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ABSTRACT:
Leukemia inhibitory factor (LIF) is a multi-functional cytokine protein. The role 

of LIF in tumorigenesis is not well-understood. Here, we found that LIF promotes 
tumorigenesis and metastasis of breast cancer. LIF promotes cell proliferation and 
anchorage-independent growth of breast cancer cells in vitro, and the growth of 
xenograft breast tumors in vivo. LIF also promotes invasion and migration of breast 
cancer cells in vitro and metastasis of breast cancer in vivo. We found that LIF 
activates the AKT-mTOR signaling pathway to promote tumorigenesis and metastasis 
of breast cancer. Inhibiting the AKT activity can largely block the activation of the 
mTOR pathway by LIF, suggesting that LIF activates the mTOR pathway through 
AKT. Inhibiting the AKT activity as well as inhibiting the mTOR activity largely 
block the promoting effect of LIF on tumorigenesis and metastasis. Furthermore, 
overexpression of LIF is significantly associated with a poorer relapse free survival 
in breast cancer patients. Taken together, our data strongly suggest that LIF plays 
an important role in the tumorigenesis and metastasis of breast cancer, and could be 
an important prognostic marker for breast cancer.  

INTRODUCTION

Breast cancer is one of the most common malignant 
tumors and the second most common cause of cancer 
related deaths in the United States. Although the death 
rate of breast cancer has decreased with advances in 
prevention, surgical resection and adjuvant therapies, there 
are still approximately 232,340 new cases and 39,620 
deaths of breast cancer in the United States in 2013 [1].  
Metastasis to vital organs such as lung, brain and bone is 
a major cause of death from breast cancer [2].  Therefore, 
there is an urgent need to further understand the molecular 
mechanisms underlying breast cancer tumorigenesis and 
metastasis.

Leukemia inhibitory factor (LIF), a member of the 
interleukin-6 cytokine superfamily, is a multi-functional 
protein that exerts different functions in different 
tissues/cells or under different conditions through the 
activation of different signaling pathways. Transduction 
of LIF signaling occurs through LIF’s binding to LIF 
receptor complex composed of LIF receptor (LIF-R) and 
glycoprotein gp130 [3, 4], which in turn activates selective 
signaling pathways, including JAK/STAT3, PI3K/AKT, 
MAPK, and/or ERK1/2 pathways [5-10]. While the 
overexpression of LIF has been observed in several types 
of cancers including breast cancer [8, 11-15], the role 
of LIF in cancer is not well-understood. Limited studies 
suggested the potential complex role of LIF in cancer 
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depending upon the types of the cancer. LIF could inhibit 
the differentiation and promote proliferation in some 
cancers and cancer cell lines, and has been suggested to 
contribute to the progression of malignancies, including 
rhabdomyosarcoma, choriocarcinoma and melanoma [8, 
16-18]. Meanwhile, LIF has also been reported to induce 
the differentiation of murine myeloid leukemia cells and 
inhibit proliferation and growth in some other cancer cell 
lines [19-21]. Currently, the detailed function of LIF in 
breast cancer remains unclear. 

In this study, we investigated the potential role 
of LIF in breast cancer. LIF promotes cell proliferation 
and anchorage-independent growth in soft agar of breast 
cancer cells in vitro, and the growth of xenograft breast 
tumors in vivo. LIF also promotes invasion and migration 
of breast cancer cells in vitro and metastasis of breast 
cancer cells in vivo. Interestingly, we found that LIF 
activates the AKT-mTOR signaling pathway. Importantly, 
the activation of AKT-mTOR signaling by LIF largely 
mediates the promoting effect of LIF on tumorigenesis 
and metastasis. Furthermore, overexpression of LIF 
is significantly associated with a poorer relapse free 
survival in breast cancer patients. Together, data from this 
study strongly suggest that LIF plays an important role 
in promoting the tumorigenesis and metastasis of breast 
cancer.  

RESULTS

LIF promotes metastasis of breast cancer 

To investigate the role of LIF in breast cancer, the 
mRNA levels of LIF, LIFR and gp130 were measured in a 
panel of human breast cancer cell lines, including MDA-
MB-231, HS578T, MDA-MB-468, MCF7, SK-Br-3, 
T47D and BT474 cells, by employing Taqman real-time 
PCR assays. Whereas the majority of these cells express 
LIF receptors (LIFR and gp130) at relatively similar levels 
(Supplementary Fig. 1a&b), the expression levels of LIF 
varied dramatically among these cell lines, which are 
correlated with the metastatic abilities of these cell lines 
(Fig. 1a). The expression levels of LIF are much higher 
in MDA-MB-231 and HS578T cells that display higher 
metastatic abilities [22] compared to less metastatic breast 
cancer cells, including MCF7, MDA-MB-468, SK-Br-3, 
T47D and BT474 cells. The difference in LIF expression 
levels was confirmed at the protein level in MDA-
MB-231, MCF7 and T47D cells (Fig 1b), which were 
chosen for the following experiments to study the role of 
LIF in breast tumorigenesis.  

To directly investigate the effect of LIF on 
metastasis in breast cancer, two chamber trans-well 
assays were employed to determine the effects of LIF on 
the abilities of invasion and migration of MDA-MB-231, 

MCF7 and T47D cells. As shown in Fig. 1c, treating cells 
with exogenous LIF (100 ng/ml) dramatically promoted 
the abilities of invasion and migration of all these 3 
breast cancer cell lines, which can be blocked by LIF 
neutralization antibody. To investigate whether autocrine 
secretion of LIF from cells has a similar promoting effect 
on invasion and migration of cells, MCF7, T47D and 
MDA-MB-231 cells with stable ectopic expression of LIF 
(MCF7-LIF, T47D-LIF and MDA-MB-231-LIF) were 
established by transduction of LIF-flag expression vectors 
(Fig. 1d). Compared with control cells transduced with 
control vectors, ectopic LIF expression greatly increased 
the abilities of invasion and migration of MCF7, T47D and 
MDA-MB-231 cells. Furthermore, this promoting effect of 
LIF can be blocked by LIF neutralization antibody (Fig. 
1d). Knock-down of endogenous LIF by two shRNA 
targeting LIF in MDA-MB-231 cells, which have high 
endogenous LIF levels, clearly decreased the abilities of 
invasion and migration of cells (Fig. 1e). These results 
demonstrate that LIF promotes the abilities of invasion 
and migration of breast cancer cells in both autocrine and 
paracrine manners.

The effect of LIF on metastasis was further 
investigated in vivo by employing the in vivo lung 
metastasis assays. Tail vein injection of MCF7, T47D and 
MDA-MB-231 cells can all lead to the formation of lung 
metastatic tumors in mice. As shown in Fig. 1f, ectopic 
LIF expression in MCF7, T47D and MDA-MB-231 cells 
significantly increased the number of lung metastatic 
tumors. Furthermore, ectopic LIF expression in T47D and 
MDA-MB-231 cells promoted distant metastasis. Two 
out of six mice injected with T47D-LIF cells developed 
metastatic breast tumors in the neck and muscle in 
addition to lung tumors, and two out of six mice injected 
with MDA-MB-231-LIF cells developed metastatic 
breast tumors in mediastinum, neck, back, underarm 
and muscle in addition to lung tumors. In contrast, no 
distant metastatic tumor was observed in mice injected 
with T47D-Con and MDA-MB-231-Con cells within the 
same time period (Fig. 1f). Consistently, mice injected 
with MDA-MB-231 cells with stable knock-down of LIF 
(MDA-MB-231-LIFshRNA) formed much less metastatic 
lung tumors compared to mice injected with MDA-MB-
231-ConshRNA cells (Fig. 1g).

LIF promotes proliferation, anchorage-
independent growth of breast cancer cells and 
growth of xenograft breast tumors  

In addition to promoting metastasis, LIF also 
promoted proliferation of breast cancer cells. Ectopic 
LIF expression promoted the proliferation of MCF-7, 
T47D and MDA-MB-231 cells, whereas knockdown of 
endogenous LIF significantly inhibited the growth of 
MDA-MB-231 cells (Fig. 2a). Furthermore, LIF promoted 
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Figure 1: LIF promotes metastasis of breast cancer cells. (a) The mRNA expression levels of LIF in a panel of human breast 
cancer cells were determined by Taqman real-time PCR and normalized with actin. (b) The protein levels of LIF were determined in MDA-
MB-231, MCF7 and T47D cells. (c) Exogenous LIF (100 ng/ml) promoted the abilities of invasion and migration of breast cancer cells, and 
this effect could be blocked by LIF neutralization antibody (0.5 µg/ml) as determined by trans-well assays in chambers coated with matrigel 
(for invasion assays) or without matrigel (for migration assays). Upper panels: representative images; lower panels: quantifications of 
average number of cells/field. (d) Ectopic LIF expression promoted the invasion and migration abilities of breast cancer cells. Upper panels: 
Ectopic LIF expression in cells detected by Western-blot assays. (e) Knock-down of endogenous LIF reduced the invasion and migration 
abilities of MDA-MB-231 cells. Top left panel: The efficient knockdown of LIF mRNA and protein in cells. (f) Ectopic LIF expression 
promoted metastasis of breast cancer cells in vivo. MCF7-LIF, T47D-LIF, MDA-MB-231-LIF and their control cells (Con) were injected 
into nude mice via tail vein, and the number of metastatic tumors in lung and distant metastatic tumors was determined after 10 weeks.  
Representative H&E images of lung sections (left panels) and distant metastatic tumors (right top panels) are shown. (g) Knockdown of 
LIF reduced lung metastasis in vivo. MDA-MB-231-LIFshRNA and MDA-MB-231-ConshRNA cells were injected into nude mice via tail 
vein, and the number of lung metastatic tumors was determined after 12 weeks. Data are presented as mean ± SD (n=3 for a, c, d & e; n=6 
for f & g). Scale bar: c & e: 50 µM; f: 50 µM for low magnitude, and 5 µM for high magnitude *: p<0.001.  
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the anchorage-independent cell growth in soft agar; 
ectopic LIF expression increased the number and size 
of colonies formed by MCF7, T47D and MDA-MB-231 
cells (Fig. 2b), whereas knock-down of endogenous LIF 
inhibited the anchorage-independent growth in soft agar of 
MDA-MB-231 cells (Fig. 2c). Consistent with the results 

obtained from in vitro assays, ectopic LIF expression 
promoted the growth of xenograft tumors formed by 
MCF7, T47D and MDA-MB-231 cells (Fig. 2d), whereas 
knockdown of endogenous LIF reduced the growth of 
MDA-MB-231 xenograft tumors (Fig. 2e). Together, 
these results demonstrate that LIF promotes proliferation, 

Figure 2: LIF promotes proliferation and anchorage-independent growth of breast cancer cells and promotes the 
growth of xenograft breast tumors. (a) Ectopic LIF expression promoted proliferation of MCF7, T47D and MDA-MB-231 cells.  
Knockdown of endogenous LIF inhibited the growth of MDA-MB-231 cells. (b) Ectopic LIF expression promoted anchorage-independent 
growth in soft agar of breast cancer cells. Left panels: Representative images of colonies in soft agar. Right panels: average number of 
colonies (upper) and average area of colonies (lower). (c) Knockdown of LIF inhibited anchorage-independent growth in soft agar of MDA-
MB-231 cells. (d) Ectopic LIF expression promoted the growth rate of xengoraft breast tumors. BALB/c nude mice were inoculated (s.c.) 
with MCF7-LIF, T47D-LIF, MDA-MB-231-LIF and their control cells (Con). Upper panels: Representative images of xenograft tumors; 
lower panels: growth curves of xenograft tumors.  (e) Knockdown of LIF reduced the growth rate of MDA-MB-231 xenograft tumors. Data 
are presented as mean ± SD (n=3 for a-c; n=10 for d & e). *: p<0.001.  
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anchorage-independent growth of breast cancer cells and 
the growth of xenograft breast tumors. 

LIF activates the mTOR pathway in breast cancer 
cells which contributes to the promoting effect of 
LIF on metastasis 

The mTOR pathway is frequently activated in breast 
cancers. The activation of mTOR and the subsequent 
phosphorylation and activation of its downstream targets 
p70S6K and eIF4E binding protein 1 (4EBP1) play an 
important role in promoting cell growth, proliferation 
and metastasis in breast cancers [23-26]. We found that 
LIF activates the mTOR pathway in breast cancer cells.  
Exogenous LIF treatment increased the phosphorylation 

levels of p70S6K at Thr-389 (p-p70S6K) and 4EBP1 at 
Thr-37/46 (p-4EBP1), which represent the activity of 
p70S6K and 4EBP1, respectively, in T47D, MCF-7 and 
MDA-MB-231 cells (Fig. 3a). Similarly, ectopic LIF 
expression in these breast cancer cell lines increased 
p-p70S6K and p-4EBP1 levels (Fig. 3b). Furthermore, 
knock-down of LIF in MDA-MB-231 cells decreased 
p-p70S6K and p-4EBP1 levels (Fig. 3b). Consistently, 
T47D-LIF and MDA-MB-231-LIF xenograft tumors 
displayed much higher levels of p-p70S6K and p-4EBP1 
than T47D-Con and MDA-MB-231-Con tumors (Fig. 3c). 
MDA-MB-231-LIFshRNA xenograft tumors displayed 
much lower levels of p-p70S6K and p-4EBP1 than MDA-
MB-231-ConshRNA tumors (Fig. 3c).  

To investigate whether the activation of mTOR 

Figure 3: LIF activates the mTOR pathway in breast cancer cells. (a) Exogenous LIF (100 ng/ml) increased the levels of 
phosphorylated p70S6K at Thr-389 (p-p70S6K) and phosphorylated 4EBP1 at Thr 37/46 (p-4EBP1) in MCF7, T47D and MDA-MB-231 
cells. (b) Ectopic LIF expression in MCF7, T47D and MDA-MB-231 cells increased p-p70S6K and p-4EBP1 levels (left panels), whereas 
knockdown of LIF in MDA-MB-231 cells decreased p-p70S6K and p-4EBP1 levels (right panels). (c) Ectopic LIF expression increased 
p-p70S6K and p-4EBP1 levels in T47D and MDA-MB-231 xenograft tumors. Knockdown of LIF reduced p-p70S6K and p-4EBP1 levels 
in MDA-MB-231 xenograft tumors. The expression levels of LIF in xenograft tumors were confirmed by Western-blot assays. 
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pathway by LIF contributes to the role of LIF in breast 
cancer metastasis, rapamycin, a highly specific mTOR 
inhibitor, was employed to block the mTOR pathway, 
and the effect of LIF on invasion and migration was 
determined. Rapamycin treatment largely blocked the 
promoting effect of both exogenous LIF and ectopically 
expressed LIF in cells on invasion and migration in MCF-
7, T47D and MDA-MB-231 cells (Fig. 4a & b). Taken 
together, these results demonstrate that LIF activates the 
mTOR pathway, which contributes to the promoting effect 
of LIF on breast cancer metastasis. 

LIF activates the mTOR pathway through AKT in 
breast cancer cells

It has been reported that LIF activates the AKT 
pathway in several different cell types, including 
human embryonic kidney 293T, liver Hep3B, and 

oligodendrocytes [7, 27]. We found that LIF activates the 
AKT pathway in breast cancer cells. As shown in Fig. 
5a & b, both exogenous LIF treatment and ectopically 
expressed LIF in cells increased the phosphorylation of 
AKT at Ser-473 (p-AKT), which represents the activation 
of AKT, in MCF7, T47D and MDA-MB-231 cells. Knock-
down of LIF decreased p-AKT in MDA-MB-231 cells 
(Fig. 5c). The activation of the AKT pathway by LIF was 
also observed in xenograft breast tumors. The levels of 
p-AKT were much higher in T47D-LIF and MDA-MB-
231-LIF xenograft tumors than T47D-Con and MDA-
MB-231-Con tumors, respectively (Fig. 5d). The levels 
of p-AKT were much lower in MDA-MB-231 LIFshRNA 
xenograft tumors than MDA-MB-231-con tumors (Fig. 
5e).  

The AKT pathway crosstalks with and activates the 
mTOR pathway [28], which raises the possibility that LIF 
activates the mTOR pathway through AKT. As shown 
in Fig. 5f & g, blocking AKT activity by wortmannin, a 

Figure 4: Blocking the mTOR signaling largely abolishes the promoting effect of LIF on invasion and migration 
of breast cancer cells. (a) MCF7, T47D and MDA-MB-231 cells were treated with LIF (100 ng/ml) alone or in combination with 
rapamycin (20 nM). The invasion and migration abilities of cells were determined by trans-well assays. Upper panels: representative 
images; lower panels: quantifications of average number of cells/field. (b) MCF7-LIF, T47D-LIF, MDA-MB-231-LIF and their control 
cells were treated with or without rapamycin (20 nM). The invasion and migration abilities of cells were determined. Data are presented as 
mean ± SD (n=3). *: p<0.001; #: p<0.01 .
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specific AKT inhibitor, largely abolished the activation of 
the mTOR pathway by LIF; the elevation of p-p70S6K 
and p-4EBP1 levels by both exogenous LIF treatment and 
ectopically expressed LIF was largely diminished in cells 
treated with wortmannin. Similarly, blocking the AKT 

activity by expressing a dominant negative AKT (DN-
AKT) reduced the levels of p-p70S6K and p-4EBP1 in 
MCF7-LIF and T47D-LIF cells but not in MCF7-Con 
and T47D-Con cells (Fig. 5h). Consistently, while stable 
LIF expression in xenograft T47D tumors increased the 

Figure 5: LIF activates the mTOR pathway through AKT in breast cancer cells. (a) Exogenous LIF treatment (100 ng/ml) 
activated AKT activity in MCF7, T47D and MDA-MB-231 cells. The levels of total and phosphorylated AKT at Ser 473 (p-AKT-S473) were 
determined by Western-blot assays. (b) Ectopic LIF expression increased p-AKT-S473 levels in breast cancer cell lines. (c) Knockdown of 
LIF decreased p-AKT-S473 levels in MDA-MB-231 cells. (d) Ectopic LIF expression increased p-AKT-S473 levels in T47D and MDA-
MB-231 xenograft tumors. (e) Knockdown of LIF reduced p-AKT-S473 levels in MDA-MB-231 xenograft tumors. (f&g) Blocking AKT 
activity by Wortmannin, an AKT inhibitor, largely abolished the effect of LIF on the mTOR signaling.  (f) MCF7, T47D and MDA-MB-231 
cells were treated with LIF (100 ng/ml) alone or in combination with wortmannin (2 µM) for the indicated time periods. (g) MCF7-LIF, 
T47D-LIF, MDA-MB-231-LIF and their control cells were treated with wortmannin (2 µM) for 24 h. (h) Blocking AKT activity by 
expressing a dominant negative AKT (DN-AKT) largely abolished the effect of LIF on the mTOR signaling. MCF7-LIF, T47D-LIF and 
their control cells were transduced with a dominant negative AKT (pLHCX-DN-AKT, K179M) expression vector. 
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Figure 6: Blocking the AKT signaling inhibits the promoting effect of LIF on tumorigenesis and metastasis in breast 
cancer cells. (a) MCF7, T47D and MDA-MB-231 cells were treated with LIF (100 ng/ml) alone or in combination with wortmannin (2 µM), 
and the invasion and migration abilities of cells were determined. (b) MCF7-LIF, T47D-LIF, MDA-MB-231-LIF and their control cells were 
treated with or without wortmannin (2 µM), and the invasion and migration abilities of cells were determined. (c) Blocking AKT activity by 
the expression of DN-AKT largely abolished the effect of LIF on invasion and migration abilities of MCF7-LIF and T47D-LIF cells. (d) The 
expression of DN-AKT largely abolished the promoting effect of LIF on proliferation in MCF7-LIF and T47D-LIF cells. (e) The expression 
of DN-AKT largely blocked the promoting effect of LIF on anchorage-independent growth in soft agar in MCF7-LIF and T47D-LIF cells. (f) 
The expression of DN-AKT largely blocked the promoting effect of LIF on growth rate of xenograft T47D-LIF tumors. Data are presented as 
mean ± SD. n=3 for a–e; n=10 for f. Scale bar: 50 µM.  *: p<0.001; #: p<0.01. 
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levels of p-p70S6K and p-4EBP1, this effect of LIF was 
largely blocked in T47D tumors with co-expression of LIF 
and DN-AKT (Supplementary Fig. 2). LIF can activate 
multiple signaling pathways, including STAT-3 pathway, 
to mediate some of LIF’s functions. Here, we also tested 
whether LIF activates the mTOR pathway through the 
STAT-3 pathway. As shown in Supplementary Fig. 3, 
exogenous LIF treatment dramatically increased the 
phosphorylation of STAT-3 at Thy705, which represents 
the activation of the STAT-3 pathway. However, blocking 
STAT-3 activity by employing Stattic, a specific STAT-3 
inhibitor, did not have a significant effect on the activation 
of the mTOR pathway by LIF, suggesting that STAT-3 
does not play a major role in the activation of the mTOR 
pathway by LIF. Taken together, our results demonstrate 
that LIF activates the mTOR pathway mainly through 
AKT.

Blocking the AKT pathway largely abolishes the 
promoting effect of LIF on tumorigenesis and 
metastasis of breast cancer 

To further determine whether the activation of AKT-
mTOR pathway contributes to the effect of LIF on breast 
cancer tumorigenesis and metastasis, above-mentioned 
breast cancer cell lines were treated with LIF along with 
or without wortmannin to block AKT pathway. As shown 
in Fig. 6a & b, wortmannin treatment largely blocked the 
promoting effect of both exogenous LIF and ectopically 
expressed LIF on invasion and migration in MCF-7, 
T47D and MDA-MB-231 cells. Similarly, expressing 
DN-AKT in MCF7 and T47D cells to block AKT activity 
largely blocked the promoting effect of ectopically 
expressed LIF on invasion and migration in cells (Fig. 
6c). Furthermore, expression of DN-AKT greatly reduced 
the promoting effect of LIF on cell proliferation and 
anchorage-independent cell growth in soft agar in MCF7 
and T47D cells (Fig. 6d & e). Expression of DN-AKT 
also largely abolished the promoting effect of LIF on the 
growth of xenograft tumors formed by T47D cells (Fig. 
6f). Taken together, these results demonstrate that LIF 
activates the AKT-mTOR pathway, which in turn promotes 
tumorigenesis and metastasis of breast cancer.

LIF correlates with poor prognosis in breast 
cancer patients

To evaluate the clinical importance of LIF in 
breast cancer, a cohort of 374 breast cancer patients was 
employed. The expression levels of LIF were determined 
in the tissue microarray containing the breast tumor tissues 
from these patients by using IHC staining. 54.8% tumor 
samples were positive for LIF staining. Representative 
LIF positive and negative staining images were shown in 
Fig. 7a. The relationship between LIF expression levels 
and clinicopathological variables of breast cancer was 
analyzed.  As summarized in Table 1, the expression levels 
of LIF were associated with age at diagnosis (p=0.001), 
estrogen receptor (ER, p=0.025) and progesterone receptor 
(PR, p=0.002). Notably, employing Kaplan-Meier survival 
analysis, we found that LIF expression levels were 
correlated with relapse free survival of breast cancer 
patients (p=0.0039). The prognosis analysis demonstrates 
that higher expression of LIF had a poorer relapse free 
survival in breast cancer patients (Fig. 7b), suggesting that 
LIF could be a prognostic marker for poor prognosis of 
breast cancer patients.   

DISCUSSION

LIF is a cytokine with a wide array of functions.  
LIF plays an essential role in embryonic implantation 
and maintaining pluripotentiality of murine stem cells.  

Clinicopathological
variables

LIF Expression
PNegative

(Number)
Positive
(Number)

Age 0.001
≤40 16 45
>40 153 160
Race 0.094
White 147 167
Black 16 34
Others 6 4
Histology 0.159
Ductal 142 182
Lobular 17 10
Others 10 12
Tumor size 0.179
≤2cm 123 137
>2cm 31 49
Nodal status 0.757
Negative 72 95
Positive 28 33
Unknown 69 77
ER 0.025
Negative 81 74
Positive 87 128
PR 0.002
Negative 92 77
Positive 77 125
HER2 0.307
Negative 141 162
Positive 27 41

Table 1: The relationship between LIF expression and 
clinicopathological variables of breast cancer
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Recently, we identified that LIF is a novel p53 target gene, 
and importantly, LIF mediates p53’s role in embryonic 
implantation [29-31]. LIF is also involved in bone 
formation, neuronal survival, and acute immune response 
to inflammation [32, 33].  The role of LIF in cancer and 
its underlying mechanisms are not well-understood with 
limited studies suggesting that LIF may play a role in 
tumorigenesis.  

Results from this study demonstrate that LIF 
promotes the growth and metastasis of breast cancer.  LIF 
promotes proliferation, anchorage-independent growth 
in soft agar of breast cancer cells, and the growth rate of 
xenograft breast tumors. LIF also promotes metastasis 
of breast cancer cells as determined by in vitro trans-
well and in vivo lung and distant metastatic assays.  Both 
exogenous LIF and LIF expressed in cells show promoting 
effects on tumorigenesis and metastasis of breast cancer, 
suggesting that LIF functions in both autocrine and 
paracrine manners. Furthermore, the promoting effect 
of LIF on tumorigenesis and metastasis of breast cancer 
is independent of ER status; similar effects of LIF were 
observed in both ER-positive breast cancer cells (MCF7 
and T47D) and ER-negative breast cancer cells (MDA-

MB-231).   
LIF binds to its receptor complex composed of LIFR 

and gp130 to activate the LIF signaling pathway. It has 
been reported that LIF selectively activates JAK/STAT3, 
PI3K/AKT, MAPK, and/or ERK1/2 pathways in different 
tissues, cell types or conditions. Results in this study 
demonstrate that LIF activates the mTOR pathway in 
breast cancer. The mTOR pathway is frequently activated 
in various cancers, including breast cancer, which plays 
a critical role in tumor growth and metastasis [34-36].  
Importantly, blocking mTOR activity largely abolished 
the promoting effect of LIF on breast cancer metastasis, 
suggesting that the activation of mTOR pathway mediates 
the promoting effect of LIF on breast cancer tumorigenesis 
and metastasis. Further investigation on the mechanism 
by which the mTOR pathway is activated by LIF shows 
that the activation of mTOR is largely mediated by AKT.  
Blocking AKT activity by wortmannin or the expression 
of DN-AKT largely abolished the activation of mTOR 
by LIF, and more importantly, largely abolished the 
promoting effect of LIF on tumorigenesis and metastasis 
of breast cancer. These findings demonstrate that LIF 
promotes tumorigenesis and metastasis of breast cancer 

Figure 7: High LIF expression levels are associated with a poor relapse free survival of breast cancer patients. (a) The 
expression of LIF in a cohort of 374 human breast cancer specimens was determined by IHC staining of LIF. Representative images of LIF 
IHC staining in normal and breast cancer specimens are shown.  (b) Kaplan-Meier curves for relapse free survival in breast cancer patients 
with or without positive LIF staining. Positive LIF staining (>10% cells stained with LIF) in breast cancer specimens is significantly 
correlated with a poorer relapse free survival and a higher breast cancer relapse risk (p=0.0039). (c) Schematic model depicting the 
activation of the AKT-mTOR signaling by LIF which in turn promotes proliferation and metastasis of breast cancer. 
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through the AKT-mTOR signaling pathway (Fig. 7c). 
It is currently unclear whether LIF activates 

the AKT-mTOR pathway to promote tumorigenesis 
and metastasis in other types of cancers. During the 
preparation of this paper, a very recent study reported 
that exogenous LIF activates the mTOR pathway in 
nasopharyngeal carcinoma cell lines, which is consistent 
with our findings [37]. It will be interesting to investigate 
whether LIF also activates the mTOR pathway through 
AKT in nasopharyngeal cancer, whether the activation of 
LIF-AKT-mTOR pathway exists in other types of tumors, 
and plays an important role in tumorigenesis in future 
studies.

To date, the association between LIF and prognosis 
of breast cancer has not been reported. Our results show 
that higher LIF expression is associated with poorer 
relapse free survival of breast cancer patients, indicating 
that LIF could be an important prognostic marker for 
breast cancer patients. LIF functions as a cytokine 
protein.  Therefore, using antibody against LIF to block 
LIF function or blocking LIF receptor complex are 
potential strategies for breast cancer therapy. Furthermore, 
given the effect of LIF expression on the AKT-mTOR 
signaling, this pathway may serve as a novel therapeutic 
target to improve outcomes in breast tumors with LIF 
overexpression.

In summary, results from this study demonstrate that 
LIF plays a vital role in promoting growth and metastasis 
of breast cancer. This function of LIF in breast cancer is 
mainly mediated by the AKT-mTOR pathway. Results 
from this study have the direct potential to develop LIF as 
an important biomarker for prognosis of breast cancer and 
a therapeutic target for breast cancer, especially for those 
with LIF overexpression. 

MATERIAL AND METHODS

Cell culture and cell treatments

Human breast cancer cell lines MCF7, T47D, MDA-
MB-231, HS578T, MDA-MB-468, SK-Br-3, BT474, and 
NIH3T3 fibroblasts were obtained from ATCC. Cells with 
stable LIF overexpression were established by transduction 
of a retroviral LIF expression vector (pLPCX-LIF) and 
selected by puromycin. To knockdown endogenous LIF 
expression in cells, two validated shRNA vectors against 
LIF (SHCLNDNM_002309, Sigma) were transduced into 
cells and selected by puromycin. Recombinant human 
LIF protein was purchased from Millipore. Cells were 
treated with Rapamycin (Cell Signaling Technology), 
Wortmannin (Cell Signaling Technology) and Stattic 
(Sigma) for various time periods before being harvested 
for further analysis.

Plasmids construction

The pLPCX-LIF vector expressing LIF with 
C-terminal flag was constructed by amplifying 
LIF cDNA using following primers:5’AAGC
TTATGAAGGTCTTGGCGGCAGGAG-3’; 
5’-TGAATTCGCGAAGGCCTGGGCCAA-3’. LIF 
fragment was inserted into p3XFlag-CMV-14 vectors, 
then subcloned into pLPCX vectors along with the flag 
tag. The pLHCX-DN-AKT vector expressing a dominant 
negative AKT (DN-AKT; K179M) was constructed by 
subcloning the DN-AKT fragment from pLNCX-AKT1 
K179M (Addgene) into the pLHCX vectors [38].

Taqman real-time PCR

Total RNA was prepared by using an RNeasy kit 
(Qiagen). All primers were purchased from Applied 
Biosystems. Real-time PCR was done in triplicate with 
TaqMan PCR mixture (Applied Biosystems).  

Western-blot assays

Standard Western-blot assays were performed as 
previsouly described [39]. Anti-human LIF antibody 
(AF250-NA) was purchased from R&D. Antibodies 
against phospho-p70S6 kinase (p-p70S6K, Thr-389), 
total p70S6K, phospho-AKT (Ser-473), phospho-4EBP1 
(Thr-37/46), total 4EBP1 and phospho-STAT3 (Thy-
705) were purchased from Cell Signaling Technology. 
Antibodies against LIFR (sc-659), total AKT (sc-1618) 
and total STAT3 (sc-482) were purchased from Santa 
Cruz Biotechnology. Anti-gp130 antibody was purchased 
from Millipore. Anti-actin and anti-FLAG antibodies were 
purchased from Sigma. 

Cell migration and invasion assays

The trans-well system (24 wells, 8 µM pore size, 
BD Biosciences) was employed for cell migration and 
invasion assays as previously described [40]. In brief, cells 
in serum-free medium were seeded into upper chambers 
coated with or without matrigel (BD Biosciences) for 
invasion and migration assays, respectively. The lower 
chamber was filled with 1:1 mix of medium supplemented 
with 10% FBS and NIH 3T3 cell-conditioned medium.  
Cells on the lower surface were fixed, stained and counted 
after culturing 24 h for MCF7 and MDA-MB-231 cells, 
and 48 h for T47D cells. 8×104 MCF7 cells, 1.5×105 
T47D cells, and 5×104 MDA-MB-231 cells were used for 
invasion assays; 5×104 MCF7 cells, 1×105 T47D cells, 
and 3×104 MDA-MB-231 cells were used for migration 
assays.



Oncotarget799www.impactjournals.com/oncotarget

Anchorage-independent growth assays 

Anchorage-independent growth assays were 
performed as previously described [41]. In brief, cells 
were seeded in 6-well culture plates coated with media 
containing 0.6% agarose, and cultured in media containing 
0.3% agarose. Colonies were stained and counted after 2-3 
weeks. 

Xenograft tumorigenicity assays 

Cells (5 × 106 in 0.2 mL PBS) were injected 
subcutaneously (s.c.) into 6-week-old BALB/c female 
athymic nude mice (Taconic). For xenograft tumorigencity 
assays of T47D and MCF-7 cells, a 17β-estradiol pellet 
(Innovative Research of America) was implanted into 
each mouse 2 days before cell injection. After injection, 
mice were examined and tumor volumes were measured 
3 times/week for 2-4 weeks. Tumor volume = 1/2 (length 
× width2). Tumor samples were processed for routine 
histopathological examination.  

In vivo metastasis assays

Cells (2 × 106 in 0.1mL PBS) were injected into 
BALB/c female nude mice via tail vein. The mice were 
sacrificed at indicated time after the inoculation. The 
numbers of lung and distant metastatic tumors were 
counted under a dissecting microscope and confirmed 
by histopathological analysis. Mouse experiments were 
approved by the University Institutional Animal Care and 
Use Committee. 

Tissue microarray and clinical information of 
breast cancer patients 

Tissue microarray comprising duplicate cores 
of tumors from 374 breast cancer patients was used for 
this study. The de-identified clinical information of these 
patients was obtained from the patient database that has 
been previously described [42, 43]. In brief, none of the 
patients in this study received chemotherapy or irradiation 
therapy prior to the surgery. They were treated with breast 
conserving surgery with or without axillary lymph node 
dissection. Following surgery, adjuvant systemic therapy 
was administered as clinically indicated in accordance 
with standard clinical practice. The median follow up time 
is 7.9 years.  This study was reviewed and approved by 
University Human Investigations Committee Institutional 
Review Board. 

Immunohistochemistry (IHC) assays for LIF

IHC staining of LIF was performed as previously 
described [42-44]. In brief, tissue sections were 
deparaffinized and antigen retrieval was achieved by 
Target Retrieval Solution (DAKO). Tissue sections were 
incubated with anti-LIF antibody (MAB250, R&D, 1:20 
dilution) overnight at 4°C, followed with a biotinylated 
secondary antibody staining. Immunoreactivity was 
detected by using a Vectastain Elite ABC kit (Vector).  
Known positive controls were included in each 
experiment, and negative controls were obtained by 
omitting the primary antibody. The tumor was considered 
positive for LIF staining when more than 10% of tumor 
cells were positive for LIF staining.

Statistical analysis

A computer program package SAS (Version 9.1, 
SAS Institute) was employed to manage the patient 
database and analyze the statistic difference. The 
relationship between LIF and clinicopathological variables 
was analyzed by standard Chi-square test. The Kaplan–
Meier analysis was used to assess the relationship between 
LIF and the survival of patients. The differences were 
assessed by the log-rank test. The statistical differences 
in xenograft tumor growth among groups were analyzed 
by ANOVA, followed by Student’s t-test. All other p 
values were obtained using Student’s t-test. p<0.05 was 
considered statistically significant.

ACKNOWLEDGEMENTS

W.H. is supported by National Institutes of Health 
(NIH) Grant 1R01CA160558-01, Department of Defense 
Grant W81XWH-10-1-0435, the Ellison Foundation, the 
New Jersey Health foundation, and the New Investigator 
Award of Rutgers Cancer Institute of New Jersey. Z.F. is 
supported by NIH Grant 1R01CA143204-01 and NJCCR 
grant. B.G.H. is supported by the Breast Cancer Research 
Foundation.

REFERENCES

1. Siegel R, Naishadham D and Jemal A. Cancer statistics, 
2013. CA: a cancer journal for clinicians. 2013; 63(1):11-
30.

2. Nguyen DX, Bos PD and Massague J. Metastasis: from 
dissemination to organ-specific colonization. Nat Rev 
Cancer. 2009; 9(4):274-284.

3. Gearing DP. The leukemia inhibitory factor and its receptor. 
Adv Immunol. 1993; 53:31-58.

4. Gearing DP, Druck T, Huebner K, Overhauser J, Gilbert 
DJ, Copeland NG and Jenkins NA. The leukemia inhibitory 



Oncotarget800www.impactjournals.com/oncotarget

factor receptor (LIFR) gene is located within a cluster of 
cytokine receptor loci on mouse chromosome 15 and human 
chromosome 5p12-p13. Genomics. 1993; 18(1):148-150.

5. Heinrich PC, Behrmann I, Muller-Newen G, Schaper F and 
Graeve L. Interleukin-6-type cytokine signalling through 
the gp130/Jak/STAT pathway. Biochem J. 1998; 334 ( Pt 
2):297-314.

6. Sasaki N, Shinomi M, Hirano K, Ui-Tei K and Nishihara 
S. LacdiNAc (GalNAcbeta1-4GlcNAc) contributes to 
self-renewal of mouse embryonic stem cells by regulating 
leukemia inhibitory factor/STAT3 signaling. Stem Cells. 
2011; 29(4):641-650.

7. Slaets H, Dumont D, Vanderlocht J, Noben JP, Leprince 
P, Robben J, Hendriks J, Stinissen P and Hellings N. 
Leukemia inhibitory factor induces an antiapoptotic 
response in oligodendrocytes through Akt-phosphorylation 
and up-regulation of 14-3-3. Proteomics. 2008; 8(6):1237-
1247.

8. Wysoczynski M, Miekus K, Jankowski K, Wanzeck J, 
Bertolone S, Janowska-Wieczorek A, Ratajczak J and 
Ratajczak MZ. Leukemia inhibitory factor: a newly 
identified metastatic factor in rhabdomyosarcomas. Cancer 
Res. 2007; 67(5):2131-2140.

9. Freudenberg JM, Ghosh S, Lackford BL, Yellaboina 
S, Zheng X, Li R, Cuddapah S, Wade PA, Hu G 
and Jothi R. Acute depletion of Tet1-dependent 
5-hydroxymethylcytosine levels impairs LIF/Stat3 signaling 
and results in loss of embryonic stem cell identity. Nucleic 
Acids Res. 2012; 40(8):3364-3377.

10. Arthan D, Hong SK and Park JI. Leukemia inhibitory factor 
can mediate Ras/Raf/MEK/ERK-induced growth inhibitory 
signaling in medullary thyroid cancer cells. Cancer Lett. 
2010; 297(1):31-41.

11. Kuphal S, Wallner S and Bosserhoff AK. Impact of LIF 
(leukemia inhibitory factor) expression in malignant 
melanoma. Exp Mol Pathol. 2013; 95(2):156-165.

12. Guimbaud R, Abitbol V, Bertrand V, Quartier G, 
Chauvelot-Moachon L, Giroud J, Couturier D and 
Chaussade DC. Leukemia inhibitory factor involvement in 
human ulcerative colitis and its potential role in malignant 
course. Eur Cytokine Netw. 1998; 9(4):607-612.

13. McKenzie RC and Szepietowski J. Cutaneous leukemia 
inhibitory factor and its potential role in the development 
of skin tumors. Dermatol Surg. 2004; 30(2 Pt 2):279-290.

14. Kamohara H, Ogawa M, Ishiko T, Sakamoto K and Baba H. 
Leukemia inhibitory factor functions as a growth factor in 
pancreas carcinoma cells: Involvement of regulation of LIF 
and its receptor expression. Int J Oncol. 2007; 30(4):977-
983.

15. Garcia-Tunon I, Ricote M, Ruiz A, Fraile B, Paniagua R and 
Royuela M. OSM, LIF, its receptors, and its relationship 
with the malignance in human breast carcinoma (in situ and 
in infiltrative). Cancer Invest. 2008; 26(3):222-229.

16. Fitzgerald JS, Tsareva SA, Poehlmann TG, Berod L, 

Meissner A, Corvinus FM, Wiederanders B, Pfitzner E, 
Markert UR and Friedrich K. Leukemia inhibitory factor 
triggers activation of signal transducer and activator of 
transcription 3, proliferation, invasiveness, and altered 
protease expression in choriocarcinoma cells. Int J Biochem 
Cell Biol. 2005; 37(11):2284-2296.

17. Suman P, Shembekar N and Gupta SK. Leukemia 
inhibitory factor increases the invasiveness of trophoblastic 
cells through integrated increase in the expression of 
adhesion molecules and pappalysin 1 with a concomitant 
decrease in the expression of tissue inhibitor of matrix 
metalloproteinases. Fertil Steril. 2013; 99(2):533-542.

18. Maruta S, Takiguchi S, Ueyama M, Kataoka Y, Oda Y, 
Tsuneyoshi M and Iguchi H. A role for leukemia inhibitory 
factor in melanoma-induced bone metastasis. Clin Exp 
Metastasis. 2009; 26(2):133-141.

19. Gearing DP, Gough NM, King JA, Hilton DJ, Nicola NA, 
Simpson RJ, Nice EC, Kelso A and Metcalf D. Molecular 
cloning and expression of cDNA encoding a murine 
myeloid leukaemia inhibitory factor (LIF). EMBO J. 1987; 
6(13):3995-4002.

20. Bay JM, Patterson BK and Teng NN. Leukemia inhibitory 
factor downregulates human papillomavirus-16 oncogene 
expression and inhibits the proliferation of cervical 
carcinoma cells. Infect Dis Obstet Gynecol. 2011; 
2011:463081.

21. Starenki D, Singh NK, Jensen DR, Peterson FC and Park JI. 
Recombinant leukemia inhibitory factor suppresses human 
medullary thyroid carcinoma cell line xenografts in mice. 
Cancer Lett. 2013; 339(1):144-151.

22. Zajchowski DA, Bartholdi MF, Gong Y, Webster L, Liu 
HL, Munishkin A, Beauheim C, Harvey S, Ethier SP and 
Johnson PH. Identification of gene expression profiles 
that predict the aggressive behavior of breast cancer cells. 
Cancer Res. 2001; 61(13):5168-5178.

23. Brown EJ, Beal PA, Keith CT, Chen J, Shin TB and 
Schreiber SL. Control of p70 s6 kinase by kinase activity of 
FRAP in vivo. Nature. 1995; 377(6548):441-446.

24. Brunn GJ, Hudson CC, Sekulic A, Williams JM, Hosoi 
H, Houghton PJ, Lawrence JC, Jr. and Abraham RT. 
Phosphorylation of the translational repressor PHAS-I 
by the mammalian target of rapamycin. Science. 1997; 
277(5322):99-101.

25. Hay N and Sonenberg N. Upstream and downstream of 
mTOR. Genes Dev. 2004; 18(16):1926-1945.

26. Zhou X, Tan M, Stone Hawthorne V, Klos KS, Lan KH, 
Yang Y, Yang W, Smith TL, Shi D and Yu D. Activation of 
the Akt/mammalian target of rapamycin/4E-BP1 pathway 
by ErbB2 overexpression predicts tumor progression in 
breast cancers. Clin Cancer Res. 2004; 10(20):6779-6788.

27. Ohbayashi N, Ikeda O, Taira N, Yamamoto Y, Muromoto 
R, Sekine Y, Sugiyama K, Honjoh T and Matsuda T. LIF- 
and IL-6-induced acetylation of STAT3 at Lys-685 through 
PI3K/Akt activation. Biol Pharm Bull. 2007; 30(10):1860-



Oncotarget801www.impactjournals.com/oncotarget

1864.
28. Feng Z and Levine AJ. The regulation of energy metabolism 

and the IGF-1/mTOR pathways by the p53 protein. Trends 
Cell Biol. 2010; 20(7):427-434.

29. Hu W, Feng Z, Teresky AK and Levine AJ. p53 regulates 
maternal reproduction through LIF. Nature. 2007; 
450(7170):721-724.

30. Kang HJ, Feng Z, Sun Y, Atwal G, Murphy ME, Rebbeck 
TR, Rosenwaks Z, Levine AJ and Hu W. Single-nucleotide 
polymorphisms in the p53 pathway regulate fertility in 
humans. Proc Natl Acad Sci U S A. 2009.

31. Feng Z, Zhang C, Kang HJ, Sun Y, Wang H, Naqvi A, 
Frank AK, Rosenwaks Z, Murphy ME, Levine AJ and Hu 
W. Regulation of female reproduction by p53 and its family 
members. FASEB J. 2011; 25(7):2245-2255.

32. Metcalf D. The unsolved enigmas of leukemia inhibitory 
factor. Stem cells. 2003; 21(1):5-14.

33. Kimber SJ. Leukaemia inhibitory factor in implantation and 
uterine biology. Reproduction. 2005; 130(2):131-145.

34. Seeliger H, Guba M, Kleespies A, Jauch KW and Bruns 
CJ. Role of mTOR in solid tumor systems: a therapeutical 
target against primary tumor growth, metastases, and 
angiogenesis. Cancer Metastasis Rev. 2007; 26(3-4):611-
621.

35. Wander SA, Zhao D, Besser AH, Hong F, Wei J, Ince 
TA, Milikowski C, Bishopric NH, Minn AJ, Creighton CJ 
and Slingerland JM. PI3K/mTOR inhibition can impair 
tumor invasion and metastasis in vivo despite a lack of 
antiproliferative action in vitro: implications for targeted 
therapy. Breast Cancer Res Treat. 2013; 138(2):369-381.

36. Gulhati P, Bowen KA, Liu J, Stevens PD, Rychahou PG, 
Chen M, Lee EY, Weiss HL, O’Connor KL, Gao T and 
Evers BM. mTORC1 and mTORC2 regulate EMT, motility, 
and metastasis of colorectal cancer via RhoA and Rac1 
signaling pathways. Cancer Res. 2011; 71(9):3246-3256.

37. Liu SC, Tsang NM, Chiang WC, Chang KP, Hsueh C, Liang 
Y, Juang JL, Chow KP and Chang YS. Leukemia inhibitory 
factor promotes nasopharyngeal carcinoma progression and 
radioresistance. J Clin Invest. 2013; 123(12):5269-5283.

38. Ramaswamy S, Nakamura N, Vazquez F, Batt DB, 
Perera S, Roberts TM and Sellers WR. Regulation of G1 
progression by the PTEN tumor suppressor protein is 
linked to inhibition of the phosphatidylinositol 3-kinase/
Akt pathway. Proc Natl Acad Sci U S A. 1999; 96(5):2110-
2115.

39. Feng Z, Zhang H, Levine AJ and Jin S. The coordinate 
regulation of the p53 and mTOR pathways in cells. Proc 
Natl Acad Sci U S A. 2005; 102(23):8204-8209.

40. Zheng T, Wang J, Zhao Y, Zhang C, Lin M, Wang X, Yu 
H, Liu L, Feng Z and Hu W. Spliced MDM2 isoforms 
promote mutant p53 accumulation and gain-of-function in 
tumorigenesis. Nature Communications. 2013; 4:2996.

41. Zhang C, Liu J, Liang Y, Wu R, Zhao Y, Hong X, Lin 
M, Yu H, Liu L, Levine AJ, Hu W and Feng Z. Tumour-

associated mutant p53 drives the Warburg effect. Nat 
Commun. 2013; 4:2935.

42. Yang Q, Moran MS and Haffty BG. Bcl-2 expression 
predicts local relapse for early-stage breast cancer receiving 
conserving surgery and radiotherapy. Breast Cancer Res 
Treat. 2009; 115(2):343-348.

43. Haffty BG, Yang Q, Reiss M, Kearney T, Higgins 
SA, Weidhaas J, Harris L, Hait W and Toppmeyer 
D. Locoregional relapse and distant metastasis in 
conservatively managed triple negative early-stage breast 
cancer. J Clin Oncol. 2006; 24(36):5652-5657.

44. Hu W, Feng Z, Modica I, Klimstra DS, Song L, Allen PJ, 
Brennan MF, Levine AJ and Tang LH. Gene Amplifications 
in Well-Differentiated Pancreatic Neuroendocrine Tumors 
Inactivate the p53 Pathway. Genes Cancer. 2010; 1(4):360-
368.


