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through Western blot. A xenograft tumor model was 
applied for validating the roles of HCP5/miR-128-3p/
PLAGL2 axis in vivo.
Results HCP5 was significantly increased in MM. 
HCP5 knockdown effectively thwarted the prolif-
erative rate and cell cycle of MM cell lines and sup-
pressed tumor growth. HCP5 regulated PLAGL2 
expression by sponging miR-128-3p. PLAGL2 over-
expression effectively rescued cells from influences 
by sh-HCP5 on cell proliferative and apoptotic rates. 
Additionally, HCP5 knockdown significantly inhib-
ited Wnt/β-catenin/cyclin D1 signaling, and these 
effects were eliminated by PLAGL2 overexpression.
Conclusion Our study revealed that HCP5/miR-
128-3p/PLAGL2 is closely correlated to MM devel-
opment by modulating Wnt/β-catenin/cyclin D1 
signaling.

Keywords Multiple myeloma · HCP5 · miR-
128-3p · PLAGL2 · Tumorigenicity

Abstract 
Background Although long non-coding RNA 
(lncRNA) HCP plays essential roles in human can-
cers, its function and mechanism in multiple mye-
loma (MM) have not crystallized.
Methods HCP5 level in MM was assessed through 
qRT-PCR. A series of functional investigations were 
conducted to evaluate the influences of HCP5 on pro-
liferation and apoptosis. Bioinformatics analysis and 
RIP/RNA pull-down assays were carried out to deter-
mine the relationships among HCP5, miR-128-3p, 
and PLAGL2. Relative protein level was determined 
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Introduction

Multiple myeloma (MM) represents a common 
hematological tumor with a higher incidence and 
mortality followed by non-Hodgkin lymphoma 
(Gupta et  al. 2020). Investigation of 36 cancers 
in 185 countries identified that MM accounts for 
approximately 1% of all malignancies and at least 
13% of all hematological cancers (Bray et  al. 
2018). Although extensive advantages have been 
made recently in conventional chemotherapy and 
stem cell transplantation (Detappe et al. 2018), the 
5-year survival rate of MM patients remains poor. 
Therefore, an in-depth understanding of the poten-
tial mechanistic interplays implicated in MM at the 
genomic/transcriptomic levels is still necessary.

Long chain non-coding RNAs (lncRNAs) with 
lengths > 200 nucleotides play essential roles in 
oncogenesis in humans, such as MM (Amodio 
et  al. 2017; Garzon et  al. 2010). Recently, lncR-
NAs have been intimately linked to multiple physi-
ological processes in human cancers (Adams et  al. 
2017). For example, PVT1 promotes prostate can-
cer growth in  vivo (Yang et  al. 2017). CDC6 pro-
motes breast cancer progression, including pro-
liferation, invasion, and migration, by sponging 
miR-215 (Kong et  al. 2019). LncRNA HLA com-
plex P5 (HCP5) functions as a tumorigenic factor in 
a series of human tumors, including cervical cancer 
(Yu et al. 2018), follicular thyroid carcinoma (Liang 
et  al. 2018), breast cancer (Wang et  al. 2019), and 
prostate cancer (Hu and Lu 2020). However, its 
function in MM has not been reported.

MicroRNAs (miRNAs) can repress mRNA expres-
sion by interfering mRNA stability or protein transla-
tion by binding to the 3′ untranslated region (3′ UTR) 
of target mRNAs (Lu and Rothenberg 2018). Past 
investigations recognized that aberrantly expressed 
miRNAs are frequently observed in various human 
tumors including MM (Wang et  al. 2015). For 
instance, MiR-145-3p exacerbates autophagy and 
enhances chemo-resistance sensitivity of bortezomib 
in MM by directly targeting HDAC4 (Wu et al. 2020). 
Increasing investigations indicated miR-128-3p is sig-
nificantly downregulated and plays important roles in 
various cancers, including glioblastoma (Zhang et al. 
2009), lung cancer (Weiss et al. 2008), and acute lym-
phocytic leukemia (She et al. 2014).

It has been reported that pleomorphic adenoma 
gene like-2 (PLAGL2) promotes colorectal cancer 
proliferation by activating β-catenin to elevate cyclin 
D1 expression (Zhou et  al. 2018). Moreover, cumu-
lative evidences also demonstrate the importance of 
Wnt signaling in MM cells and its close relationship 
with cellular processes, including proliferation, dif-
ferentiation, and migration (Spaan et  al. 2018). In 
addition, PLAGL2 was also reported to act as a direct 
downstream gene of miRNAs such as miR-449a 
and miR-214-3p to affect cancer progression (Xu 
et al. 2018; Zhou et al. 2020). However, the roles of 
PLAGL2, especially the lncRNA-miRNA-PLAGL2 
axis in MM are not explored.

In this study, we found that HCP5 was upregulated 
in MM and revealed that HCP5 promoted the pro-
gression of MM by triggering the Wnt/β‐catenin sign-
aling pathway via targeting miR-128-3p/PLAGL2, 
suggesting that HCP5 is a potential target as novel 
MM therapies.

Materials and methods

Bioinformatics analysis

Raw expression profiles of MM (GSE125361 and 
GSE125363) were obtained from the Gene Expres-
sion Omnibus (GEO) database. The Limma package 
of R language was employed to analyze differential 
expression in two datasets using |log2FC|> 1.0 and 
p < 0.05 as the significant parameters.

Cell culture

Human MM cell lines (NCI-H929, U266, RPMI-
8266, and MM.1S) and the normal plasma cell line 
(nPC) were procured from American Type Culture 
Collection (ATCC, Manassas, VA, USA). Cells were 
grown in RPMI-1640 supplemented with 10% FBS 
(Gibco, Life Technologies) in a 37 °C incubator with 
addition of 5%  CO2.

Clinical specimens

A total of 86 MM bone marrow tissues together 
with 14 non-diseased control tissues were obtained 
from the Department of Hematology, the First Affili-
ated Hospital of Anhui Medical University between 
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2017 and 2019. All individuals signed the informed 
consent.

Cell transfection

Lentiviruses containing the short hairpin for HCP5 
(sh-HCP5: 5ʹ-GCT GAT GAG TAG GAC ATT T-3′) 
or negative control (sh-NC), HCP5 overexpres-
sion vector pcDNA3.1-HCP5 (HCP5 in short), 
PLAGL2 overexpression vector pcDNA3.1-PLAGL2 
(PLAGL2 in short), and the corresponding negative 
control (empty vector pcDNA3.1) were synthesized 
and purchased from GenePharma (Shanghai, China). 
In addition, the small interfering RNA targeting 
PLAGL2 (si-PLAGL2), si-NC, miR-128-3p mimics/
inhibitor, and their relevant control molecules (miR-
NC and inhibitor NC) were developed by RiboBio™ 
(Guangzhou, China) and transiently transfected into 
NCI-H929 and MM.1S cells using Lipofectamine 
2000® (Invitrogen).

Luciferase reporter assay

Bioinformatics tools in microRNA.org were 
employed to predict the possible binding regions 
between miR-128-3p and HCP5, and several tools, 
including PicTar, targetscan, miRDB, miRWalk, and 
microT-CDS, were applied to predict the binding 
sites between miR-128-3p and 3ʹ-UTR of PLAGL2. 
To determine their relationships, wild-type HCP5 
sequence (WT-HCP5) or PLAGL2 3ʹ-UTR (WT-
PLAGL2) and mutated HCP5 sequence (MUT-HCP5) 
or PLAGL2 3ʹ-UTR (MUT-PLAGL2) were generated 
and cloned into pmirGLO® luciferase vector (Pro-
mega™, USA). Each plasmid was co-transfected with 
either miR-128-3p mimics or miR-NC into NCI-H929 
and MM.1S cells using Lipofectamine 2000®. Two 
days later, relative luciferase activity was determined 
using a dual-luciferase reporter system.

CCK-8 assay

Briefly, 2 ×  103 cells per well were seeded onto 
96-well plates and grown for 24, 48, 72, and 96  h. 
Consequently, cells were incubated with 10 μL 
of CCK8 solution (Cell Counting Kit-8, Solar-
bio, Beijing, China) for 2  h. Absorbance values at 

450  nm were determined using a microplate reader 
(BioTek™, VT, USA).

Colony formation assay

Approximately 1000 transfected cells were seeded 
into 6-well plates and grown over 2 weeks. Cells were 
fixed with 10% formaldehyde followed by staining 
using 0.1% crystal violet. Finally, all cell colonies 
were observed and counted under a light microscope.

EdU staining assay

Cellular proliferative rate was determined using an 
EdU Staining Proliferation Kit® (Abcam™). In 
brief, cells were incubated with 100 μL EdU medium 
(50 μM) for 3 h, and stained with 10 μg/mL Hoechst 
33,342 for 15 min. Ultimately, EdU positive cell pop-
ulations were calculated under an Olympus fluores-
cence microscope.

Cell cycle analysis

Cell cycle analysis was performed using propidium 
iodide (PI) staining as described previously (Pawlyn 
et  al. 2017). In brief, 5 ×  105 transfected cells were 
stained using 10 μL of PI staining solution for 
20  min. Subsequently, cell cycle distribution was 
evaluated using flow cytometry (FACSCalibur®, BD 
Biosciences™).

RNA isolation and qRT-PCR

Total RNA was isolated using TRIzol® (Invitro-
gen™, Carlsbad, CA, USA). All cDNAs were gener-
ated using High-Capacity cDNA Reverse Transcrip-
tion Kits (Applied Biosystems™). QRT-PCR assay 
was conducted on ABI 7500® Real-Time PCR Sys-
tem (Applied Biosystems™). The relative expression 
was determined using the  2−ΔΔCt method with U6 and 
β-actin as the internal/normalization control genes. 
The primers used in qRT-PCR assays were HCP5 
forward 5ʹ-GAC TCT CCT ACT GGT GCT  TGGT-3ʹ 
and reverse 5ʹ-CAC TGC CTG GTG AGC CTG TT-3ʹ; 
PLAGL2 forward 5ʹ-GTG CCA AGG AGA AGA AGC 
AC-3′ and reverse 5ʹ-CTA ACA TGT CCA CGG GCT 
C T-3′; β-actin forward 5ʹ-GTC ACC GGA GTC CAT 
CAC GAT-3′ and reverse 5ʹ-TCACC AAC TGG GAC 
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GAC ATG-3′; miR-128-3p forward 5ʹ-GGT CAC AGT 
GAA CCG GTC -3′ and reverse 5ʹ-GTG CAG GGT CCG 
AGGT-3′; and U6 forward 5′-ATC CGG CAGAT GGC 
TGT TGAC-3′ and reverse 5′-GGC CGG TAC ACC 
ATT CCG ATTC-3′.

Western blot

Total proteins were collected using RIPA lysis 
buffer, and the proteomic levels were determined 
using BCA Protein Assay Kits (Tiangen™, Beijing, 
China). Equivalent proteomic loads were separated 
on 12% SDS-PAGE and transferred onto PVDF mem-
branes that were consequently incubated with pri-
mary antibodies against cyclin D1 (1:500, SC-8396, 
Santa Cruz, USA), non-phospho-(active) β-catenin 
(Ser33/37/Thr41) (D13A1) (1:1000, #8814, CST, 
USA), PLAGL2 (1:800, ab139509, Abcam, UK), and 
β-actin (1:1000, ab8227, Abcam, UK) overnight at 
4 °C. All protein bands were observed using the ECL 
Kit (Millipore).

RNA immunoprecipitation (RIP) assay

RIP assays were conducted by a Magna RIP RNA-
Binding Protein Immunoprecipitation Kit® (Mil-
lipore™, Darmstadt, Germany). Briefly, MM cells 
were ruptured, and the post-lysis supernatants were 
incubated with anti-Ago2 (Millipore™, USA) or 
mouse IgG (Invitrogen™, USA) conjugated magnetic 
beads overnight at 4  °C. Finally, the co-precipitated 
RNAs were isolated and subjected to qRT-PCR assay.

RNA pull-down assay

MM cells were transfected with 50  nM mutated 
(MUT)-biotinylated or wild-type (WT)-biotinylated 
miR-128-3p (GenePharma, China). The cell lysates 
were incubated with pre-coated M-280 streptavidin 
beads (Sigma Aldrich™) for 4 h at 4 °C. After wash-
ing with PBS twice and cold lysis solution twice, the 
beads-bound RNAs were purified and subjected to 
qRT-PCR assays.

TOP/FOP flash assay

This assay was conducted as described previously 
(Chen et al., 2019). In brief, approximately 5000 cells 
were transfected with 100 ng TOP/FOP flash reporter 

plasmids (Millipore™, MA, USA), 100  ng expres-
sion vector (vector or HCP5), or sh-RNA (sh-NC or 
sh-HCP5). After 2  days, the luciferase activity was 
determined using a Dual-Luciferase Kit (Promega™, 
USA).

Animal model

NCI-H929 and MM.1S cell populations were trans-
fected with sh-HCP5 or co-transfected with negative 
control sh-NC and empty vector, or sh-HCP5 and 
PLAGL2, and then subcutaneously injected into nude 
mice (6 mice in each group) with 1.2 ×  107 cells per 
mouse. Tumor volume was evaluated using the equa-
tion: 0.5 × length ×  width2. On the 28th day, mice 
were sacrificed, and the tumor xenografts from three 
groups were excised, weighed, imaged, and further 
analyzed.

Fluorescence in situ hybridization (FISH) assay

FISH assay was conducted using Servicebio lncRNA 
FISH Probe Mix® (Red) (G3016-3, Servicebio™, 
Wuhan, China) as previously described (Cao et  al. 
2020). Briefly, the tumor samples were paraffin-
coated and sliced to 4-μm-thick sections. The sec-
tions were incubated with a hybridization solution 
containing 8  ng/μL HCP5 lncRNA probes at 37  °C 
overnight, scrutinized, and imaged using fluorescence 
microscopy (Nikon™, Tokyo, Japan).

Immunohistochemistry (IHC) assay

Xenograft tumors from three groups were fixed 
in 10% formaldehyde, paraffin-coated, sliced as 
5-µm-thick sections, and consequently stained using 
H&E at room temperature to evaluate the cytopatho-
logical features as previously described (Parks et  al. 
2019). In addition, sections were incubated with 
anti-Ki-67 antibody (1:400, ab15580, Abcam™) at 
4  °C overnight to assess proliferation as previously 
reported (Gu et al. 2017).

Statistical analysis

All datasets were expressed as mean ± SD using SPSS 
v.20.0 (SPSS, Inc., Chicago, IL, USA). Differences in 
quantitative data between two groups were tested by 
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Student’s t test. p < 0.05 was deemed to confer statis-
tical significance.

Results

HCP5 was significantly upregulated in MM

We firstly analyzed t HCP5 expression in a publicly 
available expression profile of plasma cells involved 
in MM and found that HCP5 was highly upregulated 
in plasma cells of MM cases than healthy donors 
in GSE125361 (p < 0.001; Fig.  1A). To validate its 
upregulation, HCP5 levels in 86 MM tissues and 14 
healthy tissues were analyzed using qRT-PCR. The 
results indicated that typically, HCP5 expression 
in MM tissues was markedly elevated (p < 0.001; 
Fig.  1B). Furthermore, HCP5 level in clinical MM 
cases was intimately correlated to ISS staging, and its 
level was the highest at the advanced stage (p < 0.05; 
Fig.  1C). The 86 MM cases were divided into two 

groups with the median HCP5 expression as the cut-
off. The patients with high HCP5 level had a poorer 
progress-free survival (p < 0.05; Fig. 1D) and overall 
survival (p < 0.001; Fig. 1E). In addition, HCP5 was 
also highly upregulated in five MM cell lines than 
nPCs (p < 0.05; Fig. 1F), indicating that HCP5 might 
deeply involve the development of MM.

HCP5 overexpression promoted the proliferation of 
MM cell lines

HCP5 knockdown or overexpression was conducted 
in NCI-H929 and MM.1S cells. Transfection effi-
ciency was evaluated using qRT-PCR (p < 0.01; 
Fig.  2A). CCK-8 assay demonstrated that sh-HCP5 
lowered the viability of these two cell lines (p < 0.01), 
while HCP5 overexpression promoted the viability of 
these two cell lines (p < 0.01) (Fig. 2B). Colony for-
mation assay (Fig.  2C) and EdU staining (Fig.  2D) 
revealed that sh-HCP5 significantly decreased the 
proliferative ability of these two cells (p < 0.01) and 

Fig. 1  HCP5 was significantly upregulated in MM tissues 
and corresponding cell lines. A Relative HCP5 expression in 
GSE125361 consisting of MM tissues (n = 45) and healthy tis-
sues (n = 3). B HCP5 expression in MM tissues (n = 86) and 
healthy tissues (n = 14) was detected by qRT-PCR. C HCP5 
expression in MM tissues of different ISS stages was evalu-
ated by qRT-PCR (n = 86). D Progression-free curve analysis 

of MM patients with high (n = 43) or low (n = 43) HCP5 level. 
E Overall survival curve analysis of MM patients with high 
(n = 43) or low (n = 43) HCP5 level. F HCP5 expression in 
MM cell lines and normal nPC cells was detected by qRT-PCR 
(n = 3). *p < 0.05, **p < 0.01, ***p < 0.001. Each experiment 
was repeated three times
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HCP5 overexpression promoted the proliferative rates 
of these two cells (p < 0.05). In addition, flow cytom-
etry highlighted that HCP5 downregulation inhibited 
cell cycle progression, and HCP5 overexpression pro-
moted cell cycle and blocked cell cycle at G1 stage in 
these two cell lines (p < 0.05; Fig. 2E). These results 
demonstrated HCP5 overexpression promoted MM 
cell proliferation.

HCP5 acted as a sponge for miR-128-3p

Next, we investigated the subcellular localization of 
HCP5 in both NCI-H929 and MM.1S cells. RNA-
FISH data highlighted HCP5 to be predominantly 
abundant in MM cytoplasm (Fig. 3A). To determine 

HCP5 downstream genes, we predicted 29 potential 
target miRNAs by microRNA.org, and searched all 
928 downregulated miRNAs in GSE125363 profile. 
Moreover, Venn diagram showed that there were two 
overlapped miRNAs (miR-299-3p and miR-128-3p) 
in the two prediction results (Fig.  3B), which were 
selected for the subsequent validation. Then, we 
quantitatively detected the two putative miRNAs 
in NCI-H929 and MM.1S cells transfected with sh-
HCP5 or HCP5 overexpression vector, and qRT-
PCR revealed that sh-HCP5 upregulated miR-128-3p 
while HCP5 overexpression decreased miR-128-3p 
level (p < 0.01), but had no significant effect on miR-
299-3p expression (Fig.  3C). Moreover, qRT-PCR 
also revealed that miR-128-3p mimics obviously 

Fig. 2  HCP5 overexpression promoted proliferation of MM 
cell lines. NCI-H929 and MM.1S cells were transfected with 
sh-HCP5, HCP5 (pcDNA3.1-HCP5 overexpression plasmid), 
and corresponding negative controls. A Transfection efficiency 
was evaluated by qRT-PCR. B Cell viability was evaluated by 

CCK-8 assay. C, D Cell proliferation was evaluated by col-
ony formation assay (C) and EdU staining assay (D). E Cell 
cycle was evaluated by flow cytometry. *p < 0.05, **p < 0.01, 
***p < 0.001. Each experiment was repeated three times
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downregulated HCP5 (p < 0.01) and miR-128-3p 
inhibitor obviously upregulated HCP5 (p < 0.001) 
in these two cell lines (Fig.  3D). Meanwhile, miR-
128-3p expression in MM tissues was downregulated 
(p < 0.001; Fig. 3E). In addition, Pearson’s correlation 
analysis indicated an inverse-proportion relationship 
between HCP5 and miR-128-3p expression in MM 
tissues (n = 86, p < 0.001; Fig. 3F). As expected, bio-
informatics prediction revealed that HCP5 might be 
a miR-128-3p sponge (Fig.  3G). Luciferase reporter 

studies demonstrated miR-128-3p mimics markedly 
lowered the relative luciferase activity for WT-HCP5 
in the two cells (p < 0.001), while remained unaffected 
for MUT-HCP5 (Fig. 3H). These results revealed that 
HCP5 might be a sponge of miR-128-3p.

PLAGL2 is targeted by miR-128-3p

Next, several predictive tools, including PicTar, 
targetscan, miRDB, miRWalk, and microT-CDS 

Fig. 3  HCP5 acted as a sponge for miR-128-3p. A FISH 
analysis of the subcellular location of HCP5 in NCI-H929 
and MM.1S cells. B The Venn diagram of target miRNAs of 
HCP5 predicted by microRNA.org and downregulated miR-
NAs in GSE125363. C NCI-H929 and MM.1S cells were 
transfected with sh-HCP5, HCP5 (pcDNA3.1-HCP5 overex-
pression plasmid), and corresponding negative controls. The 
expression of the two miRNA candidates was detected by 
qRT-PCR (n = 3). D NCI-H929 and MM.1S cells were trans-
fected with miR-128-3p mimics, miR-128-3p inhibitor, or 

their negative controls. The expression of HCP5 was detected 
by qRT-PCR (n = 3). E The expression of miR-128-3p in MM 
tissues (n = 86) and healthy tissues (n = 14) was detected by 
qRT-PCR. F The correlation between the levels of HCP5 and 
miR-128-3p in MM tissues (n = 86). G Schematic illustration 
of WT-HCP5 and MUT-HCP5 luciferase reporter vectors. H 
The relative luciferase reporter activity of WT or MUT-HCP5 
in two MM cells was detected by the dual-luciferase reporter 
system (n = 3). **p < 0.01, ***p < 0.001. Each experiment was 
repeated three times
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software, were applied. We also searched all upreg-
ulated mRNAs and overlapped the predicted target 

mRNAs. We found that 13 potential mRNAs might 
be targets of miR-128-3p (Fig.  4A). Consequently, 

Fig. 4  HCP5 upregulated PLAGL2 expression by spong-
ing miR-128-3p. A Schematic illustration to search the target 
mRNAs of miR-128-3p predicted by online systems (Pic-
Tar, targetscan, miRDB, miRWalk, and microT-CDS) and the 
upregulated mRNAs in GSE125361 database. B MM.1S cells 
were transfected with miR-128-3p mimics or miR-NC, and the 
expression of 13 mRNA candidates was evaluated by qRT-
PCR (n = 3). C NCI-H929 and MM.1S cells were transfected 
with miR-128-3p mimics, miR-128-3p inhibitor, or their con-
trol. PLAGL2 protein expression was detected by western blot 
(n = 3). D Schematic illustration of WT and MUT PLAGL2 
3ʹ-UTR luciferase reporter vectors. E The relative luciferase 
reporter activity of WT or MUT PLAGL2 3ʹ-UTR in two 
MM cell lines was detected by the dual-luciferase reporter 

system (n = 3). F PLAGL2 expression in MM tissues (n = 86) 
and healthy tissues (n = 14) was evaluated by qRT-PCR. G 
The correlation between miR-128-3p and PLAGL2 in MM 
tissues (n = 86). H The direct interaction among HCP5, miR-
128-3p, and PLAGL2 was determined by RIP assay (n = 3). 
I The enrichment of HCP5 and PLAGL2 in MM.1S cells by 
using biotin-labeled miR-128-3p probe or biotin-NC probe 
(n = 3). J, K The correlation between HCP5 and PLAGL2 in 
86 MM tissues (J) and GSE125361 dataset (K). L NCI-H929 
and MM.1S cells were transfected with sh-HCP5, miR-128-3p 
inhibitor, or their controls. PLAGL2 protein expression was 
evaluated by western blot. *p < 0.05, **p < 0.01, ***p < 0.001. 
Each experiment was repeated three times
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MM.1S cells were transfected with miR-128-3p mim-
ics or miR-NC, and qRT-PCR results highlighted only 
PLAGL2 level was downregulated in miR-128-3p 
mimics group (p < 0.001; Fig. 4B). Western blot indi-
cated that miR-128-3p mimics obviously decreased 
PLAGL2 expression, and miR-128-3p inhibitor 
obviously increased PLAGL2 protein expression 
(Fig.  4C). To determine their relationship, we also 
constructed the luciferase reporter plasmids contain-
ing the putative binding site of PLAGL2 3ʹ-UTR 
(Fig.  4D). The results indicated that miR-128-3p 
mimics markedly reduced the relative luciferase 
reporter activity for WT-PLAGL2 3ʹ-UTR in the two 
cells (p < 0.01) and had no effect on MUT-PLAGL2 
3ʹ-UTR (Fig.  4E). PLAGL2 expression in MM tis-
sue was significantly elevated (p < 0.001; Fig. 4F). In 
addition, an inverse-proportion relationship existed 
between miR-128-3p and PLAGL2 expression in MM 
tissues (p < 0.001; Fig.  4G), suggesting PLAGL2 to 
be directly targeted by miR-128-3p.

HCP5 upregulated PLAGL2 expression by sponging 
miR-128-3p

We further investigated the relationship among 
HCP5, miR-128-3p, and PLAGL2 in MM.1S cells 
using RIP/RNA pull-down assays. RIP assay revealed 
that HCP5, miR-128-3p, and PLAGL2 were all effi-
ciently enriched by anti-Ago2 (p < 0.001; Fig.  4H). 
Meanwhile, RNA pull-down assay highlighted HCP5 
and PLAGL2 were highly enriched in biotin-labeled 
miR-128-3p probe (p < 0.001; Fig. 4I). Furthermore, 
a directly proportional relationship between PLAGL2 
and HCP5 expressions was identified in 86 MM tis-
sue samples (p < 0.05; Fig.  4J) and GSE125361 
dataset (p < 0.001; Fig.  4K). Western blot showed 
that sh-HCP5 obviously decreased PLAGL2 pro-
tein expression, and miR-128-3p inhibitor obviously 
increased PLAGL2 protein expression (Fig.  4L). 
These data indicated HCP5 to upregulate PLAGL2 
expression by sponging miR-128-3p.

HCP5 activated Wnt/β-catenin signaling by 
regulating PLAGL2

HCP5 influence in β-catenin/cyclin D1 axis was 
studied through the TOP/FOP flash luciferase assay. 
The data revealed sh-HCP5 highly thwarted TOP/
FOP flash reporter activities (p < 0.01), and HCP5 

(overexpression of HCP5) promoted Wnt/β-catenin 
signaling in two cells (p < 0.001) (Fig.  5A). Mean-
while, western blot highlighted that sh-HCP5 obvi-
ously decreased the protein expression of PLAGL2, 
β-catenin, and cyclin D1, while HCP5 overexpression 
markedly elevated PLAGL2, β-catenin, and cyclin D1 
expression within two cell lines (Fig. 5B). Moreover, 
co-transfection of sh-HCP5 and pcDNA3.1-PLAGL2 
(PLAGL2, overexpression of PLAGL2) obviously 
reversed the effects of sh-HCP5 on TOP/FOP flash 
reporter functions (Fig. 5C), together with attenuating 
PLAGL2, β-catenin, and cyclin D1 inhibition within 
two cell lines (Fig.  5D). Such data indicates HCP5-
triggered Wnt/β-catenin signaling through regulating 
PLAGL2.

PLAGL2 overexpression reversed the inhibitory 
effects of sh-HCP5 in MM cell lines

Next, PLAGL2 knockdown or overexpression was 
conducted in NCI-H929 and MM.1S cells, and the 
transfection efficiency was validated by western blot 
(Supplementary Fig. 1A). By performing CCK-8, col-
ony formation, EdU staining assays, and flow cytome-
try, we found that si-PLAGL2 significantly decreased 
the proliferative ability of MM.1S (p < 0.05), while 
PLAGL2 overexpression exacerbated NCI-H929 cell 
proliferation (p < 0.05) (Supplementary Fig.  1B–E). 
Furthermore, the rescue experiments were carried 
out. CCK-8 assay indicated that co-transfection of sh-
HCP5 and PLAGL2 overexpression vector reversed 
that sh-HCP5 significantly inhibited the viability of 
the two cell lines (p < 0.01; Fig. 6A). Meanwhile, co-
transfection of sh-HCP5 and PLAGL2 reversed sh-
HCP5-directed inhibition of cellular proliferative rate 
(p < 0.01; Fig. 6B, C). In addition, co-transfection of 
sh-HCP5 and PLAGL2 significantly promoted cell 
cycle progression compared to sh-HCP5 (p < 0.05; 
Fig.  6D). These results indicated that HCP5 served 
as a competing endogenous RNA (ceRNA) for miR-
128-3p by modulating PLAGL2 expression to exacer-
bate MM development.

HCP5 knockdown inhibited the development of MM 
in vivo

To assess the effects of HCP5 on MM in  vivo, 
sh-NC + empty vector, sh-HCP5 + empty vector, and 
sh-HCP5 + PLAGL2 (overexpression PLAGL2) were 
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stably transfected into NCI-H929 cells and MM.1S 
cells and injected into nude mice. We found that sh-
HCP5 obviously decreased tumor weight/dimen-
sions, and co-treatment of sh-HCP5 + PLAGL2 
significantly reverted the inhibiting influences of sh-
HCP5 (Fig. 7A–C). Moreover, IHC assay showed that 
Ki-67 positive cells in tumor tissues of mice injected 
with sh-HCP5 were reduced, and co-treatment of sh-
HCP5 + PLAGL2 obviously reversed the sh-HCP5-
induced inhibitory effect (Fig.  7D). In addition, sh-
HCP5 obviously downregulated PLAGL2, β-catenin, 
and cyclin D1 in tumor tissues, and co-treatment of 
sh-HCP5 + PLAGL2 reversed the inhibitory effect of 
sh-HCP5 (Fig.  7E). These results demonstrated that 
HCP5/miR-128-3p/PLAGL2 was closely implicated in 
MM progression in vivo.

Discussion

Due to the serious social and human health hazards, 
it is more urgent to develop effective anti-tumor 
agents for preventing MM development (Laubach 
et al. 2016; Juli and Oliverio 2019). Hence, it is nec-
essary to explore the detailed pathogenic mechanism 
involved in MM. Here, we found that HCP5 knock-
down significantly inhibited the progression of MM. 
Mechanistically, HCP5 activated Wnt/β‐catenin sign-
aling by targeting miR-128-3p/PLAGL2 to elevate 
cyclin D1 expression. Our results identified that 
HCP5 played an oncogenic role in MM progression.

It is known that HCP5 plays essential roles in dif-
ferent types of human cancers by regulating cell 
proliferation, apoptosis, invasion, and migration 

Fig. 5  HCP5 activated Wnt/β-catenin signaling by regulating 
PLAGL2. A, B NCI-H929 and MM.1S cells were transfected 
with sh-HCP5, HCP5 (pcDNA3.1-HCP5 overexpression plas-
mid), and corresponding negative controls. A Dual-luciferase 
assays for TOP/FOP activity. B The protein expression of 
PLAGL2, β-catenin, and cyclin D1 was detected by western 

blot. C, D NCI-H929 and MM.1S cells were co-transfected 
with sh-HCP5 and pcDNA3.1-PLAGL2 (overexpression of 
PLAGL2). C Dual-luciferase assays for TOP/FOP activity. D 
The protein expression of PLAGL2, β-catenin, and cyclin D1 
was detected by western blot. **p < 0.01, ***p < 0.001. Each 
experiment was repeated three times
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Fig. 6  PLAGL2 overexpression reversed the inhibitory effect 
of sh-HCP5 in MM cell lines. NCI-H929 and MM.1S cells 
were transfected with sh-HCP5, or co-transfected with sh-
HCP5 and PLAGL2 (overexpression of PLAGL2). A Cell via-
bility was evaluated by CCK-8 assay. B, C Cell proliferation 

was evaluated by colony formation assay (B) and EdU stain-
ing assay (C). D Cell cycle was evaluated by flow cytometry. 
*p < 0.05, **p < 0.01. Each experiment was repeated three 
times

Fig. 7  HCP5 knockdown inhibited the development of MM 
in vivo. A The representative images of xenograft subcutane-
ous tumors. B Tumor volume was measured every week for 
4  weeks. C Tumor weight. D Cell proliferation in tumor tis-

sues was evaluated by H&E staining and IHC staining. E The 
expression of PLAGL2, β-catenin, and cyclin D1 in tumor tis-
sues was detected by western blot. ***p < 0.001. Six mice in 
each group. Each experiment was repeated three times
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processes. For instance, HCP5 is upregulated in colon 
tumor tissues, and HCP5 knockdown blocks prolif-
erative/migrative capacities of colon tumor cells (Yun 
et al. 2019). HCP5 is identified as a ceRNA to regu-
late proliferation, invasion, migration, cell apoptosis, 
and autophagy of pancreatic cancer cells (Liu et  al. 
2019b). A high HCP5 level is shown to be positively 
correlated to the metastasis of prostate cancer. More-
over, HCP5 downregulation suppresses proliferative 
rates and colony formation capacity while enhances 
apoptosis of prostate cancer cells (Hu and Lu 2020). 
HCP5 has been demonstrated to contribute to the 
epithelial-mesenchymal transition (EMT) process 
in colorectal cancer by activating ZEB1 (Yang et al. 
2019). Based on previous studies, we speculated that 
HCP5 might also play significant roles in MM devel-
opment. As expected, we confirmed the upregulation 
of HCP5 in MM. Moreover, HCP5 knockdown obvi-
ously inhibited MM progression. Except for those 
abnormally expressed lncRNAs, we identified a new 
lncRNA HCP5 and confirmed its oncogenic role in 
MM progression.

To investigate the potential target miRNAs, we 
searched the microRNA.org, selected all 928 down-
regulated miRNAs in GSE125363 profile, and found 
that there were two miRNA candidates (miR-299-3p 
and miR-128-3p) simultaneously existing in the two 
datasets, suggesting that the two downregulated miR-
NAs might be targets of HCP5. MiR-299-3p was 
identified as a tumor-suppressing miRNA in thyroid 
cancer (Chen et  al. 2019), hepatocellular carcinoma 
(Dang et  al. 2018), and cervical cancer (Yu et  al. 
2019). MiR-128-3p also was shown to regulate the 
progression of human cancers, including colorectal 
cancer (Liu et  al. 2019a), glioma (Fu et  al. 2018), 
and breast cancer (Zhao et  al. 2019). However, the 
functions of these two miRNAs in MM remain 
unclear. Meanwhile, we revealed that HCP5 was a 
miR-128-5p-sponge.

By combining upregulated miRNAs in 
GSE125361 dataset, we found that some poten-
tial target mRNAs might be targets of miR-128-3p, 
including BTG2, CSF1, ELOVL4, EPHB2, FBLN2, 
GREM1, PLAGL2, RELN, SYT1, TFEB, TMEM25, 
and WDTC1. Among them, several mRNAs, includ-
ing BTG2, CSF1, EPHB2, GREM1, RELN, and 
TFEB, are reported to participate in the progression 
of MM (Leone et al. 2013; Baghdadi et al. 2019; Liu 
et  al. 2014; Clark and Hewett 2020; An et  al. 2018; 

Cea et  al. 2012). Although the remaining miRNAs 
have not been studied in MM, their roles and func-
tions in other diseases have been studied in detail. For 
example, FBLN2 is required for basement membrane 
integrity of mammary epithelium (Ibrahim et  al. 
2018). SYT1 has been demonstrated to be associated 
with the development of neurodevelopmental disor-
ders (Baker et  al. 2018). TMEM25 has been identi-
fied as a candidate biomarker methylated and down-
regulated in colorectal cancer (Hrašovec et al. 2013). 
WDTC1 is the ortholog of the drosophila adipose gene 
and is shown to be involved in human obesity (Lai et al. 
2009). Thus, a series of functional experiments were 
performed. The results demonstrated that PLAGL2 is 
directly targeted by miR-128-3p and revealed the regu-
latory networking by miR-128-3p/PLAGL2 in MM.

Previous studies indicated Wnt/β‐catenin signal-
ing was activated through positive regulation of cyc-
lin D1 by PLAGL2 in colorectal cancer (Zhou et al. 
2018). In addition, PLAGL2 overexpression tran-
scriptionally triggered Wnt/β‐catenin signaling and 
exacerbated tumor development in colorectal cancer 
(Li et al. 2019). Here, we explored the effect of HCP5 
in cyclin D1/Wnt/β‐catenin signaling in MM and 
highlighted that HCP5 knockdown severely inhib-
ited the Wnt signaling using TOP/FOP flash reporter 
assay. Finally, PLAGL2 overexpression obviously 
reverted the inhibiting functions of sh-HCP5. These 
data further validated HCP5/miR-128-3p/PLAGL2 
to promote MM proliferative rate by triggering the 
Wnt/β‐catenin signaling pathway.

Conclusion

In summary, this is the first study to reveal the func-
tion of HCP5 in MM. Our results demonstrated that 
HCP5 promoted cell proliferation and tumor forma-
tion of MM cells by activating the Wnt/β‐catenin 
signaling pathway via sponging miR-128-3p to 
increase PLAGL2 expression.
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