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Abstract
Background Activation of the insulin-like growth factor 1 receptor (IGF-1R)-mediated Janus kinase (JAK)1/2-Stat3 pathway 
contributes to hepatocarcinogenesis. Specifically, a previous study showed that IGF-1R inhibition downregulated Midkine 
expression in hepatocellular carcinoma (HCC).
Aims The present study investigated the role of IGF-1R-JAK1/2-Stat3 and Midkine signaling in HCC, in addition to the 
molecular link between the IGF-1R-Stat3 pathway and Midkine.
Methods The expression levels of IGF-1R, Stat3, and Midkine were measured using reverse transcription-quantitative PCR, 
following which the association of IGF-1R with Stat3 and Midkine expression was evaluated in HCC. The molecular link 
between the IGF-1R-Stat3 pathway and Midkine was then investigated in vitro before the effect of IGF-1R-Stat3 and Midkine 
signaling on HCC growth and invasion was studied in vitro and in vivo.
Results IGF-1R, Stat3, and Midkine mRNA overexpressions were all found in HCC, where the levels of Stat3 and Midkine 
mRNA correlated positively with those of IGF-1R. In addition, Midkine mRNA level also correlated positively with Stat3 
mRNA expression in HCC tissues. IGF-1R promoted Stat3 activation, which in turn led to the upregulation of Midkine 
expression in Huh7 cells. Similarly, Midkine also promoted Stat3 activation through potentiating JAK1/2 phosphorylation. 
Persistent activation of this Stat3-Midkine-Stat3 positive feedback signal loop promoted HCC growth and invasion, the 
inhibition of which resulted in significant antitumor activities both in vitro and in vivo.
Conclusions Constitutive activation of the IGF-1R-mediated Stat3-Midkine-Stat3 positive feedback loop is present in HCC, 
the inhibition of which can serve as a potential therapeutic intervention strategy for HCC.
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SOCS  Suppressors of cytokine signaling
Stat3  Signal transducer and activator of transcription 
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Introduction

Hepatocellular carcinoma (HCC) comprises ~ 75–85% of 
all liver cancer cases, which currently ranks sixth in terms 
of incidence and is the fourth leading cause of cancer-
associated mortality worldwide. In 2018, GLOBOCAN 
reported 841,000 new liver cancer cases and 782,000 deaths 
as a result of liver cancer annually [1]. In total, ~ 50% all 
HCC cases occur in China, where the 5-year survival rate 
is only ~ 12% due to the lack of accurate early diagnostic 
methods [2, 3]. Patients who are diagnosed with HCC at an 
advanced stage stand little chance of benefitting efficaciously 
from surgical resection. In addition, other treatment options, 
including local ablation, transarterial chemoembolization or 
intra-arterial infusion chemotherapy, and transplantation in 
various combinations, confer prognostic benefits only for a 
limited number of patients with unresectable advanced HCC 
[4–7]. Therefore, development of novel molecular-targeted 
therapies against HCC may provide additional avenues to 
improve the success of treatment [8]. Sorafenib, a multiki-
nase inhibitor that blocks Raf, vascular endothelial growth 
factor (VEGF), and platelet-derived growth factor (PDGF) 
receptor signaling, is the most commonly used molecular-
targeted drug to treat HCC, but it only minimally enhances 
patient survival. Therefore, better treatment options are still 
needed [9].

Insulin-like growth factor 1 receptor (IGF-1R) is a trans-
membrane tyrosine kinase that is expressed in a wide variety 
of cell types. The IGF-1R gene is located on the 15q25–26 
locus, which is ~ 100 kb in length and contains 21 exons. 
IGF-1R is a heterodimer that is comprised of two identical 
α-subunits and equal β-subunits, where the former induces 
the autophosphorylation of tyrosine residues on the lat-
ter upon activation [10]. The phosphorylated intracellular 
β-subunits then trigger an intracellular signaling cascade 
that has been documented to regulate cell survival and pro-
liferation [11, 12]. Under physiological conditions, IGF-1R 
mediates the biological functions of insulin-like growth fac-
tor 1(IGF-1) and IGF-2 to modulate metabolism, embryonic 
development, and cellular differentiation [13, 14]. Recent 
studies have shown that IGF-1R overexpression is strongly 
associated with the malignancy of various cancers such as 
HCC [15–19], suggesting IGF-1R inhibition to be a promis-
ing therapeutic target for HCC [20].

It has been demonstrated previously that IGF-1R-me-
diated signaling pathways in human malignancies mainly 
involve PI3K/Akt, MAPK, and the Janus kinase (JAK) 1/2-
Stat3 [21–24]. However, the precise downstream targets 

of the IGF-1R-JAK1/2-Stat3 pathway remain to be fully 
elucidated (Fig. 1). A previous study revealed that IGF-1R 
inhibition by RNA interference (RNAi) can significantly 
suppress HCC growth and invasion by downregulating Mid-
kine expression, suggesting that IGF-1R positively regulates 
Midkine in HCC [25]. Therefore, in the present study, the 
functional role of the IGF-1R-JAK1/2-Stat3 pathway and 
Midkine signaling in HCC was investigated further, with 
focus on the molecular link between the IGF-1R-Stat3 path-
way and Midkine activity.

Materials and Methods

Cell Lines

The human liver cancer cell lines (Huh7, Hep3B, HCCLM3), 
a human immortalized liver cell line (THLE-2), and a 293 T 
cell line were purchased from American Type Culture Col-
lection and cultured in DMEM (Gibco; Thermo Fisher Sci-
entific, Inc., catalog number 11960044) supplemented with 
heat-inactivated 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc., catalog number 10270). All cell lines were maintained 
in a 37˚C incubator under 5%  CO2.

Fig. 1  IGF-1R-mediated signaling pathways. IGF-1 (or IGF-2) 
binding to IGF-1R promotes intrinsic tyrosine kinase activity and 
autophosphorylation, which can recruit and phosphorylate the adap-
tor proteins IRS1/2 and Shc. The interaction of IRS1/2 with IGF-1R 
induces the activation of PI3K/AKT and consequently the disinhibi-
tion of mTOR oncoprotein. In parallel, Shc activation induces the 
activation of the RAS/RAF/MAPK pathway. Another signaling cas-
cade downstream of IGF-1R is the JAK1/2-Stat3 pathway, where 
direct activation of Janus kinase1/2 occurs, leading to the activation 
and phosphorylation of Stat3 molecule; Stat3 further activates the 
expression of the Midkine gene that may result in the growth and 
invasion in hepatocellular carcinoma cells
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Human Tissue Specimens

Tumor tissue specimens and matched adjacent nontumor 
tissues (MANT) of 32 patients with HBV infection-positive 
HCC (sex, 25 male and seven female) were obtained from 
the Biological Sample Bank of the First Affiliated Hospi-
tal of Jinan University (Guangzhou, China). The diagnosis 
of HCC was made by pathological examination, and none 
of the patients received any preoperative treatment prior to 
admission. An additional control group of 13 patients (sex, 
11 male and two female) with liver rupture (ten cases) and 
hepatic hemangioma (three cases) were recruited, of whom 
normal adult liver tissue (NALT) samples were also obtained 
from the Biological Sample Bank of the First Affiliated 
Hospital of Jinan University. HBV infection was defined 
as positive detection of serum HBsAg. The present study 
was approved by the medical ethics committee of the First 
Affiliated Hospital of Jinan University, and written informed 
consent was obtained from each participant.

Reverse Transcription‑Quantitative PCR (RT‑qPCR)

Total RNA was extracted from the cell lines, human hepatic 
tissue specimens, and tumor tissues isolated from mice using 
the TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc., catalog number 15596016) according to manufactur-
er’s protocol. RNA was then reverse-transcribed to obtain 
cDNA using ten units of Reverse Transcriptase XL (AMV) 
(TaKaRaBio, Inc., catalog number D2620) according to the 
manufacturer’s protocols. qPCR was then performed using 
the Power SYBR® Green PCR Master Mix (Applied Bio-
systems; Thermo Fisher Scientific, Inc., catalog number 
4309155). The sequences of the primers used for RT-qPCR 
are listed in Table S1.

Western Blot Analysis

Total protein was extracted from the human HCC cell lines 
using RIPA buffer (Pierce; Thermo Fisher Scientific, Inc., 
catalog number 89900). Equal amounts of protein for each 
sample were subjected to SDS-PAGE followed by transfer-
ring to nitrocellulose membranes (Bio-Rad Laboratories, 
Inc., catalog number 16201). The membranes were first 
incubated with antibodies against IGF-1R (Abcam, cata-
log number ab39675), Midkine (Abcam, catalog number 
ab52637), phosphorylated Stat3 (Cell Signaling Technol-
ogy, Inc., catalog number 9145), Stat3 (Cell signaling tech-
nology, Inc., catalog number 49999904 T), JAK1 (Abcam, 
catalog number ab47435), phosphorylated JAK1 (Abcam, 
catalog number ab47337), JAK2 (Abcam, catalog number 
ab39636), phosphorylated JAK2 (Abcam, catalog number 
ab32101), and GAPDH (Abcam, catalog number ab9484), 
before incubation with horseradish peroxidase-conjugated 

secondary antibodies. GAPDH was served as the loading 
control.

Enzyme‑Linked Immunosorbent Assay

The concentration of Midkine was measured in the cell cul-
ture supernatants by an enzyme-linked immunosorbent assay 
(ELISA) using a commercial kit (Abcam, catalog number 
ab193761). The assay was performed according to the manu-
facturer’s instructions.

Construction of the Vectors Expressing IGF‑1R, 
Stat3, and Midkine

The coding region cDNAs of human IGF-1R 
(NM_000875.5), Stat3 (NM_139276.2), and Midkine 
(NM_001270551.2) were cloned by reverse transcription 
from mRNA isolated from Huh7 cells. They were then 
cloned into the pcDNA3.1( +) vector (Invitrogen; Thermo 
Fisher Scientific, Inc., catalog number V79020) according to 
the manufacturer’s protocol, to obtain pcDNA3.1( +)-IGF-
1R, pcDNA3.1( +)-Stat3, and pcDNA3.1( +)-Midkine vec-
tors. The primers used for the construction of the aforemen-
tioned vectors are listed in Table S1.

RNA Interference

Huh7 cells with stable knockdown of IGF-1R expres-
sion (shIGF-1R) and their corresponding negative con-
trol (shCon) were constructed by transfecting Huh7 cells 
with the lentivirus-encoded IGF-1R short hairpin RNA 
(shRNA) and lentivirus-negative control shRNA in proce-
dures that were described previously [25]. For the transient 
knockdown of Stat3 and Midkine expression, Huh7 cells 
were transfected with small interfering RNAs (siRNAs) 
targeting human Stat3 and Midkine using Lipofectamine 
RNAiMAX (Invitrogen; Thermo Fisher Scientific, Inc., 
catalog number 13778–075), respectively. The sequences 
of siRNAs/shRNAs used in the present study for IGF-1R 
knockdown (shIGF-1R), negative control (shCon), Stat3 
siRNA (siStat3), and Midkine siRNA (siMidkine) are listed 
in Table S1.

Construction of Luciferase Reporter Plasmids

The promoter region of the Midkine gene (GenBank acces-
sion no. 4192) was analyzed using the JASPAR database 
(http://jaspa r.gener eg.net), where nine putative Stat3 bind-
ing sites were found. Among them, three Stat3 binding sites 
(Sites 1–3) with the highest scores were selected for further 
validation (Table S2). The Midkine promoter was cloned 
by PCR from the DNA isolated from Huh7 cells into the 
HindIII and NcoI restriction sites of the pGL3 promoter 

http://jaspar.genereg.net
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vector (Promega Corporation, catalog number E1761). The 
recombinant luciferase reporter construct encoding the wild-
type (WT) Midkine promoter was termed pGL3-Midkine-
WT. The luciferase reporter constructs encoding each of the 
mutated (MUT) sequences of the three Stat3 binding sites 
aforementioned on the Midkine promoter were generated 
based on that of the pGL3-Midkine-WT using a site-directed 
mutagenesis kit (Stratagene; Agilent Technologies, Inc., cat-
alog number 200519). They were termed as pGL3-Midkine-
MUT. The primers used for the generation of recombinant 
luciferase reporter constructs are listed in Table S1. All con-
structs were verified by sequencing.

Cell Transfection and Dual‑Luciferase Reporter 
Assay

Huh7 cells were plated at a density of 2 × 105 cells/well 
into a 24-well dish and transiently cotransfected with each 
of the luciferase reporter constructs and the pRL-TK vec-
tor (Promega Corporation, catalog number E2241) for the 
normalization of transfection efficiency, using TransFast™ 
transfection reagent, according to manufacturer’s protocol 
(Promega Corporation, catalog number E2431). Luciferase 
assays were performed according to the manufacturer’s pro-
tocol 48 h after transfection.

Quantitative Chromatin Immunoprecipitation 
(qChIP) Assay

Huh7 cells were transfected with either the pcDNA3.1( +)-Stat3 
vector or siRNA oligonucleotides specific for Stat3. qChIP 
assay was then performed using a ChIP assay kit according 
to the manufacturer’s protocols (Upstate Biotechnology, Inc., 
catalog number 17–295) 72 h after transfection. Briefly, the 
cells were cross-linked with 1% formaldehyde for 10 min at 
37˚C before being stopped by incubation with glycine at room 
temperature for 5 min. The cells collected were then washed 
twice with ice-cold PBS containing a protease inhibitor cock-
tail (Roche Applied Science, catalog number 04693159001) 
resuspended in SDS lysis buffer (Upstate Biotechnology, Inc., 
catalog number 20–163) before being subjected to sonication. 
Each sample was subsequently precleared by incubation with 
protein G agarose and divided into three subsamples and allo-
cated as follows: i) Subsample 1 was used as an input control; 
ii) subsample 2 was incubated with anti-Stat3 (Cell signal-
ing technology, Inc., catalog number 49999904 T) antibodies; 
and iii) subsample 3 was incubated with the nonspecific rab-
bit IgG antibody (negative control, Santa Cruz Biotechnology, 
Inc., catalog number sc-2004) overnight at 4˚C. DNA purified 
from both the immunoprecipitated and input samples was then 
subjected to qPCR analysis using Power SYBR® Green PCR 
Master Mix (Applied Biosystems; Thermo Fisher Scientific, 

Inc., catalog number 4309155). The primers used for ChIP 
assays are listed in Table S1.

Cell Viability Assay

To measure cell viability, cells were seeded into 96-well 
culture plates at a density of 1 × 104 cells per well. At 0, 
24, 48, and 72 h after culture, 20 μl 5 mg/ml MTT (Sigma-
Aldrich, Merck KGaA, catalog number M2128) was added 
to each well and the plates were incubated at 37˚C for 4 h. 
The formazan crystals were then lysed in DMSO and the 
optical density values were measured at 490 nm in each well.

Transwell Cell Migration/Invasion Assays

Uncoated Transwell chambers (pore size, 8 μm; Corning, 
Inc., catalog number 3428) and those coated with Matrigel 
(BD Biosciences, catalog number 356234) were used in 
migration and invasion assays, respectively. Matrigel was 
added into the upper chambers and incubated at 37˚C incu-
bator for 2 h before use. The cells were first seeded into 
the upper chambers, following which Transwell assays were 
performed according to the manufacturer’s protocols. After 
the Transwell chambers were incubated for 24 h at 37˚C in 
a humidified atmosphere under 5%  CO2, the lower chamber 
was stained with crystal violet. Cell migration/invasion was 
evaluated by counting the cells that had migrated/invaded 
through the pore.

Preparation of Lentiviral Constructs and Lentivirus 
Production

Lentiviral constructs encoding IGF-1R, Stat3, and Midkine 
were prepared by using the pLVX-IRES-ZsGreen1vectors 
(Clontech Laboratories, Inc., catalog  number 632187) 
according to the manufacturer’s protocols. Briefly, the cod-
ing regions of human IGF-1R, Stat3, and Midkine genes 
were cloned into the pLVX-IRES-ZsGreen1vector to obtain 
the pLVX-IGF-1R, pLVX-Stat3, and pLVX-Midkine con-
structs. In addition, sequences of shRNA targeting the 
human Stat3 gene were synthesized and cloned into this 
lentiviral vector to produce the pLVX-shRNA2 vector (Clon-
tech Laboratories, Inc., catalog number 632179), which was 
named as pLVX-shStat3. These constructs were then pack-
aged into lentiviral particles using 293 T cells by applying 
the Lenti-X™ HTX Packaging System (Clontech Labora-
tories, Inc., catalog number 631249) to produce lentiviral 
particles termed lenti-IGF-1R, lenti-Stat3, lenti-Midkine, 
and lenti-shStat3, respectively. At 48 h after transfection, 
the lentiviral particles were harvested and stored at -80˚C for 



573Digestive Diseases and Sciences (2022) 67:569–584 

1 3

further use. The sequence of the shStat3 used for the present 
study is listed in Table S1.

HCC Xenograft Tumor Models in Nude Mice

BALB/c nude mice (weight, 27–34 g; age, 6 weeks) were 
purchased from the Guangdong Medical Laboratory Animal 
Center (Guangzhou, China). A total of 48 male BALB/c 
nude mice were randomly divided into eight groups (groups 
A-H; n = 6 mice per group). The mice were subcutaneously 
injected with 4 × 106 Huh7 cells transfected with the len-
tivirus-negative control shRNA [Huh7-shRNA(-)] into the 
right flank in groups A-C or Huh7 cells transfected with the 
lentivirus encoding IGF-1R shRNA [Huh7-shRNA( +)] in 
groups D-H.

On day10 after injection, tumors were observed on the 
nude mice. The mice in group A were injected with nor-
mal saline into the tumor, whereas those in group B were 
injected with ~ 6 × 107 copies of lenti-IGF-1R. Mice in group 
C were injected with ~ 6 × 107 copies of lenti-Midkine in 
combination with lenti-shStat3, whilst those in group D were 
injected with normal saline. Those in group E were injected 
with ~ 6 × 107 copies of lenti-Stat3, and mice in group F 
were injected with ~ 6 × 107 copies of lenti-Midkine. Group 
G received injections with ~ 6 × 107 copies of lenti-shStat3, 
whereas mice in group H were injected with ~ 6 × 107 cop-
ies of lenti-Midkine in combination with lenti-shStat3. Fol-
lowing injection, tumor growth was monitored. The largest 
(A) and smallest (B) superficial diameters of the tumors 
were measured using Vernier calipers, where the tumor 
volume  (mm3) was calculated using the following formula: 
A × B2 × 0.5. All animal experiments were approved by the 
Medical Ethics committee of the First Affiliated Hospital 
of Jinan University and performed in accordance with the 
Guidelines for Care and Use of Laboratory Animals of the 
First Affiliated Hospital of Jinan University.

Statistical Analysis

Categorical data were compared using Chi-squared or Fish-
er’s exact tests, while quantitative data were analyzed using 
the independent-samples t test or one-way ANOVA followed 
by Mann–Whitney U test or Kruskal–Wallis test. Correlation 
was evaluated by Pearson’s correlation coefficient analysis. 
SPSS 21.0 software (IBM Corp.) was used for all statistical 
analyses. All results were obtained from three independent 
experiments performed in triplicate. P < 0.05 was considered 
to indicate a statistically significant difference.

Results

mRNA Expression of IGF‑1R, Stat3, and Midkine Is 
Upregulated in HCC Cells and Human HCC Tissues

To measure the expression of IGF-1R, Stat3, and Mid-
kine, we performed RT-qPCR, where it was found that the 
expression of IGF-1R mRNA, Stat3 mRNA, and Midkine 
mRNA was significantly upregulated in the HCC cell lines 
Huh7, Hep3B, HCCLM3 compared with that in the normal 
liver cell line THLE-2 (Fig. 2a).

Subsequently, the human liver tissue specimens were 
examined and RT-qPCR analysis revealed that expression 
of IGF-1R mRNA, Stat3 mRNA, and Midkine mRNA 
was also significantly upregulated in human HCC tissues 
compared with that in MANT and NALT, respectively 
(Fig. 2b). In particular, IGF-1R mRNA expression was 
also found to be higher in MANT compared with that in 
NALT (Fig. 2b). Further correlation analysis demonstrated 
that the expression levels of Stat3 mRNA (r = 0.716, 
P < 0.01) and Midkine mRNA (r = 0.681, P < 0.01) were 
positively correlated with those of IGF-1R mRNA in 
HCC tissues (Fig. 2c). Additionally, the levels of Midkine 
mRNA expression were also found to correlate positively 
with those of Stat3 mRNA in HCC tissues (r = 0.657, 
P < 0.01; Fig. 2c).

Furthermore, in 32 HCC samples, the levels of IGF-1R 
mRNA, Stat3 mRNA, and Midkine mRNA for the cases 
with tumor embolus of portal vein (TEPV) and lymph 
node metastasis, and with poorly differentiated HCC tis-
sues (Edmondson grade III–IV) were significantly higher 
than those for cases without TEPV and lymph node metas-
tasis, and with well-differentiated HCC tissues (Edmond-
son grade I-II), respectively. However, no correlation was 
found between the levels of IGF-1R mRNA, Stat3 mRNA, 
and Midkine mRNA and the remaining clinicopathological 
parameters including age, a-fetoprotein level, tumor size, 
and tumor nodularity (P > 0.05) (Table 1). These results 
seem to suggest the possibility that the expression levels 
of IGF-1R mRNA, Stat3 mRNA, and Midkine mRNA may 
be positively associated with the more malignant behav-
ior of HCC. In addition, the clinical characteristics of 32 
HCC patients and 13 patients with hepatic rupture (HR) 
and hepatic hemangioma (HH) are presented in Table S3.

IGF-1R promotes Midkine expression by upregulating 
Stat3 expression and inducing Stat3 protein phosphoryla-
tion in HCC cells. To further explore the effect of IGF-1R 
on the expression of Stat3 and Midkine, an IGF-1R over-
expression vector was transiently transfected into Huh7 
cells. RT-qPCR results suggested that the overexpression 
of IGF-1R increased the mRNA expression of Stat3 and 
Midkine (Fig. 3a). Increased expression of the Stat3 and 
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Midkine proteins and Stat3 phosphorylation by IGF-1R 
overexpression was subsequently confirmed by western 
blot analysis in Huh7 cells compared with those in the 
blank control (Fig. 3b). By contrast, stable knockdown of 
IGF-1R by RNAi reduced the mRNA expression of Stat3 
and Midkine (Fig. 3a), in addition to reducing the expres-
sion of Stat3 protein, Stat3 phosphorylation, and Midkine 
protein in Huh7 cells compared with those in the blank 
control (Fig. 3b). These observations suggest that IGF-
1R positively regulates the expression of both Stat3 and 
Midkine in HCC cells.

To investigate the effects of Stat3 on Midkine expres-
sion, Stat3 overexpression vector was transiently trans-
fected into Huh7 cells with IGF-1R expression stably 
knocked down by RNAi. Transient overexpression of Stat3 
markedly reversed the suppression of Midkine expression 
on both mRNA and protein levels induced by IGF-1R 
silencing (Fig. 3a and b). Additionally, We also evaluated 

the secreted Midkine by ELISA assay in Huh7 cells with 
genetic manipulation of shIGF-1R, IGF-1R overexpres-
sion, and shIGF-1R + STAT3. The results showed that 
ectopic overexpression of IGF-1R (IGF-1R) increased 
Midkine secretion, whereas stable knockdown of IGF-1R 
(shIGF-1R) decreased Midkine secretion in Huh7 cells 
compared with the blank control (Bla). Moreover, transient 
overexpression of Stat3 in Huh7 cells with stable knock-
down of IGF-1R expression (shIGF-1R + Stat3) mark-
edly rescued inhibition of Midkine secretion induced by 
silencing IGF-1R (Fig. 3c). On the other hand, compared 
with that in the blank control, transient overexpression 
of Stat3 was found to increase the expression of Midkine 
mRNA and protein in Huh7 cells, which was reduced by 
RNAi-mediated transient Stat3 knockdown (Fig. 3d and e). 
Taken together, these results suggest that IGF-1R upregu-
lates Midkine expression by increasing Stat3 activity in 
HCC cells.

Fig. 2  The overexpression of IGF-1R, Stat3, and Midkine is found in 
HCC cells and human HCC tissues. a The mRNA expression of IGF-
1R, Stat3, and Midkine was detected by quantitative RT-PCR in HCC 
cells (Huh7, Hep3B, and HCCLM3) and a normal liver cell (THLE-
2). The results were shown as means ± SD and compared by inde-
pendent-samples t test or one-way ANOVA. b The mRNA expression 
of IGF-1R, Stat3, and Midkine was detected by quantitative RT-PCR 

in human HCC tissues (HCC) (n = 32) and their matched adjacent 
nontumorous tissues (MANT) (n = 32), and normal adult liver tis-
sues (NALT) (n = 13). The results were compared by Kruskal–Wallis 
H test. c Linear correlation analyses between IGF-1R mRNA and the 
mRNA expression of Stat3 and Midkine, and between Stat3 mRNA 
and Midkine mRNA in HCC tissues (n = 32). *P < 0.05; **P < 0.01
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Upregulation of Midkine Expression by Stat3 
Involves the Binding of Stat3 to the Midkine 
Promoter in HCC Cells

To further explore the mechanism by which Stat3 upregu-
lates Midkine expression, a total of nine potential Stat3 
binding sites in the Midkine promoter were predicted 
using the JASPAR database, following which the top three 
scoring potential Stat3 binding sites were selected for fur-
ther validation using luciferase assay. The Midkine pro-
moter containing the wild-type or mutant DNA sequences 
of the three aforementioned Stat3 binding sites was then 
cloned into the pGL3 basic vectors, to produce the pGL3-
Midkine-WT and pGL3-Midkine-MUT reporters, respec-
tively. These reporters were subsequently cotransfected 
into Huh7 cells with either the Stat3 overexpression vector 
or the negative control vector. Compared with cells trans-
fected with the negative control, cotransfection with the 
Stat3 plasmid induced a ~ 1.7-fold increase in the relative 
luciferase activity of the pGL3-Midkine-WT reporter but 
not in the pGL3-Midkine-MUT reporter, where the rela-
tive luciferase activity remains unaffected (Fig. 3f).

ChIP assay was next performed to verify whether Stat3 
binds to the Midkine promoter in Huh7 cells. Transfection 
with siStat3 by RNAi led to the reduced enrichment of Stat3 
on the three potential Stat3 binding sites of the Midkine pro-
moter but the transient overexpression of Stat3 resulted in 
the increased enrichment of Stat3 on these three Stat3 bind-
ing sites compared with that in the blank control (Fig. 3g). 
These observations indicate that Stat3 upregulates Midkine 
expression by binding to the Midkine promoter in HCC 
cells.

Midkine Promotes Stat3 Activation in a Positive 
Feedback Manner in HCC Cells

In the present study, the expression of Midkine mRNA 
was positively correlated with Stat3 expression in HCC 
tissues, suggesting that Midkine may also regulate Stat3 
expression. According to this notion, the effect of Midkine 
on Stat3 expression was next explored. Midkine was tran-
siently overexpressed in Huh7 cells with IGF-1R expres-
sion stably knocked down. Transient overexpression of 
Midkine was found to significantly reverse the inhibition 

Table 1  Correlation of IGF-1R, 
Stat3, and Midkine mRNA 
levels with clinicopathological 
features in HCC patients

Data are shown as median (IQR) and compared by Mann–Whitney U test
*P < 0.05, **P < 0.01 vs. corresponding groups of the same parameters
AFP, α-fetoprotein; TEPV, tumor embolus of portal vein; IQR, interquartile range. I–II, Edmondson grade 
I–II; III–IV, Edmondson grade III–IV

Parameters N Relative IGF-1R 
mRNA expression

Relative Stat3 mRNA 
expression

Relative Midkine 
mRNA expression

Age-yrs
≧ 50 16 0.09 (0.03–0.33) 0.10 (0.04–0.35) 0.01 (0.01–0.05)
< 50 16 0.09 (0.03–0.16) 0.12 (0.05–0.26) 0.01 (0.00–0.05)
AFP-μg/L
≧ 400 17 0.09 (0.05–0.33) 0.12 (0.06–0.58) 0.02 (0.01–0.05)
< 400 15 0.09 (0.02–0.22) 0.10 (0.04–0.26) 0.01 (0.01–0.04)
Mean tumor diameter-cm
≧ 5 20 0.07 (0.02–0.21) 0.12 (0.04–0.26) 0.01 (0.00–0.05)
< 5 12 0.12 (0.08–0.39) 0.09 (0.05–0.68) 0.01 (0.01–0.07)
Tumor nodularity
Multiple nodularity 7 0.08 (0.01–0.27) 0.12 (0.04–0.69) 0.01 (0.01–0.05)
Single nodularity 25 0.09 (0.04–0.24) 0.10 (0.06–0.27) 0.01 (0.01–0.05)
TEPV
Positive 15 0.26 (0.09–0.43)** 0.26 (0.09–0.81)** 0.03 (0.01–0.07)*
Negative 17 0.07 (0.01–0.11) 0.10 (0.03–0.12) 0.01 (0.00–0.03)
Lymph node metastasis
Positive 10 0.38 (0.18–0.51)** 0.53 (0.16–1.11)** 0.06 (0.03–0.07)**
Negative 22 0.07 (0.03–0.12) 0.08 (0.04–0.14) 0.01 (0.00–0.01)
Tumor differentiation degree
Poorly differentiated (III–IV) 13 0.27 (0.12–0.45)** 0.20 (0.08–0.83)* 0.05 (0.01–0.07)**
Well differentiated (I–II) 19 0.07 (0.02–0.10) 0.10 (0.04–0.18) 0.01 (0.00–0.01)
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Fig. 3  Effect of IGF-1R on the expression of Stat3 and Midkine, and 
effect of Stat3 on Midkine expression in HCC cells. a, b The expres-
sion of Stat3 and Midkine at both mRNA (a) and protein (b) levels 
was detected by quantitative RT-PCR and western blot, respectively, 
in Huh7 cells with stable IGF-1R knockdown (shIGF-1R), Huh7 cells 
with transient overexpression of IGF-1R (IGF-1R), Huh7 cells with 
both stable IGF-1R knockdown and transient overexpression of Stat3 
(shIGF-1R + Stat3), and the blank control (Bla) (untreated Huh7 
cells). c The concentration of Midkine was measured in the cell cul-
ture supernatants by ELISA in Huh7 cells with stable IGF-1R knock-
down (shIGF-1R), Huh7 cells with transient overexpression of IGF-
1R (IGF-1R), Huh7 cells with both stable IGF-1R knockdown and 
transient overexpression of Stat3 (shIGF-1R + Stat3), and the blank 
control (Bla) (untreated Huh7 cells). d, e The expression of Midkine 

at both mRNA (d) and protein (e) levels was detected by quantita-
tive RT-PCR and western blot, respectively, in Huh7 cells with tran-
sient overexpression of Stat3 (Stat3), Huh7 cells with transient Stat3 
knockdown (siStat3), and the blank control (Bla) (untreated Huh7 
cells). f Dual-luciferase assays in Huh7 cells cotransfected with the 
firefly luciferase constructs containing the WT or MUT Midkine 
promoter and Stat3 expression vector (Stat3) or the negative control 
vector (NC). g The binding of Stat3 to the top 3 Stat3 binding sites 
of the Midkine promoter was detected by qChIP assay in Huh7 cells 
with transient Stat3 knockdown (siStat3), Huh7 cells with transient 
overexpression of Stat3 (Stat3), or the blank control (Bla) (untreated 
Huh7). The results were shown as means ± SD and compared by inde-
pendent-samples t test or one-way ANOVA. **P < 0.01; N.S., no sig-
nificant difference
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of Stat3 mRNA and protein expression (but not IGF-1R), 
in addition to reversing the inhibition of Stat3 phosphoryla-
tion induced by stable IGF-1R knockdown compared with 
those in the blank control (Fig. 4a and b). By contrast, tran-
sient knockdown of Midkine expression by RNAi reduced 
the expression of Stat3 mRNA, Stat3 protein, and Stat3 
phosphorylation, in addition to lowering JAK1/2 phospho-
rylation expression, while transient Midkine overexpression 

increased the expression of Stat3 mRNA, Stat3 protein, and 
Stat3 phosphorylation, along with potentiating JAK1/2 phos-
phorylation expression in Huh7 cells compared with those 
in the blank control (Fig. 4c and d); moreover, transient 
knockdown or overexpression of Midkine did not affect the 
expression of JAK1/2 mRNA, JAK1/2 protein, and IGF-1R 
mRNA and protein (Fig. 4c and d) in Huh7 cells (Fig. 4c 
and d). These results suggest that Midkine is also able to 

Fig. 4  Effect of Midkine on Stat3 expression in HCC cells. a, b The 
expression of Stat3 at both mRNA (a) and protein (b) levels was 
detected by quantitative RT-PCR and western blot, respectively, 
in Huh7 cells with stable IGF-1R knockdown (shIGF-1R), Huh7 
cells with both stable IGF-1R knockdown and transient overexpres-
sion of Midkine (shIGF-1R + Midkine), and the blank control (Bla) 
(untreated Huh7). c, d The expression of IGF-1R, JAK1, JAK2, and 

Stat3 at both mRNA (c) and protein (d) levels was detected by quan-
titative RT-PCR and western blot, respectively, in Huh7 cells with 
transient Midkine knockdown (siMidkine), Huh7 cells with transient 
overexpression of Midkine (Midkine), and the blank control (Bla) 
(untreated Huh7). The results were shown as means ± SD and com-
pared by independent-samples t test or one-way ANOVA. **P < 0.01; 
N.S., no significant difference
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promote Stat3 activation by JAK1/2-Stat3 signaling in a 
positive feedback manner in HCC cells. Collectively, the 
data presented in this study suggest that there is an constitu-
tive activation of the IGF-1R-mediated Stat3-Midkine-Stat3 
positive feedback loop in HCC.

IGF‑1R Promotes HCC Cell Proliferation, Migration, 
and Invasion by Activating the Stat3‑Midkine‑Stat3 
Positive Feedback Signaling Loop

To evaluate the effect of persistent IGF-1R-mediated Stat3-
Midkine-Stat3 positive feedback loop activation on the bio-
logical behavior of HCC cells, MTT assay and Transwell 
assays were performed. Transient overexpression of IGF-
1R in Huh7 cells significantly enhanced HCC cell viability 
(Fig. 5), migration (Fig. 6a and b), and invasion (Fig. 6c 
and d), while stably knocking down IGF-1R expression in 
Huh7 cells by shIGF-1R transfection was found to reduce 
HCC cell viability (Fig. 5) and inhibit migration (Fig. 6a and 
b) and invasion (Fig. 6c and d) compared with those in the 
blank control. In addition, the combination of transient Stat3 
knockdown with the transient overexpression of Midkine in 
Huh7 cells did not affect HCC cell viability (Fig. 5), migra-
tion (Fig. 6a and b) and invasion (Fig. 6c and d) compared 
with those in the blank control (Bla). By contrast, transient 
overexpression of Stat3 or Midkine in IGF-1R-deficient 
Huh7 cells markedly reversed the inhibitory effects of stable 
IGF-1R knockdown on HCC cell viability (Fig. 5), migra-
tion (Fig. 6a and b), and invasion (Fig. 6c and d). Transient 
knockdown of Stat3 expression in Huh7 cells significantly 
potentiated the inhibition mediated by stable IGF-1R knock-
down on HCC cell viability (Fig. 5), migration (Fig. 6a and 
b) and invasion (Fig. 6c and d) compared with those in 

cells with stable IGF-1R knockdown alone. Additionally, 
combined Stat3 knockdown and Midkine overexpression 
in Huh7 cells deficient in IGF-1R expression did not affect 
HCC cell viability (Fig. 5), migration (Fig. 6a and b), or 
invasion (Fig. 6c and d) compared with cells IGF-1R with 
stable IGF-1R knockdown alone. These findings suggest that 
IGF-1R increases HCC cell viability, migration, and inva-
sion by triggering the Stat3-Midkine-Stat3 positive feedback 
loop, whereas inhibition of this loop significantly suppressed 
the growth and invasive capabilities of HCC cells.

IGF‑1R Promotes HCC Cell‑Derived Xenograft 
Tumor Growth in Nude Mouse Through Triggering 
the Stat3‑Midkine‑Stat3 Positive Feedback Signal 
Loop

To investigate the in vivo relevance of the aforementioned 
in vitro findings, the effects of persistent IGF-1R-mediated 
Stat3-Midkine-Stat3 positive feedback loop activation 
on HCC cell-derived xenograft tumorigenicity were next 
investigated. Nude mice were subcutaneously injected 
with 4 × 106Huh7-shRNA(-) cells in groups A-C or Huh7-
shRNA( +) cells in groups D-H. Tumors were then formed 
10 days after inoculation before experiments were performed 
by injections into the tumor. Compared with mice in group 
A, which were treated with normal saline, tumor growth was 
found to be significantly higher in mice in group B, which 
were treated with lenti-IGF-1R and significantly lower in 
mice in group D, which were injected with Huh7-shRNA( +) 
cells but were treated with normal saline (Fig. 7a–c). Tumor 
growth was not markedly affected in mice in group C, which 
were treated with the combination of lenti-shStat3 and lenti-
Midkine, compared with mice in group A (Fig. 7a–c). Cor-
respondingly, compared with that in mice in group A, the 
mRNA expression of IGF-1R, Stat3, and Midkine was found 
to be significantly increased in the tumor tissues of mice 
in group B, while that in mice in group D was found to be 
significantly reduced (Fig. 8a–c). No significant difference 
was found in the mRNA expression of IGF-1R, Stat3, and 
Midkine in the tumor tissues of mice in group C compared 
with that in mice in group A (Fig. 8a–c).

Compared with mice in group D, which were injected 
with Huh7-shRNA( +) cells, inhibition of tumor growth 
by stable IGF-1R knockdown was revealed to be mark-
edly reversed in mice in group E, which were treated with 
lenti-Stat3 and in mice in group F, which were treated 
with lenti-Midkine (Fig.  7a–c). In addition, compared 
with that in mice in group D, tumor growth was inhibited 
further in mice in group G, which were treated with lenti-
shStat3, while tumor growth was not markedly affected 
in mice in group H, which were treated with lenti-shStat3 
and lenti-Midkine combined (Fig. 7a–c). Consistent with 

Fig. 5  Effect of the persistent activation of IGF-1R-mediated Stat3-
Midkine-Stat3 positive feedback loop on HCC cell proliferation. 
Cell proliferation was evaluated by MTT assay, and the results were 
expressed by absorbance at 490 nm. and compared by independent-
samples t test or one-way ANOVA. **P < 0.01; N.S., no significant 
difference
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these observations, compared with that in tumor tissues 
from mice in group D, mRNA expression of Stat3 and 
Midkine in the tumor tissues of mice in groups E or F was 
found to be significantly increased, whereas that in mice in 
group G was significantly reduced (Fig. 8b and c). There 
were no significant differences in the mRNA expression 
levels of Stat3 and Midkine in mice in group H nor in 
IGF-1R mRNA expression in mice in groups E–H com-
pared with those in tumor tissues from mice in group D 
(Fig. 8a–c). These findings suggest that IGF-IR promotes 
HCC cell-derived xenograft tumor growth in nude mouse 
by activating the Stat3-Midkine-Stat3 positive feedback 
loop, whereas inhibition of this loop exhibited significant 
antitumor activities in vivo.

Discussion

HCC is a common and aggressive malignancy that is asso-
ciated with dreadful outcomes worldwide [9]. The carcino-
genesis of HCC is highly complex, where the molecular 
mechanism of pathogenesis remains poorly understood 
[27]. Therefore, it is necessary to uncover the underlying 
mechanism to establish a superior therapeutic approach for 
HCC. IGF-1R is a transmembrane receptor tyrosine kinase 
that can activate the MAPK, PI3K/Akt, and JAK1/2-Stat3 
signaling pathways (Fig. 1) and is activated by IGF-1 and 
IGF-2 [28, 29]. Many studies have reported that IGF-1R 
overexpression is strongly associated with a number of 
cancers such as HCC [30–33] and the activation of the 
IGF-1R-Stat3 signaling pathway has been reported to 

Fig. 6  Effect of the persistent activation of IGF-1R-mediated Stat3-
Midkine-Stat3 positive feedback loop on HCC cell migration and 
invasion. a, b Cell migration was evaluated by transwell assay, and 
the results were expressed by the number of migrated cells and com-
pared by independent-samples t test or one-way ANOVA. c, d Cell 

invasion was evaluated by transwell assay, and the results were 
expressed by the number of invaded cells and compared by independ-
ent-samples t test or one-way ANOVA. *P < 0.05; **P < 0.01; N.S., 
no significant difference



580 Digestive Diseases and Sciences (2022) 67:569–584

1 3

contribute to the development of cancers including HCC 
[24, 26, 28]. However, downstream targets of this pathway 
in HCC remain to be fully elucidated.

Stat3 belongs to the Stat family of transcription factors 
that has been reported to regulate a wide range of cellu-
lar processes, including cell proliferation, differentiation, 
apoptosis, angiogenesis, immune responses, tumorigen-
esis, and cancer metastasis [26, 28, 34, 35]. In addition, 
it has been previously demonstrated that Stat3 is essential 
for the establishment of cell transformation and cancer 
development by regulating the transcription of a number 
of key genes [26, 28]. Midkine is a heparin-binding growth 
factor that was originally reported to be the product of a 
retinoic acid-responsive gene during embryogenesis [36]. 
The expression levels of Midkine are high during embryo-
genesis but become negligible and restricted in healthy 
human adult tissues [37, 38]. Recent studies have sug-
gested that Midkine is implicated in the development of 

human cancers, including breast, bladder, colon cancer, 
and HCC [39–42].

The present study investigated the role of IGF-1R-Stat3 
and Midkine signaling in the development of HCC and the 
molecular link between the IGF-1R-Stat3 signaling pathway 
and Midkine. It was demonstrated that the mRNA expres-
sion of IGF-1R, Stat3, and Midkine was markedly increased 
in the HCC cells and the human HCC tissues. Correlation 
analysis showed that the mRNA levels of Stat3 and Midkine 
were positively correlated with those of IGF-1R mRNA in 
the HCC tissues. In addition, Midkine mRNA levels were 
also found to be positively correlated with those of Stat3 
mRNA in the HCC tissues. Moreover, It was found that 
the HCC patients with the higher mRNA levels of IGF-1R, 
Stat3, and Midkine were more often associated with TEPV, 
lymph node metastasis, and poor tumor differentiation 
(Edmondson grade III–IV). Consistent with results from the 
present study, several studies have previously demonstrated 

Fig. 7  Effect of the persistent 
activation of IGF-1R-mediated 
Stat3-Midkine-Stat3 positive 
feedback loop on tumorigen-
esis in vivo. a Tumors from 
the tumor-bearing nude mice 
35 days after inoculation. b, c 
Tumor sizes were measured and 
tumor volumes were calculated. 
The results were shown as 
means ± SD and compared by 
independent samples t test or 
one-way ANOVA. *P < 0.05; 
N.S., no significant difference
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increased IGF-1R expression in HCC [25, 32, 33]. He et al.
[43] reported that the activity of Stat3 was increased in HCC 
tissues [43], while Calvisi et al.[44] also previously found 
that the expression of Stat3 in HCC tissues was significantly 
higher compared with that in normal liver and paracancerous 
tissues [44]. Dai et al.[45] demonstrated that the expression 
of Midkine mRNA and protein was markedly increased in 
human HCC tissues [45]. Taken together, these aforemen-
tioned findings suggest that the IGF-1R-Stat3 pathway and 
Midkine expression are activated in HCC, which may be 
associated with the more malignant behavior of HCC.

The association between the IGF-1R-Stat3 signaling path-
way and Midkine molecule was subsequently investigated. 
The present study found that IGF-1R overexpression pro-
moted Stat3 expression and Stat3 activation, which in turn 
led to the upregulation of Midkine expression in Huh7 cells. 
Further mechanistic investigation demonstrated that Stat3 
increased Midkine expression by binding to the promoter 
of the Midkine gene in Huh7 cells. By contrast, Midkine 

was also able to conversely promote Stat3 activation through 
potentiating JAK1/2 phosphorylation. Taken together, these 
findings support the notion that there is a persistently acti-
vated Stat3-Midkine-Stat3 positive feedback signal loop 
mediated by IGF-1R activation in HCC, where IGF-1R 
contributes to the development of HCC by activating this 
signaling loop.

It has been previously demonstrated that the IGF-1R-
JAK1/2-Stat3 signaling cascade is implicated in embryonic 
development, cell transformation, and tumor development 
[28]. Under physiologic condition, this pathway is activated 
by growth factors, which results in the activation of Stat 
target genes, including protein inhibitors of activated Stats, 
SH2-containing phosphatases, and suppressors of cytokine 
signaling (SOCS) [44, 46–48]. These inhibitory proteins, 
with SOCS1 and SOCS3 serving as previously reported 
examples, can inhibit IGF-1R-JAK1/2-Stat3 signaling by 
binding to activated JAK1/2 to inhibit their catalytic activ-
ity. In this manner, this signaling cascade can be tightly 

Fig. 8  Effect of the persistent 
activation of IGF-1R-mediated 
Stat3-Midkine-Stat3 positive 
feedback loop on the mRNA 
expression of IGF-1R, Stat3, 
and Midkine of xenograft tumor 
tissues in nude mouse. a–c 
The expression of IGF-1R (a), 
Stat3 (b), and Midkine (c) was 
detected by quantitative RT-
PCR in xenograft tumor tissues 
from the nude mice. The results 
were shown as means ± SD and 
compared by independent-sam-
ples t test or one-way ANOVA. 
**P < 0.01; N.S., no significant 
difference
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regulated by the negative feedback loop mediated by these 
specific inhibitors [28, 49]. However, under pathological 
conditions such as carcinogenesis, this pathway becomes 
persistently activated due to the suppression of these inhibi-
tors. Inactivation of SOCS1 has been frequently found in 
malignant tumors such as HCC to constitutively activate the 
JAK1/2-Stat3 pathway [44, 50–52]. However, the molecu-
lar mechanism underlying the suppression of JAK1/2-Stat3 
inhibitors in HCC development remains unclear, which 
requires further investigation.

To investigate the role of the IGF-1R-mediated Stat3-
Midkine-Stat3 positive feedback loop in the development 
of HCC further, in vitro and in vivo experiments were per-
formed. Activation of this signal loop was found to increase 
Huh7 cell viability, migration, and invasion and potentiate 
Huh7 cell-derived xenograft tumorigenesis in nude mice. 
Conversely, inhibition of this signaling loop significantly 
suppressed the growth and invasive capabilities of Huh7 
cells and Huh7 cell-derived xenograft tumor growth. Nota-
bly, it was also found that the simultaneous inhibition of both 
IGF-1R and Stat3 expression in this signaling cascade sig-
nificantly suppressed HCC growth and invasion in an addi-
tive manner, implicating the synergistic antitumor activity 
of this method, which can serve as a potential therapeutic 
strategy for HCC.

In conclusion, to the best of our knowledge, the present 
study demonstrated for the first time the existence of the 
constitutively active IGF-1R-mediated Stat3-Midkine-Stat3 
positive feedback signal loop in human HCC. This is differ-
ent from a previous report, which found that the uncontrolled 
activation of JAK1/Stat3 signaling was due to the suppres-
sion of specific inhibitory proteins in human HCC [44]. The 
molecular mechanism responsible for the persistent activa-
tion of this signaling pathway in liver cancer requires further 
investigation. Increased IGF-1R expression contributes to 
HCC growth and invasion at least partially through the acti-
vation of this positive feedback loop, the inhibition of which 
demonstrated significant antitumor activities, suggesting this 
to be a potential approach for the gene therapy of HCC.
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