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Abstract
Background: Pancreatic ductal adenocarcinoma is prone to metastasis, resulting in short survival and low quality of
life. LncRNAs are pivotal orchestrators that participate in various tumor progress. The underlying role and mechanism
of lncRNA FAM83H-AS1 is still unknown in PDAC progression.
Methods: To address this issue, firstly, we profiled and analyzed the aberrant lncRNA expression in TCGA database
and identified FAM83H-AS1 as the most effective one in promoting the migration of pancreatic cancer cells. Then, the
expression levels of FAM83H-AS1 in patient’s serum, tumor tissues and PDAC cells were detected using RT-qPCR, and
FAM83H-AS1 distribution in PDAC cells was determined by performing FISH and RT-qPCR. Next, a series of in vivo and
in vitro functional assays were conducted to elucidate the role of FAM83H-AS1 in cell growth and metastasis in PDAC.
The regulatory relationship between FAM83H-AS1 and FAM83H (the homologous gene of FAM83H-AS1) was verified
by performing protein and RNA degradation assays respectively. Co-IP assays were performed to explore the potential regulatory mechanism of FAM83H to β-catenin. Rescue assays were performed to validate the regulation of the
FAM83H-AS1/FAM83H/β-catenin axis in PDAC progression.
Results: FAM83H-AS1 was highly expressed in the tumor tissues and serum of patients with PDAC, and was correlated with shorter survival. FAM83H-AS1 significantly promoted the proliferation, invasion and metastasis of PDAC
cells, by protecting FAM83H mRNA from degradation. Importantly, FAM83H protein manifested the similar malignant
functions as that of FAM83H-AS1 in PDAC cells, and could bind to β-catenin. Specifically, FAM83H could decrease the
ubiquitylation of β-catenin, and accordingly activated the effector genes of Wnt/β-catenin signaling.
Conclusions: Collectively, FAM83H-AS1 could promote FAM83H expression by stabilizing its mRNA, allowing
FAM83H to decrease the ubiquitylation of β-catenin, thus resulted in an amplified FAM83H-AS1/FAM83H/β-catenin
signal axis to promote PDAC progression. FAM83H-AS1 might be a novel prognostic and therapeutic target for combating PDAC.
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Background
Pancreatic cancer is one of the top four leading causes of
cancer-related death and is projected to surpass breast,
prostate, and colorectal cancers to rise to third or second
place [1]. Because this disease is commonly diagnosed
at an advanced stage, the 5-year survival rate of patients
with pancreatic cancer is only approximately 10% [2–4].
Among the various types of pancreatic cancer, pancreatic ductal adenocarcinoma (PDAC) comprises the vast
majority of cases [5]. The modest advances achieved in
PDAC therapy in recent years are due to comprehensive treatment strategies, especially those based on biomarkers and personalized therapy [6]. Even with a better
understanding of PDAC pathophysiology and advances
in treatment strategies, the slight improvement in outcomes has not substantially increased the survival time
[7]. Researchers hope that molecular targeted therapy for
PDAC will lead to greater progress in the near future.
Long noncoding RNAs (lncRNAs), once considered
genomic noise, have been shown to account for a considerable portion of the functional genome [8]. LncRNAs have been reported to participate in numerous
vital biological processes, including imprinting genomic
loci, shaping chromosome conformation, and allosterically regulating enzymatic activity [9]. Dysfunction of lncRNAs is commonly implicated in numerous
human diseases, especially cancers [10]. LncRNAs have
been learned to be as key regulators of cancer pathways
and also as biomarkers of metastatic diseases [11–13].
lncRNA MALAT1 is widely studied and important for
cancer-associated pathways regulation, which includes
MAPK/ERK, PI3K/AKT, Wnt/β-catenin, Hippo, VEGF,
YAP, etc. [14]. LncRNA ZEB1-AS1 epigenetically regulates the homologous sense gene ZEB1 to promote the
progression of prostate cancer [15]. As they intersect
with exons in the protein-coding locus on the other
strand, antisense lncRNAs have an inherent capacity to
regulate their corresponding sense genes at the transcriptional and/or post-transcriptional levels [15, 16].
Since the first member of the Wnt family was discovered four decades ago, interest in the Wnt signaling
pathway has been constantly increasing [17]. As a fundamental growth control pathway, Wnt signaling has been
analyzed in contexts ranging from early animal evolution to cancer and development [17]. The growth-related
effectors of Wnt signaling play vital roles in intercellular
communication, including the regulation of cell fate, proliferation and stem cell maintenance [18]. In colorectal
cancer, canonical Wnt/β-catenin signaling is the main

form of Wnt signaling, which is induced by 5% CTNNB1
and 73% APC mutations [19, 20]. The dual effects of
canonical and noncanonical Wnt signaling are widely
learned in breast cancers [21, 22]. Accumulating studies
have manifested that β-catenin regulates the maintenance
and progression of PDAC [23, 24]. The main effector of
Wnt signaling, β-catenin, regulates the transcription of
Wnt effector genes by translocating from the cytoplasm
to the nucleus and binding to TCF/Lef transcription factors [25, 26]. In epithelia, β-catenin also indispensably
binds to the cytoplasmic tail of various cadherins, such
as E-cadherin, in adherens junctions. β-catenin is highly
associated with the epithelial-mesenchymal transition
(EMT) in human cancers [27–29].
In this study, we screened for lncRNAs associated with
the metastasis of PDAC in The Cancer Genome Atlas
(TCGA) database and finally focused on FAM83H-AS1,
the most prominent lncRNA, which was verified by functional assays and survival analysis. Furthermore, a series
of functional assays were conducted in vitro and in vivo
to assess its biological functions in PDAC. Mechanistically, we revealed that FAM83H-AS1 protected FAM83H
mRNA from degradation and that FAM83H bound to
β-catenin to mitigate its ubiquitylation and subsequent
degradation. As a result, the accumulation of β-catenin
induced the expression of the effector genes of Wnt/βcatenin signaling. Taken together, the results of this study
revealed the oncogenic function of the FAM83H-AS1/
FAM83H/β-catenin axis in the progression of PDAC.
Furthermore, the FAM83H-AS1/FAM83H/β-catenin axis
may be a promising biomarker and potential therapeutic
target for PDAC.

Materials and methods
Clinical sample collection and ethics statement

PDAC tissue samples (n = 89) and paired adjacent noncancerous tissue samples (n = 89) were harvested from
patients with PDAC who had undergone surgical resection at Tongji Hospital of Huazhong University of Science and Technology (Wuhan, China) between January
2016 and August 2018. The basic clinical characteristics
of patients whose tissues were collected for analysis were
listed in Supplementary file 4: Table S4. All samples were
immediately snap frozen in liquid nitrogen and stored at
-80 °C after being dissected, and were validated by two
independent experienced pathologists. Human serum
was collected from patients with PDAC (n = 57), benign
nonpancreatic disease (n = 39) and benign pancreatic disease (n = 21) before the operation using a 21-gauge needle
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push button blood collection and finally transferred to
8 mL serum separator clot activator vacuum tubes. The
basic clinical characteristics of patients whose serum
samples were collected were listed in Supplementary file
3: Table S3. The tubes were inverted 10 times before the
samples were allowed to clot for 30 min. The tubes were
centrifuged for 15 min at 1,200 g in a swinging bucket
rotor. Serum was removed from the tube and aliquoted
into 500 μL volumes in 1.5 mL microcentrifuge tubes.
Serum was used immediately or frozen at -80 °C for future
use. Informed consent forms were signed by all patients
who provided tissue and serum samples, and the study
was approved by the Human Ethics Committee of Tongji
Hospital of Huazhong University of Science and Technology (Wuhan, China) and conducted strictly according to
the principles of the Declaration of Helsinki.
Cell culture

Seven human PDAC cell lines (MIA PaCa-2, PANC-1,
SW 1990, Capan-2, BxPC-3, CFPAC-1 and Panc 03.27),
an immortalized human pancreatic duct epithelial
(HPDE) cell line and HEK293T cells were purchased
from the American Type Culture Collection (ATCC,
Manassas, VA, USA). All cell lines were authenticated by
short tandem repeat (STR) profiling and confirmed to be
mycoplasma-free by testing. HEK293T, PANC-1, MIA
PaCa-2, SW 1990 and CFPAC-1 cells were all cultured
in DMEM (Gibco, NY, USA), while Capan-2, Panc 03.27,
BxPC-3 and HPDE cells were cultured in RPMI-1640
medium (Gibco, NY, USA) with 10% fetal bovine serum
(FBS, Gibco, NY, USA) in a 5% CO2 atmosphere at 37 °C.
Plasmid construction and cell transfection

The full-length human FAM83H and CTNNB1
(β-catenin) cDNAs were synthesized and cloned into
the expression vector pHAGE-puro plasmid (Invitrogen,
China) with a FLAG-tag and HA-tag, respectively. The
plasmid expressing Myc-Ub expression was maintained
in the Biliary-Pancreatic Surgery laboratory. The lentivirus overexpressing FAM83H-AS1 and the negative
control were synthesized by and purchased from GeneChem (Shanghai, China). Small hairpin RNAs (shRNAs)
targeting human FAM83H-AS1 and FAM83H were
synthesized and cloned into the pLKO.1-puro plasmid
(Invitrogen, China). All plasmids and siRNAs were transfected into human PDAC cells using Lipofectamine 3000
(Invitrogen, USA) following the manufacturer’s instructions. All shRNA sequences and siRNA sequences are
listed in Supplementary file 1: Table S1.
Immunofluorescence (IF) staining

Cells were evenly dispensed on a single glass coverslip placed in 6-well plates. The cells were fixed with 4%
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formaldehyde for 35 min and permeabilized with 0.1%
Triton X-100 (Sigma-Aldrich, Germany) for 8 min. After
the fixed cells were blocked with 5% BSA for 35 min at
room temperature, they were incubated with the primary
antibody overnight at 4 °C on an oscillating table. The
primary rabbit polyclonal antibody FAM83H (Novus,
NBP1-93,737) was diluted with 5% BSA at 1:50. After
incubation with the Cy3-conjugated secondary antibody
for 1 h at room temperature, the samples were counterstained with DAPI (Boster Biological Technology,
Wuhan, China) for 10 min. Cell photographs were then
captured with a fluorescence microscope (Olympus,
Japan).
RNA fluorescence in situ hybridization (FISH)

Briefly, the cells were incubated with horseradish peroxidase (HRP)-conjugated anti-DIG to detect the LNA
probe signals, which were then amplified using tetramethylrhodamine
(TRITC)-conjugated
tyramide.
The signals were determined using a tyramide signal
amplification (PerkinElmer, USA) system to determine
FAM83H-AS1 expression in cells, and the images were
captured using a fluorescence microscope (Olympus,
Japan).
Cell Counting Kit‑8 (CCK‑8) assay

Cell viability was assessed with the CCK-8 assay (Yeasen,
Shanghai, China) following the manufacturer’s instructions. Briefly, cells were seeded in a 96-well plate at a
density of 1 × 104–1 × 105 cells/well in 100 μL of culture medium with 10% FBS (incubated in a humidified
atmosphere at 37 °C with 5% CO2). Ten microliters of
CCK-8 solution were added to each well and incubated
for 1.5 h/2.0 h in the incubator. Differences in shades of
orange represent the various numbers of living cells in
each well. The samples were mixed gently on an orbital
shaker for 1 min to ensure the homogeneous distribution of color, and then, the absorbance was measured
at 450 nm with a microplate reader (Thermo Scientific,
USA).
EdU staining assay

Cells were seeded in 6-well plates and incubated until
the logarithmic growth phase. EdU (5-ethynyl-2’-deoxyuridine) solution (Beyotime Biotechnology, Shanghai,
China) was added to the medium of each plate and incubated for 2 h. After the medium was removed, the cells
were fixed with 4% paraformaldehyde for 15 min and
imaged by fluorescence microscopy. Cell viability was
measured by the EdU staining positive rates compared to
that of the control group in accordance with the manufacturer’s instructions.
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Scratch wound‑healing assay

Cells were evenly dispensed in 6-well plates and cultured to 90% confluence. Pipette tips (200 μL) were used
to create scratch wounds. The detached cells were then
removed by PBS washes, and the remaining cell sheets
were cultured in basal medium (1% FBS) for another
48 h. The wound was photographed with a phase contrast
microscope (Nikon, Japan), and the closure rates of the
wounded areas were measured with ImageJ software.
Colony formation assay

Cell suspensions (4 mL, 1000 or 2000 cells/well) were
evenly dispensed in 6-cm dishes and incubated for half
a month in an incubator (humidified atmosphere, 37 °C,
and 5% C
 O2). The cells were then fixed with 4% paraformaldehyde for 35 min and stained with 0.1% crystal
violet. Cell viability was assessed by counting the colonies
(diameters greater than 100 μm) and determining the significance by performing statistical tests.
Proliferation assays in vivo

Female BALB/c nude mice aged 4–5 weeks were purchased from Charles River (Beijing, China). For tumorigenicity assays, the indicated stably transfected PANC-1
cells (1 × 106 cells/0.2 mL of PBS) were subcutaneously
injected into the right flank of each mouse. Tumor sizes
and mouse weights were measured once per week, and
mice were sacrificed to analyze the tumor burden after
4 weeks. The tumor volume was calculated with the following formula: V = (length × width2)/2. The tumors
were then embedded in paraffin and cut into sections
with a thickness of 4 μm. The sections were stained with
hematoxylin and incubated with primary Ki-67 antibodies (Abcam, catalog no. ab15580) and proliferating cell nuclear antigen (PCNA, Servicebio, catalog no.
GB11010) using the Polymer HRP (Mouse/Rabbit) IHC
Kit (Maxim, Fujian, China). Images of representative
fields were obtained with a phase contrast microscope
(Nikon, Japan).
Metastasis assays in vivo

For metastasis assays, the indicated and stably transfected SW 1990 cells (2 × 106 cells/0.2 mL of PBS) were
injected into nude mice via the tail vein. During the
period of tumor metastasis, bioluminescence imaging
was performed to observe the metastatic conditions.
For imaging, 100 mg/kg luciferin was intraperitoneally
injected into mice 10 min prior to imaging with an
IVIS Spectrum Imaging System (PerkinElmer). Imaging settings remained the same throughout the study,
and luminescence intensity was measured using Living
Image Software (PerkinElmer). Mouse weights were
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measured each week for 10 weeks. During the observation period, the mice constantly died due to cachexia.
At the endpoint time of 14 weeks, all the mice were
sacrificed, and the lungs were surgically excised. The
lung tissues were embedded in paraffin for hematoxylin and eosin (H&E) staining and statistical analysis of
the number of tumor nodules. All animal experiments
mentioned above were conducted with the approval
of the Institutional Animal Care Committee of Tongji
Hospital, Tongji Medical College, Huazhong University
of Science and Technology.
Western blot and immunoprecipitation assays

Cells were harvested and lysed with enhanced RIPA
buffer (Boster Biological Technology, Wuhan, China)
containing protease and phosphatase inhibitors (F.
Hoffmann-La Roche Ltd, Switzerland). Lysates were
centrifuged at 12,000 g at 4 °C for 15 min. For immunoprecipitation, cells were harvested from 10 cm dishes
and lysed with 500 μL of IP lysis buffer on ice for 30 min.
After ultrasonication and centrifugation (12,000 g,
15 min, 4 °C), the supernatant was separated into 50 μL
(for input) and 450 μL (for IP) aliquots. Ten microliters of
anti-FLAG/anti-HA magnetic beads were added to 450
μL of lysate and incubated overnight at 4 °C. Thereafter,
the precipitates were washed 3–4 times with IP buffer,
and 40–60 μL of loading dye (diluted to 1 × IP buffer) was
added to the immune complexes and then boiled. Total
proteins were separated on SDS‒PAGE gels and transferred onto PVDF membranes (Millipore, MA, USA).
Membranes were blocked with 5% skim milk and incubated with primary antibodies at the recommended dilution in TBST with 5% skim milk overnight at 4 °C on an
oscillating table. The next day, the membranes were incubated with fluorescently labeled secondary antibodies at
the recommended dilution and imaged using a ChemiDoc XRS + System (Bio-Rad Laboratories, USA). Primary antibodies specific for the following proteins were
used: β-actin (ABclonal, catalog no. AC026), β-catenin
(Proteintech Group, catalog no. 51067–2-AP), FAM83H
(Abcam, catalog no. 121828), phospho-Akt (Ser473)
(CST, catalog no. 4060 T), AKT1 (ABclonal, catalog no.
A16343), E-cadherin (CST, catalog no. 3195P), N-cadherin (CST, catalog no. 13116S), Vimentin (CST, catalog no. 5741P), Notch1 (ABclonal, catalog no. A19019),
CCDC88A (ABclonal, catalog no. A16132), and HuR/
ELAVL1 (ABclonal, catalog no. A19622). The following
fluorescently tagged secondary antibodies were used:
HRP-conjugated AffiniPure goat anti-rabbit IgG (Boster
Biological Technology, catalog no. BA1054) and HRPconjugated AffiniPure goat anti-mouse IgG (Boster Biological Technology, catalog no. BA1050).
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In vivo ubiquitylation assay

HEK293T cells were cotransfected with HA-β-catenin,
Myc-Ub and sh-FAM83H#1 or sh-FAM83H#2, along
with sh-Control, or cotransfected with HA-β-catenin,
Myc-Ub and sh-FAM83H-AS1 or FLAG-FAM83H, along
with sh-Control. Six hours before harvesting, the cells
were treated with MG132 (5 μM). Ubiquitylation assays
were conducted using the same immunoprecipitation
method described above.
RNA isolation and reverse transcription quantitative PCR
(RT‑qPCR)

Total RNA was isolated from PDAC tissues and adjacent tissues or PDAC cells using TRIzol (TaKaRa, Dalian,
China) following the manufacturer’s instructions. The
isolation of serum RNA also followed the same protocol
mentioned above. Complementary DNA (cDNA) was
reverse-transcribed from 1 μg of RNA using HiScript
III RT SuperMix (Vazyme, Nanjing, China). RT-qPCR
was performed using ChamQ SYBR qPCR Master Mix
(Vazyme, Nanjing, China) with a CFX Connect PCR system (Bio-Rad Laboratories, USA). GAPDH or β-actin
was used as a reference gene. All primers used for RTqPCR are listed in Supplementary file 2: Table S2.
Statistical analysis

All statistical analyses were conducted with GraphPad
Prism v8.0 software (GraphPad, Inc., La Jolla, CA, USA)
and SPSS 22.0 software (SPSS, Inc., IL, USA). All data are
presented as the mean ± standard deviation (SD) of at
least three independent replicates. Differences between
two groups were evaluated by Student’s t test, and differences among multiple groups were evaluated by oneway ANOVA. Estimation of survival differences was
performed using the Kaplan–Meier method and the logrank test. The Pearson correlation coefficient was used to
evaluate correlations between expression and survival.
All P values were two-sided. P < 0.05 was considered statistically significant.

Results
FAM83H‑AS1 is the top potential oncogene in a metastasis
screening model of PDAC

A metastasis screening model with 3 comparison levels
was established to identify aberrantly expressed lncRNAs associated with lymphatic and distant metastasis in
PDAC. A total of 817 differentially expressed lncRNAs
were identified by comparing the RNA-seq profiles of 4
adjacent tissues and 178 PDAC tissues from the TCGA
cohort (Figure S1). In a comparison of the lncRNA
expression profiles from the T2N0M0 subgroup with
those from the T2N1M0/T2N0M1/T2N1M1 subgroups
in the same cohort, 275 aberrantly expressed lncRNAs
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were identified (Figure S2). The same strategy was applied
to compare the T3N0M0 subgroup with the T3N1M0/
T3N0M1/T3N1M1 subgroups, and another 169 aberrantly expressed lncRNAs were identified (Figure S3).
The Venn diagram revealed that the expression levels of
6 lncRNAs (FAM83H-AS1, LINC00365, LINC00628,
LINC00261, AFAP1-AS1, and HNF1A-AS1) were altered
in all three models (Fig. 1A). Kaplan–Meier survival
analysis indicated that elevated FAM83H-AS1 levels
and decreased LINC00261 levels were associated with
decreased overall survival (OS) in PDAC patients, while
the remaining 4 lncRNAs had no effect on OS (Figure
S4). Transwell assays (Figure S5A) and scratch woundhealing assays (Figure S5B) were performed in two PDAC
cell lines (PANC-1 and SW 1990) with RNA interferencemediated knockdown of these 6 lncRNAs separately to
evaluate the capabilities of these 6 lncRNAs to promote
PDAC cell migration. Only FAM83H-AS1 potently
promoted PDAC cell migration. Furthermore, we analyzed the effect of these 6 lncRNAs on filamentous actin
(F-actin) reorganization in SW 1990 cells by performing
phalloidin staining and IF staining. FAM83H-AS1 deficiency resulted in the most prominent depolymerization
of F-actin compared with that of the negative control
(NC) group (Figure S6). Taken together, these results
showed that FAM83H-AS1, a potential oncogene, was
involved in the malignant biological behaviors of PDAC.
FAM83H‑AS1 is mainly localized in the cytoplasm, and its
upregulation in PDAC predicts a poor prognosis

First, we detected the expression of FAM83H-AS1 in
pancreatic nontumor and pancreatic tumor tissues from
a combined cohort [TCGA and Genotype-Tissue Expression (GTEx)] (Fig. 1B) and a cohort of patients who underwent surgical resection at Tongji Hospital (Tongji cohort)
(Fig. 1C). The results consistently showed significantly
higher FAM83H-AS1 expression in the PDAC tissues
than in the nontumor tissues. Given the important role
of lncRNAs in the pathological process of cancers, their
circulating abundance, which is easily detected, would be
a prerequisite for a potential biomarker for cancer diagnosis. The serum expression of FAM83H-AS1 was measured
by RT-qPCR, which showed a relatively high expression
of FAM83H-AS1 in patients with PDAC compared with
patients with benign nonpancreatic disease (Fig. 1D). For
the serum expression of FAM83H-AS1, there were no
significant differences between PDAC and benign pancreatic diseases, similar to the results between patients
with benign nonpancreatic disease and patients with
benign pancreatic disease (Figure S7). We also detected
FAM83H-AS1 expression in PDAC cell lines by RT-qPCR
and observed significantly higher FAM83H-AS1 expression in PDAC cell lines (MIA PaCa-2, PANC-1, SW
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Fig. 1 FAM83H-AS1 is upregulated in PDAC tissues and positively correlated with poorer prognosis. A Venn diagram of abnormally expressed
lncRNAs in three comparison models (PDAC vs. pancreas, T2N0M0 vs. T2N1M0/T2N0M1/T2N1M1 and T3N0M0 vs. T3N1M0/T3N0M1/T3N1M1)
based on RNA-seq data from the TCGA database. B, C FAM83H-AS1 expression in the combined TCGA and GTEx cohort (B) and the cohort from
Tongji Hospital (C). D Serum FAM83H-AS1 expression was tested in patients with PDAC and benign nonpancreatic disease from Tongji Hospital. E
RT–qPCR results showing the expression of FAM83H-AS1 in HPDE and PDAC cell lines (Panc 03.27, MIA PaCa-2, PANC-1, SW 1990, AsPC-1, BxPC-3
and Capan-2). F-G A survival analysis was conducted to illustrate the relationship between the level of FAM83H-AS1 and the overall survival of
patients in the TCGA cohort (F) and the cohort from Tongji Hospital (G). H Nuclear/cytosol fractionation followed by RT-qPCR analysis of the level
of FAM83H-AS1 in the nucleus and cytoplasm. I Combination of FISH and IF assays showing the subcellular distribution of FAM83H-AS1; scale bar:
50 μm. *P < 0.05 and ***P < 0.001
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1990, AsPC-1, BxPC-3 and Capan-2) than in HPDE cells
(Fig. 1E). Additionally, the Kaplan–Meier survival analysis
revealed that a higher level of FAM83H-AS1 expression
was related to reduced OS in both the TCGA cohort and
the Tongji cohort (Fig. 1F,G). One well-known characteristic of pancreatic cancer is the low neoplastic cellularity,
which may affect the judgment of the real effects of genes
on tumor cells. To improve the precision of the results, we
excluded samples with a purity below 60% in the TCGA
cohort. The survival results still hinted that high expression of FAM83H-AS1 was correlated with poor OS of
patients with PDAC (Figure S8). The clinicopathological characteristics of these patients were summarized in
Supplementary file 5: Table S5 and Supplementary file 6:
Table S6.
The different distribution of lncRNAs in the cytoplasm
and/or in the nucleus generally determine the different
mainstream regulatory mechanisms [30]. We conducted
nuclear/cytoplasmic fractionation followed by RT-qPCR
assays (Fig. 1H) and FISH assays (Fig. 1I) to investigate
the subcellular distribution of FAM83H-AS1. The results
showed that FAM83H-AS1 was mainly localized in the
cytoplasm in both PANC-1 and SW 1990 cells.
FAM83H‑AS1 aggravates PDAC cell proliferation, migration
and invasion in vitro and in vivo

Next, we constructed lentivirus vectors (overexpression
and knockdown) and transfected PDAC cell lines. The
transfection efficiency in the stable cell lines was verified
by RT-qPCR (Fig. 2A). Overexpression of FAM83H-AS1
promoted the proliferation of PANC-1 and SW 1990 cells
in vitro, as verified by CCK-8 assays (Figure S9). However,
silencing FAM83H-AS1 expression impeded the growth
of PDAC cells, as shown by EdU incorporation assays
(Fig. 2B) and colony formation assays (Fig. 2C). Also,
FAM83H-AS1 overexpression (LV-FAM83H-AS1 group)
potently promoted the growth of xenograft tumors compared with that of the negative control group (LV-Control). After the knockdown of FAM83H-AS1 expression
(with sh-FAM83H-AS1#1 and sh-FAM83H-AS1#2), the
growth of xenograft tumors was reduced (Fig. 2D-F). The
tumors were stained by the proliferation-related nuclear
antigen Ki-67 and the sensitive marker of proliferative
activity PCNA, which demonstrated that FAM83H-AS1
overexpression promoted tumor growth, while the loss
of FAM83H-AS1 exerted the opposite effect (Fig. 2G).
Overall, these data indicated that FAM83H-AS1 played a
crucial role in promoting the proliferation of PDAC cells.
Since FAM83H-AS1 was shown to be related to PDAC
metastasis by the screening models, we further examined
the effect of FAM83H-AS1 on the migration and invasion of PDAC cells. Transwell and scratch wound-healing
assays showed that FAM83H-AS1 knockdown mitigated
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the migration and invasion of PANC-1 and SW 1990 cells
(Fig. 3A, B). An analysis of EMT marker expression by
Western blotting showed that the level of the epithelial
marker E-cadherin was increased [31–33], but the levels
of the mesenchymal markers N-cadherin and Vimentin
were decreased in the PDAC cells with FAM83H-AS1
knockdown (Fig. 3C). To establish a systemic metastasis
model, we injected SW 1990 cells into nude mice via the
tail vein (Fig. 3D). After knockdown of FAM83H-AS1,
the number of metastases was significantly decreased
compared with that in the sh-Control group (Fig. 3E).
The rates of weight loss in the sh-FAM83H-AS1 groups
were significantly lower than those in the sh-Control
group (Fig. 3F). Moreover, the mice in the sh-FAM83HAS1 groups experienced longer OS times than those in
the sh-Control group (Fig. 3G). Collectively, these data
indicated that the loss of FAM83H-AS1 hindered the
migration and invasion of PDAC cells.
FAM83H‑AS1 protects FAM83H mRNA from degradation
to upregulate FAM83H expression

As reported previously, many antisense lncRNAs exert
their regulatory effects by interacting with neighboring
genes, especially their homologous sense genes [34–37].
Intriguingly, FAM83H-AS1 is the antisense transcript of
FAM83H, which has been identified as an essential protein for amelogenesis and has recently been described
as a coding gene involved in the progression of cancers
[38]. These two genes share a promoter region but are
transcribed in opposite directions [39], as shown in the
UCSC Genome Browser database (Fig. 4A). The expression levels of both FAM83H-AS1 and FAM83H in PDAC
tissues were higher than those in adjacent tissues and
exhibited a positive correlation (Fig. 4B). The positive
correlation between FAM83H-AS1 and FAM83H expression was also verified in the TCGA database (Fig. 4C).
The FAM83H protein level was correspondingly changed
upon interference with FAM83H-AS1 expression in both
PANC-1 and SW 1990 cells (Fig. 4D). Moreover, IF assays
produced similar results (Fig. 4E).
Next, we inhibited protein synthesis in PDAC cells by
treatment with cycloheximide and found that FAM83HAS1 overexpression failed to alter the degradation rates
of FAM83H, indicating that the stability of the FAM83H
protein was not affected by FAM83H-AS1 (Fig. 4F). Thus,
we hypothesized that FAM83H-AS1 might modulate the
stability of FAM83H mRNA to regulate the expression
of FAM83H. We verified this hypothesis by conducting
mRNA degradation assays with actinomycin D (Act D) to
inhibit the synthesis of mRNA and found that FAM83HAS1 indeed protected FAM83H mRNA from degradation
(Fig. 4G). Based on these results, FAM83H-AS1 regulated
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Fig. 2 FAM83H-AS1 promotes PDAC cell proliferation in vitro and tumor growth in vivo. A The overexpression and knockdown of FAM83H-AS1 in
stably transfected PANC-1 and SW 1990 cells was confirmed by RT-qPCR analysis. B A combination of EdU and IF assays were used to compare the
proliferative activity between the sh-FAM83H-AS1#1/#2 groups and the sh-Control group in SW 1990 cells; scale bar: 50 μm. C Colony formation
assays showing the colony numbers of tumor cells and analysis of the differences between groups. D-G A xenograft tumor model was used to
analyze the effects of FAM83H-AS1 interference on tumor growth by monitoring the tumor volumes and weight and analyzing the expression of
Ki-67 and PCNA in tumor tissue by IHC; scale bar: 100 μm. *P < 0.05, **P < 0.01 and ***P < 0.001

the expression of FAM83H at the mRNA level, which
subsequently affected FAM83H protein expression.
Western blotting was conducted to detect the key
molecules that participate in the reported regulatory
networks of FAM83H-AS1 in other cancers and to

elucidate the signaling pathways in which FAM83HAS1 is involved during PDAC progression. When
FAM83H-AS1 was upregulated and downregulated,
β-catenin expression was correspondingly increased
and decreased, respectively (Fig. 4H). Furthermore,
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Fig. 3 FAM83H-AS1 promotes PDAC cell invasion and metastasis in vitro and in vivo. A Transwell assays were conducted to determine the invasion
and migration of FAM83H-AS1 shRNA-transfected PDAC cells; scale bar: 100 μm. B Wound healing assays were conducted to evaluate the migration
of FAM83H-AS1 shRNA-transfected PDAC cells; scale bar: 100 μm. C Western blotting was performed to assess the expression of E-cadherin,
N-cadherin and Vimentin in PDAC cells after FAM83H-AS1 knockdown. D, E The mouse model was established by tail vein injection of SW 1990 cells
with FAM83H-AS1 knockdown. Representative bioluminescence images (D), representative images of the lungs (E, upper panel) and H&E staining
of lung tissues (E, lower panel) are shown. F The average weight curve was constructed to assess the effect of the metastasis of PDAC cells with
FAM83H-AS1 knockdown on the nutritional condition and growth of mice. G Survival analysis was performed on mice bearing the indicated PDAC
cells immediately after injection. *P < 0.05, **P < 0.01 and ***P < 0.001

studies have shown that FAM83H is involved in the
regulation of β-catenin and the progression of osteosarcomas and gastric carcinoma [40, 41]. These relevant
studies stimulated our interest in elucidating the regulatory relationship among these 3 molecules.

FAM83H exacerbates the proliferation, migration,
and invasion of PDAC cells

As described above, FAM83H mRNA level was positively correlated with FAM83H-AS1 mRNA level.
FAM83H was expressed at higher levels in PDAC
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Fig. 4 FAM83H-AS1 regulates β-catenin expression and stabilizes FAM83H mRNA in PDAC cells. A The unidimensional location diagram of
FAM83H-AS1 and the nearby gene FAM83H in the UCSC database. B, C The positive correlation between FAM83H-AS1 and FAM83H expression
in PDAC tissues from the Tongji Hospital cohort (B) and TCGA cohort (C) was confirmed by Spearman’s correlation analysis. D, E Western blotting
and IF staining were used to assess the expression of FAM83H in PDAC cells upon FAM83H-AS1 overexpression and knockdown; scale bar: 50 μm.
F FAM83H-AS1 did not affect FAM83H protein stability, as shown by determining the effect of FAM83H-AS1 overexpression on the FAM83H
degradation rate after addition of cycloheximide (100 μg/mL). G RT-qPCR results showed that FAM83H-AS1 decreased FAM83H mRNA degradation
(right panel), while it did not affect GAPDH degradation (left panel) after addition of the RNA synthesis inhibitor actinomycin D (10 μg/mL). H
Western blot results showed changes in the expression of the key proteins involved in reported mainstream signaling pathways upon FAM83H-AS1
overexpression and knockdown. *P < 0.05

tissues than in nontumor tissues from patients in both
the combined cohort (Fig. 5A) and the Tongji cohort
(Fig. 5B). A higher level of FAM83H was also detected

in 8 PDAC tissues compared with the corresponding adjacent tissues by Western blot analysis (Fig. 5C).
The Kaplan–Meier analysis showed that patients with

Zhou et al. J Exp Clin Cancer Res

(2022) 41:288

Page 11 of 19

Fig. 5 FAM83H is upregulated in PDAC tissues and cells and promotes PDAC progression. A, B Expression of FAM83H in the combined TCGA and
GTEx cohort (A) and the cohort from Tongji Hospital (B). C Western blot results showing that FAM83H was expressed at higher levels in PDAC
tissues than in adjacent tissues. D, E Kaplan–Meier analysis and long-rank test determining the prognostic significance of FAM83H in PDAC patients
from the TCGA cohort (D) and Tongji Hospital cohort (E), respectively. F RT–qPCR and Western blot results showing FAM83H expression in HPDE
and PDAC cell lines (Panc 03.27, MIA PaCa-2, PANC-1, SW 1990, AsPC-1, BxPC-3 and Capan-2). G CCK-8 assays were performed to compare the cell
viability between the LV-FAM83H group and the LV-Control group and between the sh-FAM83H#1/#2 group and the sh-Control group. H Transwell
assays were used to determine the invasion and migration of FAM83H shRNA-transfected PDAC cells. scale bar: 100 μm; I Western blots showing the
expression of β-catenin, E-cadherin, N-cadherin and Vimentin in PDAC cells with FAM83H knockdown. *P < 0.05, **P < 0.01 and ***P < 0.001

PDAC presenting a higher level of FAM83H experienced shorter OS in both TCGA cohort (Fig. 5D)
and Tongji cohort (Fig. 5E). Furthermore, RT-qPCR
(Fig. 5F, upper panel) and Western blot (Fig. 5F, lower

panel) results both showed higher FAM83H expression in PDAC cell lines (AsPC-1, BxPC-3, Panc 03.27,
MIA PaCa-2, PANC-1, SW 1990, and Capan-2) than in
the HPDE cell line. Collectively, these results indicated
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that FAM83H expression was positively correlated with
PDAC aggressiveness.
We performed a series of functional assays in vitro to
explore whether FAM83H altered the biological behavior
of PDAC cells. FAM83H was upregulated and downregulated in SW 1990 cells (Figure S10). The CCK-8 assays
showed that FAM83H overexpression facilitated the proliferation of SW 1990 cells, while the loss of FAM83H
exerted the opposite effect (Fig. 5G). In transwell assays,
FAM83H deficiency mitigated the migration and invasion of SW 1990 cells (Fig. 5H). Furthermore, FAM83H
knockdown impeded EMT in both PANC-1 and SW
1990 cells by modulating the expression of E-cadherin,
N-cadherin and Vimentin (Fig. 5I). Taken together, these
findings indicated that FAM83H promoted the progression of PDAC and might play a role similar to that of
FAM83H-AS1 in the progression of PDAC.
FAM83H interacts with β‑catenin and protects it
from degradation to activate the Wnt/β‑catenin signaling
pathway

The β-catenin mRNA level was not affected by the loss
of FAM83H (Fig. 6A). Additionally, under the conditions of FAM83H overexpression and knockdown,
the expression of β-catenin changed synchronously
(Fig. 6B), indicating that FAM83H altered the expression of β-catenin at the post-transcriptional level
but not at the transcriptional level. HEK293T cells
were transiently transfected with plasmids expressing
FLAG-FAM83H and/or HA-β-catenin, and immunoprecipitation was then performed to detect exogenous
(Fig. 6C, left panel) and endogenous β-catenin (Fig. 6C,
right panel) as a method to determine the interaction
between FAM83H and β-catenin. FAM83H interacted
with β-catenin. In cells incubated with cycloheximide
to inhibit new protein synthesis, the rate of β-catenin
degradation was mitigated by the overexpression of
FAM83H in SW 1990 cells (Fig. 6D). Moreover, in
the cells treated with MG132, a proteasome inhibitor, the decrease in β-catenin levels was reversed by
FAM83H knockdown (Fig. 6E). These results showed
that FAM83H bound to β-catenin to protect it from
proteasomal degradation. Furthermore, HEK293T
cells were cotransfected with an shRNA targeting
FAM83H, HA-β-catenin and MYC-ubiquitin and were
subsequently treated with MG132 for 6 h to determine
whether FAM83H impaired β-catenin ubiquitylation.
The ubiquitylation status of β-catenin was examined
by Western blotting. The results showed that the loss
of FAM83H increased β-catenin polyubiquitylation
(Fig. 6F). We estimated the expression levels of downstream target genes of β-catenin by performing RTqPCR to further investigate the effect of FAM83H on
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the activation of Wnt/β-catenin signaling (Fig. 6G).
MYC, CD44 and MMP2 were downregulated in both
PANC-1 and SW 1990 cells with FAM83H knockdown.
A series of rescue assays was conducted to verify that
the regulatory function of FAM83H in PDAC was
mediated by β-catenin. In transwell and colony formation assays, FAM83H knockdown (sh-FAM83H#1/
sh-FAM83H#2) and simultaneous β-catenin overexpression reversed the decreases in the migration
and proliferation of cells in the sh-FAM83H groups
(Fig. 7A, B). The rescue assays also showed that
the decreased levels of downstream target genes of
β-catenin were reversed by knocking down FAM83H
(sh-FAM83H#1/sh-FAM83H#2) while simultaneously
overexpressing β-catenin, which was verified by RTqPCR (Fig. 7C). Furthermore, we conducted nuclear/
cytosol fractionation Western blot assays to illustrate
the translocation of β-catenin affected by FAM83HAS1 and FAM83H. The results suggested that in both
the cytoplasm and he nucleus, β-catenin was upregulated following FAM83H-AS1 overexpression, and this
effect was reversed by knocking down FAM83H (Figure
S11). Taken together, our data suggested that FAM83H
bound to β-catenin to protect it from ubiquitylationmediated degradation, which subsequently promoted
the activation of Wnt/β-catenin signaling pathway.
FAM83H‑AS1 modulates the progression of PDAC
through the FAM83H/β‑catenin axis

We investigated whether FAM83H-AS1/FAM83H/βcatenin signaling was involved in the progression of
PDAC by conducting rescue assays. First, the results of
the functional assays showed that the effects of FAM83HAS1 on promoting cell proliferation, migration and invasion were counteracted by FAM83H knockdown or
treatment with an inhibitor of Wnt/β-catenin signaling,
namely, XAV-939 (Fig. 8A-C). Next, the expression levels of FAM83H, β-catenin, N-cadherin, Vimentin, CD44
and MMP2 were increased upon FAM83H-AS1 overexpression, and these increases were reversed by either
FAM83H knockdown or XAV-939 treatment (Fig. 8D).
Furthermore, HEK293T cells were cotransfected with
an shRNA targeting FAM83H-AS1, HA-β-catenin and
MYC-ubiquitin and were subsequently transfected
with FLAG-FAM83H. The cells were then treated with
MG132 for 6 h, and the ubiquitylation status of β-catenin
was examined by Western blotting. Loss of FAM83HAS1 promoted β-catenin polyubiquitylation, but this
increase in β-catenin polyubiquitylation was reversed
by the upregulation of FAM83H (Fig. 8E). In conclusion, FAM83H-AS1 modulated the progression of PDAC
through the FAM83H/β-catenin axis.

Zhou et al. J Exp Clin Cancer Res

(2022) 41:288

Page 13 of 19

Fig. 6 FAM83H binds to β-catenin and protects it from degradation to induce the expression of the effector genes of Wnt/β-catenin signaling.
A RT-qPCR results showing that the β-catenin mRNA level was not altered by FAM83H knockdown in either PANC-1 or SW 1990 cells. B Western
blot showing that the β-catenin protein level was synchronously changed upon FAM83H overexpression and knockdown. C FAM83H binds to
exogenously expressed (left panel) or endogenous β-catenin (right panel). HEK293T cells were transfected with the indicated plasmids, followed
by IP with an anti-FLAG antibody and IB with the indicated antibodies. WCL: whole-cell lysate. D FAM83H affected β-catenin protein stability, which
was assessed by determining the effect of FAM83H overexpression on the β-catenin degradation rate after adding cycloheximide (100 μg/mL). E
Western blot results showing that the expression of β-catenin in the FAM83H-downregulated PDAC cells treated with the proteasome inhibitor
MG132 (10 μM) for 6 h was recovered compared with that in the FAM83H-downregulated PDAC cells. F Western blot results showing the change in
the ubiquitination of β-catenin. HEK293T cells were cotransfected with HA-β-catenin, sh-FAM83H#1/#2 and MYC-Ub and then treated with 10 μM
MG132 for 6 h. Polyubiquitinated proteins were immunoprecipitated with anti-HA beads, followed by immunoblotting with antibodies against MYC
and HA. G The expression of the effector gene Wnt/β-catenin signaling upon FAM83H knockdown was determined by RT-qPCR; *P < 0.05, **P < 0.01
and ***P < 0.001
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Fig. 7 FAM83H regulates PDAC progression via β-catenin. PDAC cells were treated with sh-Control, sh-FAM83H#1, sh-FAM83H#2, sh-FAM83H#
1 + β-catenin or sh-FAM83H#2 + β-catenin. A Transwell assays were conducted to assess the migration of cells in each group; scale bar: 100 μm. B
Colony formation assays were performed to evaluate the proliferation of cells in each group. C The expression of effector genes of Wnt/β-catenin
signaling in each group was determined by RT-qPCR. *P < 0.05, **P < 0.01 and ***P < 0.001

Discussion
The early invasion and metastasis of PDAC make timely
and effective treatment difficult. A better understanding of the molecular regulatory networks involved in
the carcinogenesis, invasion, metastasis, angiogenesis,
stem cell-like properties and cancer microenvironment
of PDAC would provide us with new prospects and new
treatment strategies to constantly improve the survival
and quality of life of patients with PDAC [42–44]. In the
present study, FAM83H-AS1 expression was positively
correlated with shorter survival of PDAC patients and
promoted the proliferation, migration, and invasion of
PDAC cells through the FAM83H-AS1/FAM83H/βcatenin axis.

LncRNAs, which present a large number of transcripts,
are involved in many processes regulating gene expression, including gene transcription, alternative splicing,
translation and gene modification [45]. Dysfunction of
lncRNAs in these processes leads to various diseases,
such as Alzheimer’s disease, neurological diseases, fragile X syndrome and cancer [46]. Accumulating evidence
suggests an indispensable role for lncRNAs in the progression of human cancers due to their low sequence
conservation, high tissue specificity and functional diversity [47]. Based on the related clinical issues, we screened
for metastasis-related lncRNAs and revealed their underlying mechanisms in the regulation of PDAC progression.
The three screening models using data from the TCGA
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Fig. 8 FAM83H-AS1 regulates PDAC progression via FAM83H/Wnt/β-catenin signaling. PDAC cells were treated with NC, LV-FAM83H-AS1,
LV-FAM83H-AS1 + sh-FAM83H#1, LV-FAM83H-AS1 + sh-FAM83H#2 and LV-FAM83H-AS1 + VAX-939. A, B Transwell and wound-healing assays were
conducted to assess the invasion and migration of the indicated groups of SW 1990 cells; scale bar: 100 μm. C Colony formation assays were used
to evaluate the proliferation of the indicated groups of SW 1990 cells. D Western blotting was conducted to determine the expression of FAM83H,
β-catenin, N-cadherin, Vimentin, CD44 and MMP2. E HEK293T cells were cotransfected with HA-β-catenin, FLAG-FAM83H, sh-FAM83H-AS1 and
MYC-Ub and then treated with 10 μM MG132 for 6 h. Polyubiquitinated proteins were immunoprecipitated with anti-HA beads, followed by
immunoblotting with antibodies against MYC and HA. *P < 0.05, **P < 0.01 and ***P < 0.001

database focused on 6 lncRNAs that were related to
metastasis in PDAC. Through functional assays and survival analysis, we found that FAM83H-AS1 was the most
potent lncRNA promoting the metastasis of PDAC cells.
Luis et al. obtained RNA-seq data after targeting
FAM83H-AS1 with two siRNAs in AsPC-1 cells [39].
The gene set enrichment analysis (GSEA) results for
the gene signature based on these data indicated that

FAM83H-AS1 might be correlated with PDAC metastasis [39]. First, we observed high FAM83H-AS1 expression in PDAC tissues and cell lines, and the subcellular
localization of FAM83H-AS1 in the cytoplasm suggested
that it might be involved in post-transcriptional regulation. In recent years, with in-depth investigation of ncRNAs, especially lncRNAs, we have identified their vital
roles in the pathological process of cancers. In addition
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to the aberrant expression of lncRNAs detected in solid
tumors, many lncRNAs have also been detected in biological fluids, such as serum. With the increasing requirements for easily applied and noninvasive methods for
determining clinical diagnosis, we evaluated the expression of FAM83H-AS1 in serum samples and detected a
relatively high level in patients with PDAC compared with
patients with benign nonpancreatic disease. The survival
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analysis showed that FAM83H-AS1 was correlated with
shorter OS in PDAC patients. Functional assays showed
that FAM83H-AS1 promoted the proliferation, migration
and invasion of PDAC cells in vitro. Moreover, the upregulation of E-cadherin and downregulation of N-cadherin/
Vimentin observed upon interference with FAM83H-AS1
expression were consistent with the GSEA results, indicating that FAM83H-AS1 plays a role in EMT in PDAC. The

Fig. 9 Graphic illustration of the FAM83H-AS1/FAM83H/β-catenin regulatory axis in PDAC. Initially, FAM83H-AS1 induced FAM83H expression by
stabilizing its mRNA. Upregulated FAM83H bound to β-catenin to protect it from degradation and then induced the expression of effector genes of
Wnt/β-catenin signaling
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xenograft tumor model and systemic metastasis model in
nude mice produced similar results to those of our in vitro
assays. FAM83H-AS1, which is located on chromosome 8
(8q23.3-8q24.3), is the antisense transcript of FAM83H,
and the two genes have a potential intrinsic regulatory
relationship because they share the same promoter region
and are transcribed in opposite directions [39]. In our
study, FAM83H-AS1 expression was positively correlated
with FAM83H expression at both the mRNA and protein
levels. This finding further suggested that FAM83H-AS1
protected FAM83H mRNA but not the FAM83H protein
from degradation in PDAC cells. In terms of the mechanism, we investigated the signaling pathways in which
FAM83H-AS1 participates in other cancers. Ma et al.
revealed that FAM83H-AS1 promoted cell proliferation, migration and invasion in hepatocellular carcinoma
by targeting the Wnt/β-catenin pathway [48]. Feng et al.
reported that FAM83H-AS1 facilitated the progression of
esophageal squamous cell carcinoma via the miR-10a-5p/
Girdin axis [49]. Dou et al. reported that by stabilizing the
HuR protein, FAM83H-AS1 contributed to radioresistance, proliferation, and metastasis in ovarian cancer [50].
According to Zhang et al., FAM83H-AS1 promoted the
proliferation and invasion of lung cancer via EGFR, AKT
and ERK1/2 [51]. In the study by Wei et al., nucleus pulposus cell growth was induced by FAM83H-AS1 targeting the Notch signaling pathway [52]. The key molecules
in the signaling pathways mentioned above were detected
in PDAC cells with FAM83H-AS1 interference, and only
β-catenin exhibited a corresponding change in expression. Interestingly, previous studies showed that FAM83H
promoted the progression of osteosarcoma and gastric
carcinoma by regulating β-catenin [40, 41]. Therefore, the
underlying interactive relations among FAM83H-AS1,
FAM83H and β-catenin were of interest to us.
In PDAC cells, FAM83H exerted the same effects as
FAM83H-AS1 on the progression of PDAC, according to the results of the functional assays. Additionally, FAM83H affected the protein level, rather than
the mRNA level, of β-catenin by binding β-catenin
and delaying its degradation. The interaction between
FAM83H and β-catenin was detected by coimmunoprecipitation. After treatment with MG132, the decrease in
the β-catenin level caused by FAM83H knockdown was
reversed, indicating that FAM83H mainly inhibited the
proteasomal degradation of β-catenin. Through coimmunoprecipitation, we found that FAM83H knockdown
increased the polyubiquitylation of β-catenin. As a result,
FAM83H modulated the activation of Wnt/β-catenin
signaling. Furthermore, our rescue assays demonstrated
that FAM83H-AS1 promoted the progression of PDAC
via the FAM83H/β-catenin axis (Fig. 9).
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In summary, FAM83H-AS1 and FAM83H were both
upregulated in PDAC and associated with a poor prognosis for patients with PDAC. In PDAC cells, FAM83H-AS1
stabilized FAM83H mRNA to promote the expression
of FAM83H, and the accumulated FAM83H then interacted with β-catenin and inhibited its degradation to
activate the Wnt/β-catenin signaling pathway. However,
further exploration of the precise mechanism by which
FAM83H-AS1 regulates the stabilization of FAM83H
mRNA is needed. The FAM83H-AS1/FAM83H/βcatenin axis regulates the proliferation, migration and
invasion of PDAC cells and might be a novel prognostic
indicator and therapeutic target for PDAC.

Conclusion
In conclusion, our study determined that FAM83HAS1 and FAM83H were both upregulated in PDAC tissues and were closely correlated with shorter survival of
patients with PDAC. Mechanistically FAM83H-AS1 stabilized FAM83H mRNA and enabled FAM83H to protect
β-catenin from degradation, by which Wnt/β-catenin
signaling was activated. The FAM83H-AS1/FAM83H/βcatenin axis regulates proliferation, invasion and metastasis in PDAC and might be a novel prognostic indicator
and therapeutic target for PDAC.
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LINC00261, AFAP1-AS1, and HNF1A-AS1) and overall survival in TCGA
cohort, respectively. Supplementary Figure 5. Migration capacities of 6
lncRNAs were estimated in vitro. (A) Transwell assays were used to determine the migration capabilities of 6 lncRNAs siRNA-transfected PDAC cells,
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cells, respectively; Scale bar: 100 μm. *P < 0.05, **P < 0.01, ***P < 0.001.
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and SW 1990 cells.
Acknowledgements
Not applicable.
Authors’ contributions
MZ and STP were responsible for designing and conducting the research. They
both extracted and analyzed data and wrote the article. RYQ, MW, XJG, and JG
designed and arbitrated potentially eligible studies, extracted and analyzed
the data and interpreted the results. TTQ performed the statistical analyses.
XHS, CLZ, TYY, YG, YHL, ZXZ, YKS and YB provided feedback on the article. The
author(s) read and approved the final manuscript.
Funding
This study was supported by grants from the National Natural Science Foundation of China (Grant number: 82103613 to STP, 82073249 to RYQ, 81702792
to SMX, 81874205 to FZ, 81900518 to JG and 81773160 to MW) and the
National Key Research and Development Program of China (Grant number:
2019YFC1315905).
Availability of data and materials
Datasets used and/or analyzed during the current study are available from the
corresponding author upon reasonable request.

Declarations
Ethics approval and consent to participate
Informed consent forms were signed by all patients who provided tissue and
serum samples, and the study was approved by the Human Ethics Committee
of Tongji Hospital of Huazhong University of Science and Technology (Wuhan,

Page 18 of 19

China) and conducted strictly according to the principles of the Declaration of
Helsinki. All animal experiments mentioned above were conducted with the
approval of the Institutional Animal Care Committee of Tongji Hospital, Tongji
Medical College, Huazhong University of Science and Technology.
Consent for publication
Not applicable.
Competing interests
No potential conflicts of interest are disclosed.
Received: 22 April 2022 Accepted: 8 September 2022

References
1. Rahib L, Smith BD, Aizenberg R, Rosenzweig AB, Fleshman JM, Matrisian
LM. Projecting cancer incidence and deaths to 2030: the unexpected
burden of thyroid, liver, and pancreas cancers in the United States. Cancer
Res. 2014;74:2913–21.
2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J Clin.
2019;69:7–34.
3. Moore AR, Rosenberg SC, McCormick F, Malek S. RAS-targeted therapies:
is the undruggable drugged? Nat Rev Drug Discovery. 2020;19:533–52.
4. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer
J Clin. 2022;72:7–33.
5. Ren B, Cui M, Yang G, Wang H, Feng M, You L, et al. Tumor microenvironment
participates in metastasis of pancreatic cancer. Mol Cancer. 2018;17:108.
6. Tsai S, Evans DB. Therapeutic Advances in Localized Pancreatic Cancer.
JAMA Surg. 2016;151:862–8.
7. Paulson AS, Tran Cao HS, Tempero MA, Lowy AM. Therapeutic advances in
pancreatic cancer. Gastroenterology. 2013;144:1316–26.
8. Carninci P, Kasukawa T, Katayama S, Gough J, Frith MC, Maeda N, et al.
The transcriptional landscape of the mammalian genome. Science.
2005;309:1559–63.
9. Rinn JL, Chang HY. Genome regulation by long noncoding RNAs. Annu
Rev Biochem. 2012;81:145–66.
10. Batista PJ, Chang HY. Long noncoding RNAs: cellular address codes in
development and disease. Cell. 2013;152:1298–307.
11. Slack FJ, Chinnaiyan AM. The Role of Non-coding RNAs in Oncology. Cell.
2019;179:1033–55.
12. Schmitt AM, Chang HY. Long Noncoding RNAs in Cancer Pathways.
Cancer Cell. 2016;29:452–63.
13. Liu SJ, Dang HX, Lim DA, Feng FY, Maher CA. Long noncoding RNAs in
cancer metastasis. Nat Rev Cancer. 2021;21:446–60.
14. Goyal B, Yadav SRM, Awasthee N, Gupta S, Kunnumakkara AB, Gupta SC.
Diagnostic, prognostic, and therapeutic significance of long non-coding RNA
MALAT1 in cancer. Biochim Biophys Acta Rev Cancer. 2021;1875:188502.
15. Su W, Xu M, Chen X, Chen N, Gong J, Nie L, et al. Long noncoding RNA
ZEB1-AS1 epigenetically regulates the expressions of ZEB1 and downstream molecules in prostate cancer. Mol Cancer. 2017;16:142.
16. Zhou M, Guo X, Wang M, Qin R. The patterns of antisense long noncoding RNAs regulating corresponding sense genes in human cancers. J
Cancer. 2021;12:1499–506.
17. Nusse R, Clevers H. Wnt/beta-Catenin Signaling, Disease, and Emerging
Therapeutic Modalities. Cell. 2017;169:985–99.
18. Cruciat CM, Niehrs C. Secreted and transmembrane wnt inhibitors and
activators. Cold Spring Harb Perspect Biol. 2013;5:a015081.
19. Xu X, Zhang M, Xu F, Jiang S. Wnt signaling in breast cancer: biological
mechanisms, challenges and opportunities. Mol Cancer. 2020;19:165.
20. van Schie EH, van Amerongen R. Aberrant WNT/CTNNB1 Signaling as
a Therapeutic Target in Human Breast Cancer: Weighing the Evidence.
Front Cell Dev Biol. 2020;8:25.
21. Zhang MZ, Ferrigno O, Wang Z, Ohnishi M, Prunier C, Levy L, et al. TGIF
governs a feed-forward network that empowers Wnt signaling to drive
mammary tumorigenesis. Cancer Cell. 2015;27:547–60.
22. Puvirajesinghe TM, Bertucci F, Jain A, Scerbo P, Belotti E, Audebert S, et al.
Identification of p62/SQSTM1 as a component of non-canonical Wnt
VANGL2-JNK signalling in breast cancer. Nat Commun. 2016;7:10318.

Zhou et al. J Exp Clin Cancer Res

(2022) 41:288

23. Morris JPT, Wang SC, Hebrok M. KRAS, Hedgehog, Wnt and the twisted
developmental biology of pancreatic ductal adenocarcinoma. Nat Rev
Cancer. 2010;10:683–95.
24. Zeng G, Germinaro M, Micsenyi A, Monga NK, Bell A, Sood A, et al.
Aberrant Wnt/beta-catenin signaling in pancreatic adenocarcinoma.
Neoplasia. 2006;8:279–89.
25. Schuijers J, Mokry M, Hatzis P, Cuppen E, Clevers H. Wnt-induced
transcriptional activation is exclusively mediated by TCF/LEF. EMBO J.
2014;33:146–56.
26. Doumpas N, Lampart F, Robinson MD, Lentini A, Nestor CE, Cantu C, et al.
TCF/LEF dependent and independent transcriptional regulation of Wnt/
beta-catenin target genes. EMBO J. 2019;38(2):e98873.
27. Peifer M, McCrea PD, Green KJ, Wieschaus E, Gumbiner BM. The vertebrate adhesive junction proteins beta-catenin and plakoglobin and the
Drosophila segment polarity gene armadillo form a multigene family
with similar properties. J Cell Biol. 1992;118:681–91.
28. Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-mesenchymal transitions in development and disease. Cell. 2009;139:871–90.
29. Nieto MA, Huang RY, Jackson RA, Thiery JP. Emt: 2016. Cell. 2016;166:21–45.
30. Ulitsky I, Bartel DP. lincRNAs: genomics, evolution, and mechanisms. Cell.
2013;154:26–46.
31. Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-mesenchymal transition. Nat Rev Mol Cell Biol. 2014;15:178–96.
32. Diepenbruck M, Christofori G. Epithelial-mesenchymal transition (EMT)
and metastasis: yes, no, maybe? Curr Opin Cell Biol. 2016;43:7–13.
33. Bastid J. EMT in carcinoma progression and dissemination: facts, unanswered questions, and clinical considerations. Cancer Metastasis Rev.
2012;31:277–83.
34. Yuan JH, Liu XN, Wang TT, Pan W, Tao QF, Zhou WP, et al. The MBNL3
splicing factor promotes hepatocellular carcinoma by increasing PXN
expression through the alternative splicing of lncRNA-PXN-AS1. Nat Cell
Biol. 2017;19:820–32.
35. Yuan S, Liu Q, Hu Z, Zhou Z, Wang G, Li C, et al. Long non-coding RNA
MUC5B-AS1 promotes metastasis through mutually regulating MUC5B
expression in lung adenocarcinoma. Cell Death Dis. 2018;9:450.
36. Xu M, Xu X, Pan B, Chen X, Lin K, Zeng K, et al. LncRNA SATB2-AS1 inhibits
tumor metastasis and affects the tumor immune cell microenvironment
in colorectal cancer by regulating SATB2. Mol Cancer. 2019;18:135.
37. Zhao Y, Liu Y, Lin L, Huang Q, He W, Zhang S, et al. The lncRNA MACC1AS1 promotes gastric cancer cell metabolic plasticity via AMPK/Lin28
mediated mRNA stability of MACC1. Mol Cancer. 2018;17:69.
38. Kuga T, Kume H, Kawasaki N, Sato M, Adachi J, Shiromizu T, et al. A novel
mechanism of keratin cytoskeleton organization through casein kinase
Ialpha and FAM83H in colorectal cancer. J Cell Sci. 2013;126:4721–31.
39. Arnes L, Liu Z, Wang J, Maurer C, Sagalovskiy I, Sanchez-Martin M, et al.
Comprehensive characterisation of compartment-specific long noncoding RNAs associated with pancreatic ductal adenocarcinoma. Gut.
2019;68:499–511.
40. Kim KM, Hussein UK, Park SH, Kang MA, Moon YJ, Zhang Z, et al. FAM83H
is involved in stabilization of β-catenin and progression of osteosarcomas. J Exp Clin Cancer Res. 2019;38:267.
41. Hussein UK, Ha SH, Ahmed AG, Kim KM, Park SH, Kim CY, et al. FAM83H
and SCRIB stabilize β-catenin and stimulate progression of gastric carcinoma. Aging. 2020;12:11812–34.
42. Quail DF, Joyce JA. Microenvironmental regulation of tumor progression
and metastasis. Nat Med. 2013;19:1423–37.
43. Massague J, Obenauf AC. Metastatic colonization by circulating tumour
cells. Nature. 2016;529:298–306.
44. Li S, Xu HX, Wu CT, Wang WQ, Jin W, Gao HL, et al. Angiogenesis in
pancreatic cancer: current research status and clinical implications.
Angiogenesis. 2019;22:15–36.
45. Gil N, Ulitsky I. Regulation of gene expression by cis-acting long noncoding RNAs. Nat Rev Genet. 2020;21:102–17.
46. Wahlestedt C. Targeting long non-coding RNA to therapeutically upregulate gene expression. Nat Rev Drug Discovery. 2013;12:433–46.
47. Quinn JJ, Chang HY. Unique features of long non-coding RNA biogenesis
and function. Nat Rev Genet. 2016;17:47–62.
48. Ma YK, Shen TH, Yang XY. Upregulation of LncRNA FAM83H-AS1 in
hepatocellular carcinoma promotes cell proliferation, migration and
invasion by Wnt/beta-catenin pathway. Eur Rev Med Pharmacol Sci.
2019;23:7855–62.

Page 19 of 19

49. Feng B, Wang G, Liang X, Wu Z, Wang X, Dong Z, et al. LncRNA FAM83HAS1 promotes oesophageal squamous cell carcinoma progression via
miR-10a-5p/Girdin axis. J Cell Mol Med. 2020;24:8962–76.
50. Dou Q, Xu Y, Zhu Y, Hu Y, Yan Y, Yan H. LncRNA FAM83H-AS1 contributes
to the radioresistance, proliferation, and metastasis in ovarian cancer
through stabilizing HuR protein. Eur J Pharmacol. 2019;852:134–41.
51. Zhang J, Feng S, Su W, Bai S, Xiao L, Wang L, et al. Overexpression of
FAM83H-AS1 indicates poor patient survival and knockdown impairs cell
proliferation and invasion via MET/EGFR signaling in lung cancer. Sci Rep.
2017;7:42819.
52. Wei R, Chen Y, Zhao Z, Gu Q, Wu J. LncRNA FAM83H-AS1 induces nucleus
pulposus cell growth via targeting the Notch signaling pathway. J Cell
Physiol. 2019;234:22163–71.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

