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A B S T R A C T

Prostate cancer (PCa) is the most common solid organ malignancy among men, outnumbering both lung and
colorectal cancer, and it is the second leading cause of male tumor-related death in the United States due to high
metastasis. Recently, leukemia inhibitory factor receptor (LIFR) has been found to play roles in multiple types of
cancer. However, the roles of LIFR in the progression of PCa remain to be revealed. In this study, we found that
LIFR plays an oncogenic role in PCa. The phosphorylation of LIFR at S1044 contributes to subsequent activation
of the AKT pathway, inducing the expression of a series of proliferation and metastatic genes. Additionally, LIFR-
S1044 is phosphorylated by ERK2 but not ERK1. The signal intensity of pLIFR-S1044 and pAKT S473 in PCa
tissue displays a tight positive correlation. The ERK2/LIFR/AKT axis modulates PCa progression and offers a
promising therapeutic and diagnostic target for PCa.

1. Introduction

Prostate cancer (PCa) is the most common solid organ malignancy
and the second leading cause of cancer-related death in men in the
United States [1]. Frequently, metastasis makes predominant con-
tributions to the high recurrence and mortality rates of PCa [2]. How-
ever, the molecular mechanisms underlying PCa metastasis and pro-
gression remain largely unknown [3]. Therefore, there is a tremendous
need for the development of mechanism-based strategies by which PCa
could be treated with better outcomes.

Leukemia inhibitory factor receptor (LIFR) is an integral component
of the glycoprotein 130 (gp130)-LIFR complex and participates in

signal transduction through the IL-6 cytokine family [4,5]. There are
two forms of LIFR, the membrane-bound form, LIFR, and the soluble
form, sLIFR, which have antagonistic effects on each other [6]. When
LIFR binds to its ligand (LIF), the LIF/LIFR complex heterodimerizes
with gp130 and thereby activates several signaling pathways in dif-
ferent cell types, including the Janus protein tyrosine kinase (JAK)-
signal transducer and activator of transcription (STAT)3, mitogen-ac-
tivated protein kinase (MAPK), and phosphoinositol 3-kinase (PI3K)
pathways [7,8].

LIFR has been found to act as a tumor suppressor in multiple types
of cancer, such as breast, liver, gastric and colorectal cancers. In breast
cancer, LIFR promotes the localization of Scribble to the cell membrane,

https://doi.org/10.1016/j.canlet.2019.02.042
Received 15 December 2018; Received in revised form 31 January 2019; Accepted 18 February 2019

Abbreviations: PCa, prostate cancer; LIFR, leukemia inhibitory factor receptor; JAK, Janus protein tyrosine kinase; STAT, signal transducer and activator of
transcription; MAPK, mitogen-activated protein kinase; PI3K, phosphoinositol 3-kinase; CCK-8, Cell Counting Kit-8; LC-MS/MS, liquid chromatography coupled with
tandem mass spectrometry; shRNA, short hairpin RNA; BLI, bioluminescence imaging

∗ Corresponding author.
∗∗ Corresponding author.
∗∗∗ Corresponding author.
∗∗∗∗ Corresponding author.
E-mail addresses: zhw@simm.ac.cn (H. Zhu), ybqiao@gzhu.edu.cn (Y. Qiao), drseanwang@163.com (X. Wang), xjwang02@sibcb.ac.cn (X. Wang).

1 These authors contributed equally to this work.

Cancer Letters 451 (2019) 110–121

0304-3835/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03043835
https://www.elsevier.com/locate/canlet
https://doi.org/10.1016/j.canlet.2019.02.042
https://doi.org/10.1016/j.canlet.2019.02.042
mailto:zhw@simm.ac.cn
mailto:ybqiao@gzhu.edu.cn
mailto:drseanwang@163.com
mailto:xjwang02@sibcb.ac.cn
https://doi.org/10.1016/j.canlet.2019.02.042
http://crossmark.crossref.org/dialog/?doi=10.1016/j.canlet.2019.02.042&domain=pdf


which in turn activates hippo signaling, leading to the phosphorylation
and functional inactivation of the transcriptional coactivator Yes-asso-
ciated protein 1 (YAP1), thus suppressing tumor metastasis [9,10].
Activation of LIFR is also involved in inducing breast cancer cell into a
dormancy phenotype which reduces bone metastasis [11]. In addition,
LIFR downregulation is significantly correlated with poor clinical out-
comes in breast cancer patients [10]. In hepatic and gastric cancers,
LIFR was detected as a novel suppressor gene that acts by negatively
regulating the PI3K/AKT pathway [12–14]. Moreover, LIFR has been
shown to be epigenetically silenced through DNA methylation in liver
cancer cells [15]. Recently, there is some new evidence that LIFR may
act as an oncogene. In colorectal cancer, LIFR promotes tumor angio-
genesis by upregulating IL-8 [16]. LIFR displayed a pro-metastatic role
in melanoma [17]. In PCa, LIFR is epigenetically upregulated by histone
methyltransferase KMT2D to sustain carcinogenesis and metastasis
[18]. However, the oncogenic mechanism of LIFR in PCa remains to be
determined.

In the present study, we verified that LIFR could promote prostate
cancer cell growth and metastasis in vitro and in vivo. Interestingly, we
found that LIFR protein level displays no significant difference between
PCa and adjacent tissues. However, LIFR phosphorylation at S1044 was
obviously upregulated in PCa tissue and was positively related to PCa
progression and metastasis. Furthermore, the activation of LIFR, which
was phosphorylated by ERK2 at S1044, is required to promote prostate
cancer progression and PI3K-AKT pathway regulation. Thus, our results
determined that LIFR plays an oncogenic role in prostate cancer by
regulating PI3K-AKT pathway. The phosphorylation of LIFR at S1044,
considered LIFR activation, could be a promising therapeutic target and
prognostic marker in PCa.

2. Materials and methods

2.1. Patients

This study was approved by the institutional review board of
Shanghai General Hospital, Shanghai Jiaotong University. Each patient
signed the informed consent form. From January 2005 to December
2015, 261 consecutive patients were newly diagnosed with localized or
metastatic PCa at the Department of Urology. All patients referred to
our institution with a new diagnosis of PCa (Gleason score ≤9) un-
derwent laparoscopic radical prostatectomy (LRP). Pathological results
were adenocarcinoma of the prostate. All specimens were collected half
an hour postoperatively.

2.2. Immunohistochemistry (IHC) staining

The diagnoses of these prostate cancer samples were verified by
pathologists. The use of these tissue materials for research was ap-
proved by the Shanghai General Hospital. We rated the intensity of
staining on a scale of 0–3: 0, negative; 1, weak; 2, moderate; and 3,
strong. We assigned the following proportion scores: X means X% of the
tumor cells were stained (0 ≤ X ≤ 100). The score (H-score) was ob-
tained by the formula: 3 × percentage of strongly staining nu-
clei + 2 × percentage of moderately staining nuclei + 1 × percentage
of weakly staining nuclei, giving a range of 0–300. Scores were com-
pared with overall survival, defined as the time from the date of diag-
nosis to death or last known date of follow-up. The detailed information
of Post-Operative Outcomes Between pS1044-high and pS1044-low
tumors was listed in Table 1.

2.3. Cell culture, antibodies, plasmids and cell transfection

PC-3, VCaP and HEK293T cells were used in this study. PC-3 and
VCaP cells were cultured in RPMI 1640 medium supplemented with
10% fetal calf serum (Gibco), while HEK293T cells were cultured in
DMEM supplemented with 10% fetal calf serum (Gibco).

Plasmids: All of the Flag-tagged plasmids were constructed using the
pCDNA3.0 vector. The lentiviral plasmids for overexpressing LIFR or its
mutants were constructed using the pWPI vector.

Antibodies: antibodies against FLAG (sc-166355), LIFR (sc-659) and
β-actin (sc-47778) were purchased from Santa Cruz Biotechnology,
Inc.; FLAG M2 beads (F2426) were purchased from Sigma (Sigma-
Aldrich Co., LLC); antibodies against AKT (#4685), pAKT-S473
(#4060), YAP (#14074), pYAP–S127 (#13008), ERK (#5013), and
pERK-T202/204 (#4370) were purchased from Cell Signaling
Technology.

Cell transfection was performed with Lipofectamine™ 2000
(Invitrogen) according to the manufacturer's instructions. siRNAs
against ERK1 (SignalSilence® p44 MAPK siRNA) and ERK2
(SignalSilence® pool p42 MAPK siRNA) were purchased from Cell
Signaling Technology.

2.4. Cell proliferation

Cell proliferation was measured using the Cell Counting Kit-8 (CCK-
8, Dojindo Laboratories, Kumamoto, Japan), according to the manu-
facturer's instructions. The constructed stable cell lines were seeded in a
96-well plate and then cultured at 24-h intervals for 5 days. Cell via-
bility was then measured using the CCK-8 assay. Absorbance was
measured at 450 nm as an indicator of cell viability. All experiments
were independently repeated at least 3 times.

2.5. Transwell and invasive assays

Transwell assay was performed using FalconTM Cell Culture Insert
(BD353097) according to the manufacturer's instructions. For invasion
assay, matrigel-coated chambers (BD Biosciences, USA) containing
8 μm pores were used. Briefly, 2× 105 serum-starved cells were seeded
into the upper chambers in serum-free medium. The lower chambers
were filled with culture media containing 10% FBS as a chemo-attrac-
tant. After 48 h of incubation, the remaining cells in the upper chamber
were removed by cotton swabs. These cells on the lower surface of the
membrane were fixed in 4% paraformaldehyde and stained with 0.5%
crystal violet. Cells in at least 3 random microscopic fields (magnifi-
cation, ×10) were counted and photographed. All experiments were
performed in duplicates and repeated 3 times.

Table 1
Post-operative outcomes between pS1044-high and pS1044-low tumors.

Biochemical
Recurrence, n (%)

pS1044-high pS1044-low p-Value

N % N %

No 33 31.7 102 64.9 <0.001
(X2=27.7)

Yes 71 68.3 55 35.1
ADT, n (%) Z=−10.6 <0.001
None/Unknown 43 41.3 102 64.9
Salvage 28 26.9 43 27.3
For Metastatic Disease 33 31.8 12 7.8
XRT, n (%) Z=−10.3 <0.001
None/Unknown 71 68.2 124 79.0
Salvage 29 27.9 30 19.1
For Metastatic Disease 4 3.9 3 1.9
Metastasis, n (%) <0.001
No Metastasis 39 37.5 127 80.9
Clinical Metastasis 65 62.5 30 19.1
Cancer-Specific

Survival, n (%)
X2= 48.8 <0.001

Alive 59 56.7 146 92.9
Dead from PCa 45 43.3 11 7.1
Overall Survival, n (%) X2= 41.9 <0.001
Alive 49 47.1 133 84.7
Dead 55 52.9 24 15.3
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2.6. Adhesion assay

Approximately 2×105 cells were harvested, resuspended in com-
plete medium and then seeded onto a 24-well plate precoated with
matrix proteins (20 μg/ml fibronectin or 20 μg/ml laminin). After the
cells were incubated for 1 h, they were washed twice with PBS to re-
move non-adherent cells. The bound cells were quantified by a WST-1
assay (Roche, Mannheim, Germany) at a wavelength of 450 nm in a
microplate reader. The change in optical density was represented as a
fold of the control.

2.7. Immunoprecipitation and western blot/immunoblot analysis

For the immunoprecipitation analysis, PC-3 cell lysates (10mg of
protein) were mixed with the indicated antibody (2 μg) at 4 °C for 4 h,
followed by the addition of 50 μl of protein G–Sepharose (Roche) and
incubation overnight at 4 °C. Immune complexes were washed five
times with lysis buffer (Millipore) supplemented with complete mini-
protease inhibitor cocktail (Roche). After boiling in 3× loading buffer
(25mmol/L Tris, pH 6.8, 1% SDS, 5mmol/L EDTA), the samples were
subjected to SDS-PAGE and transferred to nitrocellulose membranes
using the iBlot Dry Blotting System (Bio-Rad). After blocking with PBS
containing 5% nonfat milk, the nitrocellulose membranes were im-
munoblotted with the indicated primary antibodies, including anti-
FLAG (Sigma) and pLIFR-S1044 (Willget Biotech Co., LTD).

To detect the signaling pathway, 25 μg of PC-3 cell lysate was sub-
jected to SDS-PAGE and blotted with anti-FLAG, anti-YAP, anti-pYAP,
anti-AKT, anti-pAKT, anti-ERK, anti-pERK, and anti-β-actin, followed
by incubation with the appropriate horseradish-peroxidase-conjugated
secondary antibodies (Santa Cruz Biotechnology). Bands were visua-
lized by enhanced chemiluminescence (Pierce).

2.8. Immunoprecipitation and LC-MS/MS

FLAG mouse monoclonal antibody-coated beads were incubated
with FLAG-LIFR cell lysate for 4 h. Purified FLAG-LIFR and its asso-
ciated complexes were boiled at 95 °C for 8min and then loaded into
SDS-PAGE gels for the separation of FLAG-LIFR and its associated
proteins. The FLAG-LIFR band, representing modified LIFR, was cut off
from the gel and processed through a series of routine procedures, in-
cluding reductive alkylation, trypsin digestion and peptide extraction.
The peptides were analyzed by LC-MS/MS on a Q Exactive™ mass
spectrometer (Thermo Fisher Scientific). Proteins were identified by
comparing the fragment spectra against those in the National SWISS-
PROT protein database (EBI) using Mascot Server 2.4 (Matrix Science).
Phospho-peptide matches were analyzed using MaxQuant v1.5.2.8
implemented in Proteome Discoverer and manually curated.

2.9. Quantitative real-time PCR

Total RNA was extracted with an RNA High-Purity Total RNA Rapid
Extraction Kit (Qiagen). cDNA was prepared using oligonucleotide (dT),
random primers, and a Thermo Reverse Transcription Kit (Roche).
Quantitative real-time PCR was performed using 2× SYBR real-time
PCR Premixture (Roche) under the following conditions on an ABI
Prism 7700 sequence detection system: 5min at 95 °C followed by 40
cycles at 95 °C for 30 s, 55 °C for 40 s, and 72 °C for 1min. Data were
normalized to the expression of a control gene (β-actin) for each ex-
periment. The primer pairs used for quantitative real-time PCR are
listed in Supplementary Table 1.

2.10. RNA-seq and analysis

Total RNA was extracted for RNA sequencing using an Illumina
sequencer with a HiSeq 2500 instrument. Sequencing data analysis and
management were performed with BaseSpace Sequence Hub. Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed
the top 10 pathways. A full list of KEGG pathway analysis is in
Supplementary Table 2.

2.11. In vivo tumor xenograft and metastatic model

Five-to seven-week-old BALB/c nude mice were purchased from the
Shanghai Institute of Material Medica, Chinese Academy of Sciences
(Shanghai, China). For xenograft implantation, indicated PC-3 cells
(1× 106) were subcutaneously injected into the left dorsal part of mice.
The tumors were measured every three days with microcalipers and
tumor volume was measured using tumor length (L) and width (W) and
calculating the volume with the formula LW2/2. Tumors were dissected
for further analyses. For metastatic model, the mice received an in-
tracardiac injection of 106 PC-3 cells. Bioluminescence imaging (BLI)
was performed with a NightOWL II LB 983 Imaging System (Berthold).
Bone damage was detected by X-ray radiography using a Faxitron in-
strument (Faxitron Bioptics) and quantified using ImageJ software.

2.12. Statistical analysis

All results were presented as the mean ± standard error of mean
(SEM), unless stated otherwise. Statistical analysis was performed using
GraphPad Prism Version 7.04 (GraphPad Software, Inc.). Unpaired
Student's t-tests were used to determine the statistical significance of
differences between the experimental groups. A p-value of< 0.05 was
considered significant. Two-way ANOVA was used to analyze cell
growth data. Pearson's correlation analyses were used to calculate the
regression and correlation between two groups. Log-rank test was used
to measure the patient survival.

3. Results

3.1. LIFR is required for the proliferation and metastasis of PCa cells in vitro
and in vivo

PC-3 and VCaP are classical androgen independent and dependent
PCa cell lines, respectively. To identify the role of LIFR in PCa, we
generated PC-3 and VCaP cell lines with stably knocked down LIFR
expression by introducing nontargeting shRNA (shNT) or LIFR shRNA
(shLIFR). The LIFR knockdown efficiency was tested by western blot
(Fig. 1A, left panel). The depletion of LIFR reduced the PCa cell pro-
liferation, as measured by CCK-8 assay (Fig. 1A, right panel). More
importantly, the loss of LIFR had a dramatic effect on the metastatic
ability of PCa cells in vitro, as measured by transwell, invasion and
adhesion assays (Fig. 1B). Furthermore, a xenograft study, performed
by injecting PC-3 shNT or shLIFR cells into the left dorsal of nude mice,
proved that LIFR also contributed to tumor growth in vivo (Fig. 1C).
Ki67 staining confirmed that the depletion of LIFR reduced the cell
proliferation rate in vivo, which was consistent with the CCK-8 data in
Fig. 1A (Fig. 1D). Next, we conducted an intracardiac injection assay to
determine whether LIFR regulated tumor metastasis to the bone in vivo.
PC-3 cells stably expressing the luciferase gene were used to visualize
metastatic lesions via bioluminescent imaging (BLI). At 2 months after
inoculation, BLI data showed that tumor cells expressing shNT had
metastasized to the skeleton, whereas significantly fewer LIFR-depleted
cells were found in the bone (Fig. 1E). The decreased osteolysis in the
LIFR-depleted group supported the results (Fig. 1F). Hematoxylin-eosin
(H&E) staining confirmed the less colonized tumor foci within the
skeleton in the LIFR-depleted group (Fig. 1G), indicating that LIFR
depletion impaired PCa cell metastasis to the bone. Taken together,
these results demonstrate that LIFR is required for PCa cell proliferation
and metastasis in vitro and in vivo and this contribution might be in-
dependent of androgen signaling as PC-3 and VCaP are androgen in-
dependent and dependent PCa cells, respectively.
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3.2. LIFR expression is not significantly associated with PCa progression

To clarify whether LIFR expression is associated with the clinical
behaviors of PCa, we searched for information relating LIFR expression
and clinical prognosis in a public database (UALCAN) [19].

Unexpectedly, transcription analyses of The Cancer Genome Atlas
(TCGA) prostate carcinoma RNA-sequencing data showed that LIFR
mRNA levels in tumor tissues were lightly less than that in normal
prostate tissues (Fig. 2A). Further, there is no significant difference in
the LIFR mRNA levels between tumor tissues and paired adjacent

Fig. 1. LIFR is required for PCa cell proliferation and metastasis in vitro and in vivo. (A)Western blot of cell lysates (left) and measurement of cell growth (right)
in control (shNT) and LIFR knockdown PC-3 or VCaP cells. (B) The metastatic capacity of shNT and shLIFR cells was measured by transwell, invasion and adhesion
assays. (C) PC-3 cells stably expressing shNT or shLIFR were injected into the left dorsal part of randomized nude mice (n= 6). After injection of the tumor cells,
tumor growth was examined every 3 days starting on the 6th day (left). At end of the experiment, the tumors were dissected and presented (right). (D) Ki67 staining
of the xenograft samples was analyzed (left). Positive Ki67 staining in randomly selected sections was calculated and analyzed with corresponding p-values (right).
Scale bar: 100 μm. (E) Representative BLI images from the shNT and shLIFR groups. Relative BLI quantitation of limb metastasis is shown in the right panel (n=5
per group). (F) Representative X-ray images for assessing bone metastasis are shown in the left panel, and quantified osteolytic areas are shown in the right panel
(n=5 per group). (G) Images of H&E-stained bone sections from the mice, as indicated. T, tumor; M, bone marrow. Scale bar: 200 μm. Data are from three
independent experiments, presented as the mean ± SEM and were analyzed by unpaired t-tests or two-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001.
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normal tissues collected in our hospital as well (Fig. 2B). As expected,
TCGA data showed that no correlation between PCa patient survival
and LIFR mRNA level, with a p value=0.3213, indicating LIFR mRNA
expression has no significance in the prognosis of PCa (Fig. 2C), which
is also confirmed by PCa patient data from our hospital (Fig. 2D). The
LIFR protein level in tumor tissues was also similar to that in paired
adjacent normal tissues (Fig. 2E). Next, we detected LIFR distribution in
PCa tissues and paired adjacent normal tissues. As shown in Fig. 2F, the
representative IHC images displayed equal intensities of LIFR in PCa
tissues and paired adjacent normal tissues and LIFR distributed in the
membrane and cytosol. Thus, these results indicate that LIFR expression
has not significant clinical relevance and it cannot be applied in the
clinical diagnosis of PCa. There are other four receptor complexes for
the IL-6 cytokine family signal transduction, which are IL-6R, IL-11R,
CNTFR and OSMR [5]. We further searched their expression levels in
normal prostate tissues and PCa (UALCAN) [19] and found that despite
three out of four receptors showed significant down-regulation in PCa
but none of them correlates to patient survival (Fig. S1). It is known
that the post-translation modifications (PTMs) of such receptors play
essential roles in their signal transduction [20]. Therefore, we speculate
that the activity of LIFR, rather than the expression level of LIFR,
promotes the proliferation and metastasis of PCa.

3.3. Identification of LIFR phosphorylation at S1044 in PC-3 and VCaP
cells

LIFR is a type I cytokine receptor that transduces signals through a
ternary receptor complex consisting of the cognate receptor and either

the IL-6 signal transducer gp130 or the oncostatin M-specific receptor β
subunit, which then activates the JAK/STAT, Ras/Raf/MAPK and PI3K/
PKB signaling pathways [21]. In general, the intracellular segment of
the IL-6 receptor will produce multiple translational modifications,
including phosphorylation and acetylation, which play critical roles in
further signal transduction and cancer development. The PTM is im-
portant for protein activity regulation [22], whether there is the pos-
sibility that the PTM of LIFR is the key factor of its activity and onco-
genic functions. In order to test the conjecture, we transfected FLAG-
LIFR plasmid into PC-3 cells to determine whether serine phosphor-
ylation occurs in the LIFR C-terminal domain (Fig. S2). Trypsin diges-
tion was performed in the gel to process the FLAG-LIFR proteins into
peptides, which were then analyzed by tandem mass spectrometry.
Three independent batches of FLAG-LIFR proteins were processed by
tandem mass spectrometry to identify serine phosphorylation sites and
their presence in the LIFR C-terminal domain. Among the five serine
sites, S927, S1041, S1044, S1059 and S1077, S1044 phosphorylation
appeared three times (Fig. 3A). We have previously generated an an-
tibody specifically against LIFR phosphorylated at S1044 [23]. Again,
we confirmed the specificity of the antibody against pS1044 by trans-
fecting FLAG-LIFR (including wild-type and S1044A mutant plasmids)
into PC-3 and VCaP cells (Fig. 3B). The spectrum of pLIFR-S1044
peptide was extracted and is presented in Fig. 3C. Furthermore, we
generated stably rescued wild-type LIFR cells and S1044A mutant LIFR
shLIFR cells. The expression of rescued wild-type LIFR or S1044A mu-
tant LIFR was normalized to the endogenous LIFR expression level in
shNT cells (Fig. 3D). It has been previously reported that pLIFR-S1044
is the major phosphorylation site in human LIFR upon LIF simulation

Fig. 2. LIFR expression is not sig-
nificantly associated with PCa pro-
gression. (A) TCGA RNA-seq data of
prostate adenocarcinoma patients were
analyzed using UALCAN (http://
ualcan.path.uab.edu). LIFR transcrip-
tion compared in cohorts of normal
prostate counterparts and primary
prostate tumors was shown. (B)
Relative LIFR expression compared be-
tween patients with primary or meta-
static tumors was shown (n= 16). (C)
The survival durations of 497 prostate
adenocarcinoma patients (from TCGA)
with low (n= 372, blue curve) and
high LIFR expression (n= 125, red
curve) were compared (p values by log-
rank test). (D) The survival durations of
261 prostate adenocarcinoma patients
in our cohort with low (n=141, blue
curve) and high LIFR expression
(n=120, red curve) were compared.
(E) Total LIFR protein in prostate ade-
nocarcinoma and paired adjacent
normal tissues from 12 patients were
tested by western blotting. β-actin was
used as an internal control. (F) LIFR
staining index in prostate adenocarci-
noma and paired adjacent normal tis-
sues from 65 patients (Wilcoxon
signed-rank test). Scale bar: 100 μm
*p < 0.05; **p < 0.01;
***p < 0.001; NS, not significant. (For
interpretation of the references to color
in this figure legend, the reader is re-
ferred to the Web version of this ar-
ticle.)
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and ERK2 is responsible for this PTM [24]. To test how this PTM is
regulated in PCa, we used ERK1, ERK2 or ERK1/2 inhibitors to treat PC-
3 cells. Consistently, the inhibition of ERK2 alone or of ERK1/2 dra-
matically reduced the pLIFR-S1044 level (Fig. 3E). In addtion, we used

siRNA specifically targeted ERK1 gene or ERK2 gene. Consistently, after
knockdown of ERK2, pLIFR-S1044 disappeared in PC-3 and VCaP cells
(Fig. 3F). These data showed the occurrence of LIFR phosphorylation at
S1044 in PC-3 and VCaP cells which depends on ERK2, suggesting that

(caption on next page)
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pLIFR-S1044 may play important roles in PCa progression.

3.4. LIFR-S1044 phosphorylation promotes PCa cell proliferation and
metastasis in vitro and in vivo

Schiemann et al. previously reported that S1044 phosphorylation by
ERK2 marks the activation of LIFR [24], which is recently confirmed in
mouse embryonic cells by our team group [23]. Therefore, we hy-
pothesized that LIFR-S1044 phosphorylation could also activate LIFR in
PCa cells and contribute to the malignancy of PCa cells, such as by
increasing proliferation and metastasis. The CCK-8 data showed that
mutant S1044A, which mimicked the depletion of S1044 phosphor-
ylation, reduced cell proliferation to the same level as that of shLIFR
cells (Fig. 4A). More importantly, the loss of LIFR-S1044 phosphor-
ylation dramatically affected the metastatic ability of PCa cells
(Fig. 4B). Further, a xenograft study was performed by injecting PC-3
shLIFR + rLIFR (wild-type or mutant S1044A) cells into the left groin
of nude mice, and the results showed that LIFR-S1044 phosphorylation
contributed to PCa cell proliferation and tumor formation in vivo
(Fig. 4C). Ki67 staining confirmed that the depletion of S1044 phos-
phorylation reduced cell proliferation in vivo, which was consistent with
the cell proliferation results in vitro (Fig. 4D). We also measured the
effect of S1044 phosphorylation on the metastatic ability of PCa cells in
vivo. Inoculating nude mice with WT and S1044A-mutated cells re-
vealed that the inhibition of LIFR-S1044 phosphorylation greatly di-
minished metastatic lesion formation in the limbs, indicating that LIFR
activation is essential for its function in promoting PCa metastasis
(Fig. 4E and F). The metastases were further confirmed by H&E staining
(Fig. 4G). Taken together, these results demonstrate that LIFR activa-
tion, marked by pLIFR-S1044, is required for PCa cell proliferation and
metastasis in vitro and in vivo.

3.5. LIFR-S1044 phosphorylation promotes AKT signaling and upregulates
genes related to cell proliferation, metastasis, invasion and adhesion

There are four major LIFR downstream signaling pathways: PI3K/
AKT, hippo/YAP, MAPK and JAK/STAT3 [4,9,10]. In many tumors and
immune cells, JAK/STAT3 signaling is overactivated. In spite of the
natural deletion of STAT3 in PC-3 cells [25,26], we detected how would
LIFR phosphorylation affects the four signaling pathways in PC-3 and
VCaP cells. We found that the depletion of LIFR or its phosphorylation
at S1044 would heavily block AKT activation while having no effect on
YAP or ERK signaling, and slightly decreased STAT3 Y705 phosphor-
ylation (Fig. 5A). Furthermore, we infected PC-3 and VCaP cells with
lentivirus to generate stable cell lines overexpressing LIFR, including
the wild-type, S1044A mutant or S1044E mutant. Compared with the
vehicle group, the overexpression of the wild-type or S1044E promoted
AKT activation, while S1044A overexpression resulted in a decreased
AKT signal equal to that in the vehicle group. Additionally, we added
AKT inhibitor X to the culture medium of S1044E cells and found that
the promotion of AKT signaling by the S1044E mutant was abolished or
reduced, indicating that S1044E promotes cell proliferation and me-
tastasis by increasing AKT signaling (Fig. 5B). We also tested the effects
of the overexpression of LIFR, including the wild type and S1044A
S1044E mutants, on PCa cells. We first used the CCK-8 assay to measure

cell proliferation capacity. The results showed that the LIFR-S1044A
mutant played a dominantnegative role through competition with en-
dogenous LIFR-S1044 phosphorylation, thereby inhibiting the pro-
liferation of PCa cells, while the LIFR-S1044E mutant mimicked con-
stitutive LIFR activation and significantly promoted the proliferation of
PCa cells. The proliferation of PCa cells was decreased when AKT in-
hibitor X blocked AKT activation in S1044E mutants (Fig. 5C & Fig.
S3A). Migration, invasion and adhesion assays were applied to test the
effects of the S1044A and S1044E mutants on metastatic ability, and
the results were as expected; that is, the metastasis of PCa cells was
enhanced after LIFR-S1044 phosphorylation, and AKT inhibitor X in-
hibited the metastasis of S1044E mutants (Fig. 5D & Fig. S3B).

To better understand the downstream targets of LIFR activation, we
applied RNA-seq analysis of shLIFR + rS1044A versus
shLIFR + rS1044E cells and found that the AKT signaling pathway was
one of the most prominent pathways influenced by LIFR- S1044 phos-
phorylation. Notably, we also found that some metastasis-related
pathways, such as those of tight junctions, TGF-β signaling and focal
adhesions, were decreased in shLIFR-rS1044A cells (Fig. S3C). Gene
Ontology analysis of enriched biological functions showed down-
regulated genes related to cell migration, focal adhesion and cell mo-
tility, indicating that the depletion of LIFR phosphorylation at S1044
would lead to reduced metastatic ability (Fig. 5E). We validated the
expression of two genes derived from PI3K-AKT pathway, CCND1 and
ITGA3, which corresponded to metastasis and proliferation, respec-
tively (Fig. 5F & Fig. S3D). Taken together, our results confirmed that in
PCa, LIFR-S1044 phosphorylation promotes AKT signaling and upre-
gulates the expression of genes related to cell proliferation, metastasis,
invasion and adhesion.

3.6. LIFR-S1044 phosphorylation correlates with worse prognosis of
metastatic PCa

The investigation of LIFR in tumorigenesis has progressed from
exploring cell lines to examine clinical samples. Luo et al. examined 20
types of tumors, including PCa tumors [27]. In contrast to liver cancer,
the expression of LIFR was higher in tumor tissue than in adjacent tissue
in PCa; however, TCGA data and the results of this study indicate that
the levels of LIFR expression in PCa and paired adjacent tissues are not
significantly different, suggesting that while LIFR activation plays a
more important role in metastatic PCa, while LIFR expression is not a
good biomarker for PCa diagnosis.

pLIFR-S1044 and pAKT-S473 were detected in clinical samples,
including PCa and adjacent tissues; representative images are shown in
Fig. 6A. In detail, the immunostaining signal intensities of pLIFR-S1044
and pAKT-S473 were low in the normal tissues but high in the tumor
tissues. We also detected the protein levels and modifications in 6
paired clinical samples by western blot. As shown in Fig. S4, LIFR
displayed the similar level between normal and tumor tissues. How-
ever, four out of six samples, the pLIFR-S1044 evidently increased in
tumor tissues coinciding with pAKT-S473. Furthermore, we calculated
the r2 and p values for the correlations between pLIFR-S1044 and pAKT-
S473, and we found a positive correlation between the two markers in
21 clinical samples (Fig. 6B). We recorded the post-operative outcomes
between pS1044-high and pS1044-low samples in Table 1.

Fig. 3. Identification of LIFR phosphorylation at S1044 in PCa cells. (A) FLAG-LIFR was immunoprecipitated from PC-3 cells prepared in three independent
samples, and LIFR-S1044 was found to be phosphorylated in each sample. (B) Western blot analysis of the specificity of the antibody against pS1044-LIFR. Wild-type
or S1044A mutant FLAG-LIFR was over-expressed in PC-3 and VCaP cells. (C) LC-MS/MS analysis of S1044 phosphorylation. Mass spectrometry analyses of LIFR-
associated proteins were performed in PC-3 cells stably expressing FLAG-LIFR. The precursor ion was fragmented by collision-induced dissociation (CID) and
analyzed in an ion trap. The database search engine (Andromeda) score was matched to the identified peptide. (D) Western blot of wild-type or S1044A mutant LIFR
rescued in LIFR knockdown cell lines. Indicated antibodies were used to test endogenous S1044 phosphorylation, LIFR or inner control β-actin. (E) The S1044
phosphorylation level and total LIFR were detected by Western blot. ERK1 inhibitor: SC1, 50 nM; ERK2 inhibitor: ulixertinib, 20 nM; ERK1/2 inhibitor: LY3214996,
50 nM. Inhibitor or Mock (0.05% DMSO) was incubated with PC-3 cells or VCaP cells for 6 h and then cells were collected for western blot analysis. Indicated
antibodies were used to test endogenous S1044 phosphorylation, LIFR or inner control β-actin. (F) Detection of LIFR S1044 phosphorylation after knockdown of
ERK1 and ERK2 by siRNA. Indicated antibodies were used to test endogenous S1044 phosphorylation, LIFR or inner control β-actin.
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Consequently, we showed the representative pLIFR-S1044 IHC signal
intensities in 8 patients with metastasis. Comparing to primary sites, the
distant metastatic sites showed a significant increase of pLIFR-S1044
signal intensities (Fig. 6C). Furthermore, IHC analyses showed that the
pLIFR-S1044 levels in tumors from patients (8 cases) with metastatic
recurrence were much higher than those in tumors from patients (8
cases) without metastatic recurrence (Fig. 6D). Patients whose tumors
had low pLIFR-S1044 levels (157 cases) had significant higher survival
duration of 120 months than those whose tumors had high pLIFR-
S1044 levels (104 cases) (Fig. 6E).

In light of our results, we propose the following mechanistic model:
LIFR-S1044 is phosphorylated by ERK2 which consequently activates
the AKT pathway, playing a key role in PCa progression, especially
bone metastasis. Downstream genes of the LIFR/AKT axis are upregu-
lated and promote PCa cell proliferation and metastasis (Fig. 6F).
Overall, LIFR-S1044 phosphorylation could be applied as a biomarker
for predicting metastasis and recurrence in PCa patients. In the future,
we will focus on identifying transduction molecules linking LIFR to the
AKT signaling pathway and revealing the position of those signaling
molecules in the ERK2/LIFR/AKT axis.

Fig. 4. LIFR-S1044 phosphorylation promotes PCa cell proliferation and metastasis in vitro and in vivo. (A) Measurement of cell growth (left) in LIFR
knockdown PC-3 or VCaP cells reintroduced with resistant wild-type or S1044A mutant LIFR. (B) The metastasis capacity of LIFR mutant cells was measured by
transwell, invasion and adhesion assays. (C) PC-3 cells stably expressing mutant LIFR were injected into the left dorsal part of randomized nude mice (n= 6). Tumor
growth was examined every 3 days starting on the 6th day (left). The tumors are presented (right). (D) Ki67 staining of the xenograft samples was analyzed (left).
Positive Ki67 staining in randomly selected sections was calculated and analyzed with corresponding p-values (right). Scale bar: 100 μm. (E) Representative BLI
images from the rWT or rS1044A mutant groups. Relative BLI quantitation of limb metastasis was shown in the right panel (n= 5 per group). rWT, reconstituted wild
type. (F) Representative X-ray images for assessing bone metastasis are shown in the left panel, and quantified osteolytic areas are shown in the right panel (n= 5 per
group). (G) Images of H&E-stained bone sections from the mice, as indicated. T, tumor cell; M, bone marrow. Scale bar: 200 μm. Data are from three independent
experiments, presented as the mean ± SEM and were analyzed by unpaired t-tests or two-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 5. LIFR-S1044 phosphorylation activates the AKT signaling pathway. (A–B) Western blot was used to examine whether the AKT, Yap, ERK or STAT3
signaling pathways act downstream from LIFR in PCa cells. β-actin was used as an internal control. (C) Measurement of the proliferation of wild type, S1044A or
S1044E LIFR mutant stable PC-3 cells. (D) The metastatic capacity of cells in (C) was measured by transwell, invasion and adhesion assays. (E) Detailed pathway
enrichment analysis of differentially expressed genes (p < 0.05, fold-change > 2.0) in rS1044A mutant cells compared with rS1044E mutant cells. (F) Validation of
the AKT downstream genes in PC-3 cells. The mRNA expression of β-actin was used as an internal control for normalizing the total mRNA expression levels in
different samples. Data are from three independent experiments (C, D, F). Data are presented as the mean ± SD from three independent experiments and were
analyzed by unpaired t-tests. ***p < 0.001.
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4. Discussion

LIFR is a type I cytokine receptor, and most type I cytokine re-
ceptors, such as OSMR, GCSFR, IL6R and LIFR, form a heterodimer
complex with gp130 to deliver extracellular signals. LIFR has been
suggested to play multiple roles in different types of cancers. The roles
of LIFR signaling in PCa are still largely unknown. A recent report has
shown that histone methyltransferase KMT2D sustains prostate carci-
nogenesis and metastasis via epigenetically activating LIFR and KLF4
[18]. In this study, we identified LIFR as a tumor promoter that is re-
quired for PCa proliferation and metastasis. The depletion of LIFR in
PC-3 and VCaP cells significantly attenuated cell proliferation and
metastatic abilities. Moreover, xenograft and bone metastasis models

showed the functions of LIFR in tumor growth and metastasis in mouse
experiment. Clinically, both TCGA database and PCa patients' samples
from our hospital presented no correlation between LIFR expression
and patients’ survival duration, indicating LIFR activation, but not ex-
pression, was significantly correlated with PCa progression and recur-
rence.

As a cell membrane located receptor, the extracellular domain of
LIFR binds ligands, and in turn, the intracellular domain will produce a
variety of translational modifications, such as phosphorylation and
acetylation, which usually facilitate dimer formation or recruit kinases
to promote downstream transcription factor activation. Multiple serine
phosphorylation sites in the C-terminus of LIFR, including S927, S1041,
S1044, S1059 and S1077 have been identified [24]. Here, we evaluated

Fig. 6. LIFR phosphorylation at S1044 corre-
lates with prognosis of prostate cancer. (A)
IHC staining with antibodies against pLIFR-
S1044 and pAKT S473 was performed in tumor
tissues and paired adjacent normal tissues. Left,
representative images of prostate cancer sample.
Scale bar: 100 μm. Right, semiquantitative
scoring was performed, and the signal intensities
of pLIFR-S1044 and pAKT S473 levels were
quantified using the Motic Images Advanced
software, followed by statistical analysis. A total
of 65 tumor tissues and 65 adjacent normal tis-
sues were analyzed. The mean value of multiple
samples and standard deviation are presented.
(B) A positive correlation of pLIFR-S1044 with
pAKT S473 was found, with r2= 0.7223 and
p < 0.0001. (C) IHC staining was performed in
primary tumors and paired metastatic tumors
from 16 PCa patients with distant metastasis
using an anti-pLIFR-S1044 antibody. The
staining scores of the primary PCa specimens
were compared with those of the metastatic PCa
specimens. (D) IHC staining was performed in
tumors from PCa patients with or without me-
tastatic recurrence using anti-pLIFR-S1044 an-
tibody. The staining scores of pLIFR-S1044 were
compared between the patients with metastatic
recurrence (n=20) and the patients without
metastatic recurrence (n= 20). (E) The survival
durations of 261 PCa patients with low (staining
scores 0–150, blue curve) versus high (staining
scores 151–300, red curve) pLIFR-S1044 levels
(low, 157 patients; high, 104 patients) were
compared. Landmark represents censored (alive
at last clinical follow-up) patients. (F) The me-
chanism by which the ERK2/LIFR/AKT axis
modulates PCa progression. Data are presented
as the mean ± SEM (A, D) and were analyzed
by unpaired t-tests (A, C, D), the Pearson pro-
duct moment correlation test (B) or the log-rank
test (E). *p < 0.05; **p < 0.01;
***p < 0.001. (For interpretation of the refer-
ences to color in this figure legend, the reader is
referred to the Web version of this article.)
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LIFR serine phosphorylation at its C-terminus and identified frequent
S1044 phosphorylation occurring, which has been reported as a marker
of LIFR activation. To clarify the function of S1044 phosphorylation in
PCa, we produced dominant-positive (E) and dominant-negative (A)
S1044 mutants and verified their functions both in vitro and in vivo.
Besides, we applied a specific antibody against S1044 phosphorylation
to clinical samples and found that a higher S1044 phosphorylation level
correlated with metastasis and malignancy in PCa. These results suggest
that PCa progression can be identified using a specific antibody against
S1044 phosphorylation.

Consequently, how would LIFR phosphorylation affects downstream
signaling to promote PCa proliferation and metastasis? In breast cancer,
the YAP signaling pathway, rather than the JAK/STAT3 signaling
pathway, is downstream from LIFR, which is consistent with the view
that LIFR mediates the heterogeneity of tumors [28]. However, a recent
report showed that histone deacetylase (HDAC) inhibitors tran-
scriptionally activated LIFR could limit response to HDAC inhibition
through LIFR-JAK1-STAT3 signaling in breast cancer [29]. Luo et al.
further confirmed the downregulation of LIFR expression in liver cancer
and found that LIFR functions through downregulating the AKT sig-
naling pathway via an unknown mechanism [12]. PCa progression in-
volves multiple signaling pathways, such as mTOR, TGF-β, PI3K/AKT,
and Wnt/β-catenin signaling pathways. However, how LIFR activation
regulates PCa progression through which downstream signaling re-
mains elusive.

To date, several downstream signaling pathways of LIFR have been
identified, including JAK/STAT3, PI3K/AKT, hippo/YAP and MAPK.
We analyzed the levels of pAKT, pYAP, pERK and pSTAT3 to further
confirm the pathways regulated by LIFR in PCa cells. By reintroducing
S1044 mutants (including S1044A and S1044D) into LIFR-depleted PCa
cells and generating cell lines with stably rescued LIFR expression,
LIFR-S1044 phosphorylation-mediated biological consequences and
corresponding signaling pathways were determined. The results ex-
cluded the involvement of other cascades except the AKT pathway. The
functional and diagnostic links between PCa malignance and AKT ac-
tivation have been established for over a decade [30–34]. The AKT
signaling pathway plays a critical role in controlling cell proliferation
and metastasis [30,32,33]. The maintenance of prostate cancer stem-
like cells requires AKT pathway as well [35]. Our results identified a
crucial upstream activator responsible for stimulating AKT signaling
pathway in prostate cancer.

Receptor mediated signal transduction is abundantly marked by the
PTMs on the receptors especially phosphorylation [36]. Our work
highlights the potential of LIFR-S1044 phosphorylation as an efficient
biomarker for monitoring PCa progression. Remarkably, pLIFR-S1044
can be detected not only by biopsy but also in blood samples, as LIFR
has a soluble form in serum [37,38].
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