCa. Recent studies showed that activated Jak1/2 could upregulate
PD-L1 expression.40 Chan et al.41 showed that IL-6-activated JAK1
maintained PD-L1 protein stability, possibly by phosphorylating
PD-L1 (Tyr112) and enhancing its association with N-glycosyltrans-
ferase STT3A. Collectively, these data indicated that blocking
lncAMPC-activated LIF signaling might eliminate PD-L1/PD-1-
driven cancer immune escape, suggesting that the combination of
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targeted therapies and immune checkpoint inhibitors might be effec-
tive against PCa.

Our results have not only potential therapeutic implications by target-
ing lncAMPC-activated LIF in PCa but also prognostic implications
by using the IHC scores of LIF/LIFR as prognostic biomarkers in
patients undergoing radical prostatectomy. We found that higher ex-
pressions of LIF/LIFR were associated with higher Gleason scores and
metastatic PCa. Similarly, Liu et al.42 reported that LIF levels were the
highest in both the primary tumor and serum in metastatic PCa pa-
tients, followed by localized PCa patients and healthy donors.
Furthermore, survival analysis indicated that PCa patients with
higher LIF/LIFR expressions had shorter biochemical recurrence-
free survival. Similar results were reported in non-small-cell lung
cancer, breast cancer, colorectal cancer, and nasopharyngeal cancer
patients.43–45

In summary, our results indicate that lncAMPC expression is signif-
icantly upregulated in metastatic PCa and is associated with poorer
prognosis. Mechanistically, lncAMPC upregulates LIF expression
by competitively binding and then inhibiting the activity of miR-
637 in the cytoplasm and enhances LIFR transcription by decoying
histone H1.2 away from the upstream sequence of LIFR gene in the
nucleus. The stimulated LIF/LIFR expression activates the Jak1-
STAT3 signaling pathway to simultaneously maintain PD-L1 protein
stability and promote metastasis-associated gene expression. There-
fore, the lncAMPC/LIF/LIFR axis may be a biomarker for unfavorable
prognosis in PCa patients and serve as a therapeutic target.

MATERIALS AND METHODS
Identification of lncAMPC

We performed RNA-seq of 65 pairs of PCa and matched adjacent
normal tissues obtained via radical prostatectomy (Table S1) and
identified 439 deregulated lncRNA transcripts (fold change R

1.8).46 We stratified these patients by Gleason score and pathological
stage and found that lncAMPCwas associated with Gleason score and
pathological tumor node metastasis (TNM) stage (Figure S1A).

Patients and Clinical Specimens

All tissue and urine samples were obtained from Changhai Hospital,
Shanghai, China. In total, 32 primary PCa tissues from patients un-
dergoing radical prostatectomy and 157 urine samples from patients
with positive prostate biopsy were collected for evaluating the expres-
sion of lncAMPC. A TMA cohort of 237 PCa patients who underwent
radical prostatectomy was recruited for evaluating the expressions of
LIF and LIFR. All patients provided written informed consent, and
this study was approved by the Clinical Research Ethics Committee
of Changhai Hospital.

Xenograft Model

All experiments involving mice were approved by the Institutional
Animal Care and Use Committee of Changhai Hospital. PC-3 cells
stably transfected with LV-lncAMPC or LV-control for lncAMPC
were used for in vivo experiments. In the subcutaneous model, the sta-
bly transfected PC-3 cells (3 � 106) were mixed with Matrigel (BD
Biosciences, Franklin Lakes, NJ, USA) at a ratio of 1:1 and subcutane-
ously injected into 6-week-old male nude mice. Tumors were evalu-
ated weekly for 5 weeks, and the harvested tumor weight was also
measured. For the metastasis model, 2� 106 single cells were injected
into the tail vein of nude mice. Metastases were monitored using the
IVIS Lumina II System (Caliper Life Sciences, Waltham, MA, USA)
10 min after intraperitoneal injection of 4.0 mg luciferin (Promega,
Durham, NC, USA) diluted in 50 mL saline. Formalin-fixed,
paraffin-embedded sections from the liver and lung with metastatic
lesions were subjected to H&E staining.

For the subcutaneous model of lncAMPC knockdown, the in vivo-jet-
PEI DNA and siRNADelivery Kit (Polyplus-Transfection, New York,
NY, USA) was used to knock down lncAMPC in vivo according to the
manufacturer’s instructions. After confirming the existence of the
subcutaneous tumors, 20 mg siRNA and 2.4 mL in vivo-jetPEI reagent
were dissolved in 12.5 mL 10% glucose solution, mixed, and diluted
into 50 mL. After incubation at room temperature for 15 min, the
complexes were injected into the tumors 3 times per week.

For the subcutaneous model of mouse RM-1 prostate cells, the RM-1
cells (2 � 106) were injected into the male C57BL/6 mice. After con-
firming the existence of subcutaneous tumors, mice were treated with
oral EC330 (2.5 mg/kg, 7 times per week) alone or in combination
with intraperitoneally injected anti-CD8 mAb (200 mg, 2 times per
week). Tumors were evaluated every 3 days for 2 weeks, and the har-
vested tumor weight was also measured.
Statistical Analysis

All statistical analyses were performed using SPSS v.17.0 software
(Abbott Laboratories, Chicago, IL, USA). Data are presented as the
mean ± SD. Statistical differences between the indicated experimental
groups were compared using a two-tailed Student’s t test or one-way
ANOVA with Dunnett’s multiple comparisons test as appropriate. A
p < 0.05 was considered statistically significant.
Detailed Experimental Materials and Methods

Detailed descriptions of the experimental procedures and statistical
analyses are provided in the Supplemental Materials and Methods.
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Figure S1. The targeted lncRNA selection and lncAMPC knockdown or 

overexpression efficiency. (A) The subgroup-analysis of identified lncRNAs 

according to the Gleason score and pathological TNM staging of patients. (B) 

qRT-PCR analysis of lncAMPC expression in an independent set of primary tumor 

tissue and its adjacent normal prostate tissue (n = 3). (C) Placental mammal 

conservation analysis of lncAMPC and its nearby coding gene LOXHD1 by PhyloP, 

UCSC. (D) qRT-PCR analysis of lncAMPC expression in a panel of PCa, bladder 

cancer, and renal cancer cell lines (n = 3). (E) qRT-PCR analysis of lncAMPC 

expression after siRNAs transfection (n = 3). (F) qRT-PCR analysis of lncAMPC 

expression after pcDNA3.1-lncAMPC transfection (n = 3). Results are presented as 

mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001. 



 

Figure S2. The rescue experiment evaluating the role of miR-637, LIF and LIFR 

on cell migration and invasion. (A) Transwell assay testing the cell migration and 

invasion of PC-3 transfected with silncAMPC-2 alone or combined with miR-637 

inhibitor simultaneously (n = 3). (B) Transwell assay testing the cell migration and 

invasion of PC-3 transfected with lncAMPC-OV alone or combined with miR-637 

mimics simultaneously (n = 3). Results are presented as mean ± SD; *p < 0.05, **p < 

0.01, ***p < 0.001. 

  



 

Figure S3. LIF/LIFR-activated Jak1-STAT3 signaling pathway is essential for 

lncAMPC oncogenic and immunosuppression activities in PCa. (A) 

Immunohistochemistry analysis evaluating the status of LIF/LIFR/Jak1/STAT3 

signaling pathway and PD-L1, CD8 in the tumors from subcutaneous xenograft 

models (n = 3). (B) Transwell assay testing the cell invasion of PC-3 transfected with 

lncAMPC-OV alone or combined with LIFsi/LIFRsi simultaneously (n = 3). (C) The 

public human PCa dataset evaluating the correlation between RNF165 transcripts, LIF, 

LIFR and PD-L1 expression levels. Results are presented as mean ± SD; *p < 0.05, 

**p < 0.01, ***p < 0.001. 

  



 

Table S1. The clinical baseline characteristics of 65 patients for RNA-seq analysis 

and 32 patients for qRT-PCR validation 

Variable 
No. cases (%) 

RNA-seq analysis qRT-PCR validation 

PSA level (ng/µl)   

<10 14 (21.5%) 11 (34.4%) 

10-20 36 (55.4%) 12 (37.5%) 

>20 15 (23.1%) 9 (28.1%) 

Gleason score   

<7 4 (6.2%) 8 (25.0%) 

7 36 (55.4%) 11 (34.4%) 

>7 25 (38.5%) 13 (40.6%) 

TNM stage   

T2N0M0 or lower 37 (56.9%) 21 (65.6%) 

T3-4N0M0 23 (35.4%) 1 (3.1%) 

TxN1Mx or TxNxM1 5 (7.7%) 10 (31.3%) 

 

  



 

Table S2. Prediction of miRNA target sites for lncAMPC 

miRNA name Predicted target site 

hsa-miR-655-3p TGTATTA 

hsa-miR-637 CCCCCAG 

hsa-miR-646 TGCTGCTA 

hsa-miR-196a-5p ACTACCT 

hsa-miR-196b-5p ACTACCT 

hsa-miR-922 TCTGCTG 

 

  



 

Table S3. siRNA sequence 

siRNA name Sequence 

silncAMPC-1 
Sense（5’-3’） GUAUUGUGACACCCUCUUA 

Anti-sense（5’-3’） UAAGAGGGUGUCACAAUAC 

silncAMPC-2 
Sense（5’-3’） CACAGAAUCCACUAAUACU 

Anti-sense（5’-3’） AGUAUUAGUGGAUUCUGUG 

silncAMPC-3 
Sense（5’-3’） GAAACAAAACAGCAGCAAU 

Anti-sense（5’-3’） AUUGCUGCUGUUUUGUUUC 

 

  



 

Table S4. Primer sequence for PCR of the RACE analysis 

Probe/Primer name Sequence（5’-3’） 

Probe-lncAMPC ACCATTCACTGAGCTCTG 

Probe-lncAMPC-F GTGTTTGGCTCTGTGCGAAA 

Probe-lncAMPC-R GCACACAGCAGCGAGTTG 

 

  



 

Table S5. Primer sequence for qRT-PCR 

Gene name Primer name Sequence（5’-3’） 

lncAMPC lncAMPC-Forward TGAGGGGTGAGTTGGTCTGT 

lncAMPC-Reverse ACAGTGCAATGTACTCGGCT 

E-Cadherin E-Cadherin-Forward GCCCCATCAGGCCTCCGTTT 

E-Cadherin-Reverse ACCTTGCCTTCTTTGTCTTTGTTGGA 

ZO-1 ZO-1-Forward CACGCAGTTACGAGCAAG 

ZO-1-Reverse TGAAGGTATCAGCGGAGG 

N-Cadherin N-Cadherin-Forward TGGACCATCACTCGGCTTA 

N-Cadherin-Reverse ACACTGGCAAACCTTCACG 

Vimentin Vimentin-Forward CCTGAACCTGAGGGAAACTAA 

Vimentin-Reverse GCAGAAAGGCACTTGAAAGC 

miR-637 miR-637-Forward ACACTCCAGCTGGGACTGGGGGCTTTCGGG 

miR-637-Reverse CTCAACTGGTGTCGTGGAGTCGG 

LIF LIF-Forward CCAACGTGACGGACTTCCC 

LIF-Reverse TACACGACTATGCGGTACAGC 

LIFR2125bp LIFR2125bp-Forward TTGAGGCCCACTACTTTGGT 

LIFR2125bp-Reverse ACAGAAGTAGCTCGTGGGGT 

LIFR2328bp LIFR2328bp-Forward GCTGGATTCCCTCTCCGTCA 

LIFR2328bp-Reverse AAGCACCAAAGTAGTGGGCCT 

LIFR2406bp LIFR2406bp-Forward AAGCCCATGAAATACTTGCCC 

LIFR2406bp-Reverse TGACGGAGAGGGAATCCAGC 

LIFR2677bp LIFR2677bp-Forward TGGGGAAAGTGGGTGAATTTCT 

LIFR2677bp- Reverse AGGGGCAAGTATTTCATGGG 

LIFR2918bp LIFR2918bp-Forward AGAGCACCGAGATTGCACCAT 

LIFR2918bp-Reverse AGCTGCATCCAGGATTCACATG 

LIFR3091bp LIFR3091bp-Forward AGGCAGGCGGATCACCTAAG 

LIFR3091bp-Reverse CCCTCCCGAGTTGAAGCATTTC 

LIFR3204bp LIFR3204bp-Forward GAAAAAGCTCAGTGGGTTGGG 

LIFR3204bp-Reverse ACTTTCAATCTGGCTCCTGCC 

 

  



 

Table S6. Antibody for western blotting 

Antibody name Catalog number (Vendor) 

LIF ab138002 (Abcam) 

LIFR sc-515337 (Santa Cruz) 

STAT3 #4904 (Cell Signal Technology) 

Phospho-STAT3 #9145 (Cell Signal Technology) 

Histone H1.2 ab181973 (Abcam) 

CD8 (human) GB13068 (Servicebio) 

CD8 (mouse) GB13429 (Servicebio) 

PD-L1 ab238679 (Abcam) 

 

  



Supplemental Methods 

 

Cell culture and cell transfection 

The human PCa cell lines (LNCaP, 22Rv1, C4-2, PC-3, DU145) and a human 

embryonic kidney cell line (293T) were purchased from ATCC (Rockville, MD, USA). 

LNCaP, 22Rv1, C4-2, PC-3, DU145 were maintained in RPMI medium 1640 (Gibco, 

USA) containing 10% fetal bovine serum (Gibco, USA), and 293T was cultured in 

DMEM medium (Gibco, USA) containing 10% fetal bovine serum (Gibco, USA). 

Transfection of siRNAs (100 nM, GenePharma, China) or plasmids was performed by 

using Lipofectamine RNAiMAX Reagent (Invitrogen, USA) or Lipofectamine 2000 

Reagent (Invitrogen, USA), respectively. Sequences of siRNAs are listed in 

Supplementary Table 3. 

 

5' and 3' rapid amplification of cDNA ends (RACE) 

The 5'-RACE and 3'-RACE analyses were performed to demonstrate the 

transcriptional initiation and termination sites of lncAMPC using a SMARTer RACE 

5’/3’ cDNA Amplification Kit (Clontech, USA) according to the manufacturer’s 

instructions. The gene-specific primers used for the PCR of the RACE analysis are 

listed in Supplementary Table 4. 

 

Isolation of cytoplasmic and nuclear RNA 

Cytoplasmic and nuclear RNA were isolated and purified using the Ambion 

PARISTM Kit (Invitrogen, USA) according to the manufacturer’s instructions. The 

nuclear and cytoplasmic distributions of lncAMPC were evaluated by qRT-PCR. The 

β-actin mRNA was used as cytoplasmic RNA control, while the U6 RNA and lncRNA 

MALAT1 were used as nuclear RNA controls. 

 

RNA in situ hybridization 

In RNA in situ hybridization assays, the presence of lncAMPC was evaluated in 

human PCa cell lines with the RNAscope® 2.5 HD Reagent Kit (Advanced Cell 



Diagnostics) and custom probe to lncAMPC according to the manufacturer’s 

instructions. 

 

RNA extraction, reverse transcription, and qRT-PCR 

Total RNA was extracted using TRIzol (Invitrogen, USA), and reversely transcribed 

using ReverTra Ace qPCR RT Kit (TOYOBO, Japan) according to the manufacturer’s 

instructions. qRT-PCR was performed on triplicate samples by using Power SYBR 

Green PCR Master Mix (Applied Biosystems, USA) on the StepOne Plus Real-Time 

PCR System (Applied Biosystems, USA). GAPDH or U6 was respectively used as 

the endogenous reference control for mRNA or microRNA detection. The processing 

of urine samples and the isolation of total RNA have been previously described[6]. 

Sequences of primers used for qRT-PCR are listed in Supplementary Table 5. 

 

Western blotting 

Total protein was extracted from cell lysates using RIPA buffer (Thermo Fisher 

Scientific, USA) containing protease inhibitors (Sigma-Aldrich, USA). Protein 

quantification was performed using a BCA protein assay kit (Thermo Fisher Scientific, 

USA). The protein samples were separated on 4%-15% SDS-PAGE gels (Bio-Rad, 

USA) and then transferred to nitrocellulose membranes (Bio-Rad, USA) on the wet 

transfer blotting system (Bio-Rad, USA). The antibodies used for western blotting 

analysis are listed in Supplementary Table 6. 

 

Cell immunofluorescence 

Cells were seeded into 24-well plates and allowed to grow to the 60% confluence. 

After being fixed with 4% paraformaldehyde solution for 30min, cells were 

permeabilized with 3% Triton X-100 in PBS for 30min at 37°C and then blocked with 

1% BSA in PBS for 30min at room temperature. The blocked cells were incubated 

with primary antibody overnight at 4°C, followed by incubation with secondary IgG 

antibody for 30min at 37°C. Nuclear staining of cells was performed with DAPI. 

Representative images were acquired using an fluorescence microscope. 



 

Immunohistochemistry 

Formalin-fixed paraffin-embedded sections from specimens were deparaffinized and 

rehydrated, followed by antigen retrieval. A commercial kit (Lab vision, Fremont, CA) 

was applied for the staining procedure according to the manufacturer’s instructions. 

After primary and secondary antibody incubation, the sections were visualized with 

diaminobenzidine (DAB) and counterstained with hematoxylin. The staining score 

was evaluated by using a microscope at a magnification of 200×.  

 

Proliferation assay 

Cell proliferation was evaluated using MTS CellTiter 96 AQueous One Solution Cell 

Proliferation Assay (Promega, USA). Cells were trypsinized 24h after siRNA or 

plasmid transfection and seeded into 96-well plates (3-5103/well). Prior to the assay, 

20μl of MTS combined with 80μl of fresh medium were added to each well and the 

samples were incubated at 37°C for 1h. Relative absorbance at 490nm was measured 

using a microplate reader (BioTek, USA). 

 

Colony assay 

Cells were trypsinized 24h after siRNA or plasmid transfection and seeded into 6-well 

plates at low confluence (2-5104/well) and grown for up to 2 weeks for colony 

formation. Cell culture medium was renewed every 3 days. Colonies were fixed with 

cold methanol and then stained with 0.5% crystal violet solution. The number of 

colonies was counted and imaged under a microscope. 

 

Migration and Invasion assay 

For the cell migration assay, after siRNA or plasmid transfection for 24h, 3-6×104 

cells in 100μl culture medium without fetal bovine serum were seeded on a 

fibronectin-coated polycarbonate membrane transwell insert (Corning, USA). 

Meanwhile, 500μl culture medium with 10% fetal bovine serum was added into the 

lower chamber. After incubation for 24h-72h at 37°C in a 5% CO2 incubator, the cells 



adhering to the lower surface of transwell insert were fixed with methanol, stained 

with crystal violet solution and counted under a microscope. The procedure for the 

cell invasion assay was similar to the cell migration assay, except that the transwell 

inserts precoated with matrigel (Corning, USA) were used instead of the conventional 

ones. 

 

RNA immunoprecipitation (RIP) 

RIP was performed in several approaches. The MS2 binding system based RIP assay 

using anti-GFP antibody was conducted to evaluate the ability of lncAMPC to directly 

bind miR-637. In addition, RIP assay using anti-Ago2 antibody was performed to 

measure the relative levels of Ago2 binding to lncAMPC and LIF mRNA. After 

transfection for 48h, PC-3 cells were harvested to perform RIP assays using Magna 

RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, USA) according to 

the manufacturer’s instructions. The co-precipitated RNAs were detected by 

qRT-PCR. To demonstrate that the detected signals were from the RNA specifically 

binding to indicated antibody, total RNAs (input controls) and IgG controls were 

assayed simultaneously. 

 

Luciferase reporter assay 

The psiCHECK2-lncAMPCwt or psiCHECK2-lncAMPCmt was co-transfected with 

miR-637 mimics or control mimics into 293T cells for 48h. Then the luciferase 

reporter activity was measured using the Dual Luciferase Assay Kit (Promega, USA) 

according to the manufacturer’s instructions. The relative luciferase activity was 

normalized to Renilla luciferase activity. 

 

Microarray analysis 

The Whole Human Genome Oligo Microarray (Agilent Technology, Palo Alto, CA) 

was used for gene expression profiles of the PC-3 cell line with or without 

lncAMPC-knockdown. Sample labeling and array hybridization were performed 

according to the Agilent One-Color Microarray-Based Gene Expression Analysis 



protocol. Acquired array images were analyzed using Agilent Feature Extraction 

software (version 11.0.1.1). Microarray data were normalized using the robust 

multiple-array average normalization method. GO analysis and Pathway analysis were 

performed in the standard enrichment computation method. Differentially expressed 

genes between the two samples were identified through Fold Change filtering. 

 

RNA pull-down 

lncAMPC was in vitro transcribed from vector pcDNA3.1-lncAMPC and 

biotin-labeled using Biotin RNA Labeling Mix (Roche, USA) and T7 RNA 

polymerase (Roche, USA), then treated with RNase-free DNase I (Roche, USA), and 

finally purified with an RNeasy Mini Kit (Qiagen, USA). Biotinylated lncAMPC was 

incubated with whole-cell lysates from PC-3 cells at room temperature for 1h, then 

the complexes were isolated with streptavidin agarose beads (Invitrogen, USA). The 

RNA present in the pull-down material was detected by qRT-PCR after purification. 

The associated proteins were resolved by SDS-polyacrylamide gel electrophoresis and 

visualized by silver staining, and then the specific bands were excised and analyzed 

by mass spectrometry or subjected to western blotting assay. 

 

Chromatin immunoprecipitation (ChIP) 

ChIP assays were performed using the SimpleChIP Enzymatic Chromatin IP Kit (Cell 

Signal Technology, USA) according to the manufacturer’s instructions. PC-3 cell 

chromatin was immunoprecipitated using anti-histone H1.2 antibody. ChIP-derived 

DNA was quantified by qRT-PCR, using 7 pairs of primers which encompassed the 

2000bp-3200bp distal promoter regions from TSS of LIFR. The fold enrichment value 

was presented as a percentage of the co-precipitated DNA by anti-IgG antibody. 
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