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A LIF Mutation at The 29th Amino Acid Totally
Abolished The Biological Functions
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Abstract Leukemia inhibitory factor (LIF) plays important roles in varieties of biological processes. This factor is highly
conserved in mammalian animals and only one heterozygous L/F mutation was reported to cause the infertility of women. A
LIF mutation was generated and the evidences were provided that the mutation of mature LIF at the 29th amino acid totally
abolished its functions, including stimulation of STAT activation assayed by Luciferase reporter gene expression and
EMSA experiments. In addition, the mutated LIF failed to inhibit the proliferation of M1 cells. The data indicated that the
mutation of LIF did not have a dominant negative effect but lost the biological functions, suggesting that the 29th amino
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acid is critical for maintaining the activities of LIF.
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LIF (leukemia inhibitory factor), identified as a
glycoproteint, suppresses the proliferation of myeloid
leukemic cells (murine M1 cell line)** and inhibits the
differentiation of murine embryonic stem cells to
maintain the pluripotency feature ™. LIF has been
reported to play very important roles in varieties
of  biological processes including blastocyst
implantation P9, platelet formation, proliferation
of some hematopoictic cells, kidney formation
bone formation, adipocyte lipid transport,
adrenocorticotropic hormone production, neuronal
survival and formation ®, muscle satellite cell
proliferation,  and acute phase production by
hepatocytes . LIF still remains functions in tissue
regeneration in the adults!'*',

LIF is a highly conserved protein in most of the
mammalian animals™. It has been rarely reported LIF
gene was mutated in human diseases except the case
that LIF mutation leaded to the women infertile™. In
the infertile women, three heterozygous point
mutations were identified: one in close proximity to
the start codon of exon 1 and two in exon 3. The first
point mutation occurred in 6 bp before ATG but the
other two remained LIF protein expressed with one
amino acid changed as V64M and A72Y . These
results were consistent with L/F knockout phenotype
in mice, which developed normally except the adult
female homozygous null mice could not be pregnant'l,

LIF functions on cells by binding to the gp190
receptor and then forming a heterodimer with the
common receptor gpl130. The amino acids crucial for
LIF binding to its receptors gp190 and gp130 were
characterized by authors!"® ). Recently, Fairlie e; al.!®

reported that incorporation of two mutations (Q29A
and G124R) led to the generation of highly potent
antagonists of LIF-induced bioactivity, indicating the
importance of those two residues in LIF. However, it
remains unclear whether the 29th amino acid single
mutation in LIF has any dominant negative effect to
the function because this residue is highly conserved in
all mammalian animals. In this study, we report a point
mutation of Q29R in LIF generated via a random PCR.
We observed that this mutation abolished the normal
functions in the activation of STAT signaling and
growth arrest of M1 cells but had no dominant
negative effect.

1 Materials and methods

1.1 RNA isolation, RT-PCR and subcloning

The total RNA from human stromal cells isolated
from bone marrow was isolated using Trizol
(Invitrogen, USA). RT-PCR was performed using
one-step RT-PCR kit (Qiagen, Germany). The Taq
enzyme was added in the RT-PCR reaction to increase
the possibility of random mutation. The primers used
are: forward, 5’ gctagaattccccataatgaaggtettg 3’
reverse, 5’ gatactcgagtcctgctagaaggectg 3’ . The
reaction was performed for 30 cycles with conditions
of denaturation (94°C, 30 s), annealing (55C, 50 s)
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and extension (72°C, 1 min). The expected LIF cDNA
was directly cloned into pcDNA6 with EcoR 1 and
Xho I and subcloned into pEFBOS with Kpn I and
Xho I for expression. The positive clones with insert
were sequenced.
1.2 Cell culture and transfection

HepG2 cells were cultured in DMEM, supplied
with 10% fetal bovine serum (Hyclone, USA),
100 U/ml penicillin, and 100 mg/L streptomycin at
37°C in 5% CO,. 293T cells were cultured under the
same conditions except for replacement of FBS with
NCS (new-born calf serum). M1 cells were fed with
RPMI1640 medium supplied with 10% FBS. 293T
cells were plated onto six-well plates at a density of
4x10° cells per well and cultured at 37°C overnight for
transfection. 5 pg DNA per well was used for
transcient transfection with Tfx™-20 (Promega)
according to the manufacturer’s protocol.  The
expression vectors for different genes were balanced
with pcDNAG6 or pEFBOS in the specific experiments.
After 48 h transfection, the cells were harvested for
different experiments.
1.3 Preparation of conditioned medium

293T  cells, transfected with pcDNAG,
pcDNAG6/LIFw or pcDNA6/LIFmu for 12 h in the
complete medium, were cultured in serum free
medium for 48 h. The conditioned medium was
collected and stored at 4°C or directly used for
experiments.
1.4 Western blot

Cells were harvested with lysis buffer (20 mmol/L
Tris-HCI, pH 7.4, 150 mmol/L NaCl, 1 mmol/L
EDTA, 1% Triton X-100, 1 mmol/L NaVO,,
2.5 mmol/L sodium pyrophosphate, 1 mmol/L
B-glycerol-phosphate, 1 mmol/L PMSF, 5 mg/L
aprotinin, and 5 mg/L leupeptin, pH 7.5). Equal
amounts of proteins were subjected to 12%
SDS-PAGE. The proteins were blotted onto NC
membrane (Pharmacia) and detected with anti-LIF
antibody (Santa Cruz). The image was captured using
Molecular Dynamics (Pharmacia).
1.5 Luciferase assay

HepG2 cells stably transfected with hSIE/m67
(kindly provided by Dr. Fu at Yale University, Medical
School.) were seeded into 24-well cell culture plates
with a density of 3x10° cells/well. After 24 h culturing,
the conditioned medium (with wide type LIF, LIFw, or
mutated LIF, LIFmu, secreted by transfected 293T
cells) was added. The cells, stimulated for 6 h, were
harvested with the Ilysis buffer provided by
Luciferase1000 Assay System (Promega) and assayed
for luciferase activity according to the manufacturer’s
protocol. In another experiment, 293T cells were

seeded in a 12 well plate with the density of
2x105 cells/well. The luciferase reporter with STAT3
binding element (pGL2-APRE-Luc, kindly provided
by Dr.Hirano, Division of Immunology, Osaka
University, Japan) was cotransfected with mutated or
wild type LIF expression plasmid. The luciferase
activity was measured by a Dual Luciferase Reporter
Assay KIT and normalized with the internal control
(pRL-TK) (Promega). The results were presented as
(x+s) from transfections in triplicate.
1.6 Electrophoresis mobility shift assay

293T cells and HepG2 cells were seeded with a
density of 1x10° cells/well in 60mm dishes. The cells
were stimulated with LIF (purchased from Santa Cruz)
and the conditioned medium (wild type LIF or mutated
LIF) for 30 min and harvested for preparation of
nuclear extract. In brief, the cells were collected and
lysed with 500 wl of the cell pellet lysis buffer
(10 mmol/L Tris-HCI pH 7.5, 1.5 mmol/L MgCl,,
10 mmol/L KCI, 0.5% Nonidet P-40) by pipetting
several times. The pellet was collected through
centrifugation of the lysates at 4C for 10 min at
7 000 r/min and dissolved in 50 pl of nuclear protein
extraction buffer (20 mmol/L Tris-HCI pH 7.5,
10% glycerol, 1.5 mmol/L MgCl1,, and 420 mmol/L
NaCl, 0.2 mmol/L EDTA). The nuclear protein
suspension was cleared by microcentrifugation at
13 000 r/min for 15 min. The annealed and purified
DNA probe (5 TCGACATTTCCCGTAAATCGTC
GA 3') labeled with [y-*P] dATP was incubated with
the nuclear extracts in 15 wl binding buffer (including
10 mmol/L Tris-HCI pH 7.5, 10% glycerol, and 0.2%
Nonidet P-40, additionally, 2 g of poly dI-dC) at
room temperature for 30 min. The DNA-protein
complexes were resolved on 5% nondenaturing
polyacrylamide gels in 0.5 x TBE buffer. After
electrophoresis, the gels were dried and subjected to
autoradiography (Phorphorlmager, Pharmacia).
1.7 °H-thymidine incorporation

M1 cells were seeded in 24 well plates with a
density of 1x10° cells/well. The cells were starved for
24 h before addition of 1 wCi of *H-thymidine per
well. The *H-thymidine was allowed to incorporate for
4 h and then the free *H-thymidine was washed off
with PBS and 5% TCA. The labeled cells were lysed
with buffer (0.5% SDS, 0.5 mol/L NaOH) and
subjected to scintillation assay. The CPM was
measured and results were presented as (x +s) from
three independent repeats for each treatment.

2 Results

2.1 Generation of mutated LIF from RT-PCR
In an attempt to search for the mutation of LIF
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cDNA, we performed RT-PCR using Taq enzyme
mixed in the One-step RT-PCR kit from Qiagen. Via
subcloning the PCR products and sequencing more
than 20 independent clones, we found three clones

with a mutation at 29th amino acid in the LIF cDNA
(Figure 1b and 1c). We turned to be interested in this
mutation because the amino acid at this position in
LIF from all of the species was kept identical as

(@) v
10 20 30 40 50 60 70
T T [ [ T T T T e T [ |
Human 1 [SPCPTTPVNATC RS YYTAQGEPFPNNLDKLJQJPNVTDFPPH 70
Ovine 1 [sPLPINPVNATANTHHP RS YYTAQGEPFPNNLDKLQEPNVTDFPPH 70
Porcine 1 |sPUgITPVNATC K YYTAQGEPFPNNLDKLAGPNVTNFPPH 70
Mink 1 [[PLPITPVNATC R YYTAQGEPFPNNLDKLJEPNVTDFPPH 70
Rat 1 [SPLPITPVNATC KS YYTAQGEPFPNNVDKLJAPNMTDFPPF 70
Mouse 1 [SPLPITPVNATC K YYTAQGEPFPN KLJAPNMTDFHASF 70
Bovine 1 [SPLPITPVNATC R YYTAQGEPFPNNLDKLJYPNVTDFPPH 70
Possum 1 RN PHQTNLDKLINPNVTDFPPH 70
90 130 140
T T T R N T IR AT |
Human 71 YLJT[SLGNI TRDQHKI LJRGLLSNVLCRLAYKYHVG 140
Ovine 71 AYL LGN I TRDQH URGLLSNVLCRLJYKYHVA 140
Porcine 71 AYLGASLGN | TRDQR RGLLSNVLCRLANKYHVA 140
Mink 71 AYLGASLGNI TRDQHK JRGLLSNVLCRLANKYHVA 140
Rat 71 LVELYRMTYLGASL[TN | TiDQK RGLL LCRLANKYHMG 140
Mouse 71 AYL[SASLTNI TRDQK RGLLSNVLCRLANKYRVG 140
Bovine 71 AYLGASLGNI| TRDQK UYRGLLSNVLCRLQSKYHVS 140
Possum 71 AY LINASAGN | TRDQK RGL LUNNOTICRL ARKYHVA 140
160 170 180
S o o o T |
Human 141 FQKKKLGCQLLGKYKJQIIAMJAQAR 180
Ovine 141 FQKKKLGCQLLGKYKQMAMLUAQAF 180
Porcine 141 FQKKKLGCQLLGKYKQVIIgMUARAF 180
Mink 141 FQKKKLGCQLLGKYKQV I|AMMAQAF 180
Rat 141 FJRKKLGcaLLdTYKaQV I[gYUAQAF 180
Mouse 141 FQRKKLGCQLLGTYKQV I[gUMMQAF 180
Bovine 141 FQKKKLGCQLLGKYKQV | AQAF 180
Possum 141 FQKKKLGGHL LGKYKQV I[STMAQAF 180
®) v :
AT CAGGAGCC TGGCACAGCTC C CAGATCAGGAGCCTGGCACA
300 310 320 300 310 320
C
© 10 20 V3O 40 50 60 70
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Wildtype 1 [PLPITPYNATCATRHPCHNNLMNOTIRSYILAQINGSANALFILYYTACGE PF PNNLDKLCGENVTDE PPE| 70
Mutated 1 5 PLPIT PVNATCATRHPCHNNILMNQI R RUAQLNGSANALF ILYYTACGE PF PNNLDKLCGPNVTDE PPE] 70
80 90 100 110 120 130 140
. R O 1 e [ A S (A O [P IR I T |
Wild type 71 BANGTERAKLVELYRIVVYLGTSLGNITRDQKILNPSALSLHSKLNATADI LRGLLSNVLCRLCSKYHVE 140
Mutated 71 HANGTEKAKLVELYRIVVYLGTSLGNITRDQKILNPSALSLHSKLNATADILRGLLSNVLCRLCSKYHVE 140
150 160 170 180
N o I e I T T T e |
Wild type 141 HVDVIYGPDT SGKLVFQKKKLGCQLLGKYKQITAVLAQAF] 180
Mutated 141 HVDVTYGPDTSGKLVF QKKKLGCQLLGKYKQITAVLAQAE] 180

Fig.1 Diagrams of LIF sequence information

(a) Amino acid sequence alignment of LIF from indicated mammals including human. The identical amino acids were boxed. The 29th residue with

identical Q between the species is indicated with arrow. (b) Partial cDNA sequence information from the cloned wild type and mutated LIF. The original

sequencing graphs were shown under the sequence reading. The boxed triplets indicated mutation of nucleotide A (left panel) to G (right panel). (c)
Alignment of amino acid sequences of wild type and mutated LIF. The position where Q (acidic) was mutated to R (basic) is indicated with arrow.
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glutamine (Q, Figure 1a)"), implying that this residue

is important for the activity of LIF. This reminded us
of investigating whether the mutation could affect the
functions of LIF. Thereafter, we purposely cloned this
mutation into expression vector and expressed the
protein in mammalian cells (293T). As a control, we
expressed the wild type LIF using the same vector.
2.2 Mutated LIF lost the activity to stimulate the
downstream signaling

LIF belongs to IL-6 cytokine family, which, by
binding to receptor gpl130 and gp190 (LIFR), can
stimulate STAT3 signal pathway. To examine whether
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Fig.2 Activation of STAT3 stimulated by LIF

(a) Expression of wild type and mutated LIF. Western blot were
recruited to show the protein expression levels of the wild type and
mutated LIF in 293T cells transfected with pcDNA6 (1.8 wg),

pcDNAG/LIFw (1.8 wg) and pcDNAG6/LIFmu (1.8 png) as indicated
respectively. Western blot was performed using anti-LIF antibody
(Santa Cruz). (b) Luciferase activity of STAT3 reporter responsible to
LIF. 239T cells were co-transfected with STAT3 luciferase reporter
plasmid and the indicated wild type or mutated LIF expression vector.
The luciferase activities were presented as arbitrary units normalized
with the internal control (pRL-TK) for the equal transfection
efficiencies. The experiments were repeated 3 times and the results were
expressed as x= s (n=3). (c) Luciferase activity in STAT3-Luc reporter
stable cell line. The conditioned medium as indicated was added to the
HepG2 cells stably integrated STAT3 response element with luciferase
reporter gene. The luciferase assays were performed and the results were

presented as (b).

the mutated LIF has any activity, the STAT3 luciferase
reporter system was employed. The wild type and
mutated LIF cDNA were subcloned to the expression
vector respectively (referred to as pEFBOS/LIFw and
pEFBOS/LIFmu) and were co-transfected with the
STAT3 luciferase reporter into 293T cells. The data
showed that the wild type LIF stimulated the reporter
activity significantly but the mutated LIF had no effect
on the reporter activity (Figure 2b) although both the
cells transfected with the constructs showed the same
levels of protein expression (Figure 2a). Similarly, in a
HepG2 cell line stably transfected with STAT3 binding
elements linking to luciferase reporter gene, we
obtained same results by addition of the conditioned
medium produced by 293T cells transfected with wild
type or mutated LIF expression vector (Figure 2c).
Taken together, these results showed that the wild type
LIF had strong ability to activate STAT3 signal
pathway, but the mutated LIF failed to, indicating that
the mutation of LIF at 29th amino acid lost the normal
function in stimulation of STAT3 signal pathway.

To further confirm the mutated LIF failed to
activate STAT3, we performed an EMSA experiment
using 293T and HepG2 cells stimulated by the
purchased LIF and the conditioned mediums (from
293T cells expressed wild type or mutated LIF). The

(a)
12 3 4 5 6

293T HepG2

Fig.3 Stimulation of STAT1/3 binding
Electrophoresis mobility shift assays were performed using the cell
extracts as indicated. Maximal amounts of conditioned mediums were
used to stimulate both 293T and HepG2 cells (a). The different
amounts of conditioned mediums (b) were compared with commercial
purchased LIF (Santa Cruz). The mediums of wild-type and mutated
LIF contained equal amounts of the secreted proteins. The bands were
confirmed by super shift assay (data not shown). (a) /:control; 2:
pcDNA6 CM; 3: mutant LIF CM; 4: wild-type LIF CM; 5: control; 6:
pcDNA6 CM; 7: mutant LIF CM; 8: wild-type LIF CM. (b) I: LIF
(100 pg/L); 2: wild-type LIF CM (200 wl); 3: wild-type LIF CM

(400 pl); 4: mutant LIF CM (200 pl); 5: mutant LIF CM (400 pl).
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data showed that wild type LIF conditioned medium
stimulated very strong binding of STAT3 to its binding
elements and had the dosage dependent effects on the
binding (Figure 3a lane 4 and 8, Figure 3b lane 2 and
3), while the mutated LIF had almost no activity on the
binding of STAT3 (Figure 3a lane 3 and 7, Figure 3b
lane 4 and 5). The wild type LIF conditioned medium
had the same effect as the purchased LIF (Figure 3b,
lane / and 2). These data, consistent with those from
the luciferase experiments, suggested that the mutated
LIF abolished the activity of stimulation of STAT3
signaling.
2.3 Mutated LIF did not show dominant
negative effect

To question whether the mutated LIF had a
dominant negative effect on the wild type LIF rather
than just abolished the activity, we performed
luciferase assays using both the wild type and mutated
LIF expression vectors as described above. The data
showed that the mutated LIF did not affect the
luciferase activity stimulated by the wild type LIF
(Figure 4a) even though we increased the mutated LIF
expression vector amount to enough high level (Figure
4a, the right three columns). To avoid different
transfection efficiencies, we used the conditioned
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pcDNAG/LIFm CM(ul) — - 1000 400 100 - - -

Fig.4 Mutated LIF did not show dominant negative effect

Luciferase assays were performed as described in Figure 2. (a) The

indicated LIF expression vectors were co-transfected into the cells with

the reporter plasmids. (b) The conditioned medium was added in the
cells transfected with only the luciferase reporter plasmid.

medium as prepared in Figure 2 to repeat the luciferase
assays. As shown in Figure 4b, the conditioned
medium containing the mutated LIF did not affect the
luciferase activity induced by the wild type LIF.
Therefore, these data suggested that the mutated LIF
did not show a dominant negative effect on the wild
type LIF.
2.4 Mutated LIF remained M1 cells growth

The most important feature of LIF is the
inhibition role on the growth of M1 cells. To
investigate whether the mutated LIF had any effect on
the biological function in cells, we performed
a  proliferation  experiment by ‘*H-thymidine
incorporation in M1 cells. The results demonstrated
that M1 cells cultured with the wild type LIF
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Fig.5 Growth inhibition of LIF
*H-thymidine incorporation assays were performed using MI cells
stimulated by the conditioned mediums as indicated. The different
times (a) and dosages (b) of conditioned medium treatments were
assigned and the cell proliferation was presented as incorporated
*H-thymidine (cpm). The experiments were repeated three times
independently and the results were presented as x s (n=3). $—@ :
control; M—M: wild-type LIF; A—A: mutant LIF.
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conditioned medium had a strong growth arrest, but
the cells cultured with mutated LIF conditioned
medium remained of rapid growth, as in the case of
control cells (Figure 5a and b). Intriguingly, this
inhibition of growth arrest showed dosage dependent
effects with the increasingly amounts of wild type LIF
conditioned medium but remained no effect with the
maximal amounts of the mutated LIF conditioned
medium (Figure 5b). These experiments indicated that
the mutated LIF could not inhibit M1 cells growth,
suggesting that the mutation of LIF totally lost the
biological functions.

3 Discussion

LIF is a glycoprotein cytokine belonging to IL-6
family, which exerts many important functions through
activation of STAT signal pathway. Three mutations in
LIF gene, occurred in exon 1 and exon 3, were
reported in the infertile women ™. Interestingly,
although LIF was reported to function in varieties of
biological processes, LIF brain deficient mice did not
display lethal but abnormal in nervous system
development!"”, However, the LIF mutation women did
not show any abnormal development™ although it was
unclear whether the mutation altered the expression or
the activity of LIF. No other mutation of LIF was
reported in patients. In this report, we, via random
selection from RT-PCR, reported LIF mutation in the
29th amino acid in the mature protein. We found this
mutation totally abolished LIF activities, including
activation of STAT3 signal pathway and inhibition of
M1 cell proliferation.

LIF remains high conservation in the amino acid
sequences between species!™., Our data showed that
LIF kept totally identical at the 29th amino acid in all
mammalian animals, suggesting that this residue is
critical to the activity. In this study, we observed that
the amino acid glutamine (Q) at the 29th position had
been mutated into arginine (R) in the mutated clones
from RT-PCR. Although this mutation did not affect
the protein expression examined by Western blot
(Figure 2), it dramatically changed the activity of LIF
measured by STAT3 luciferase reporter, EMSA and
M1 cell proliferation assays. It has been noted that the
six conserved cysteine residues in LIF molecule could
be involved in disulfide bond linkages ™ and 9
conserved glycosylation sites could be important for
the glycosylation of this factor. However, no report
was proposed to the function of the residue Q at the
29th amino acid in the molecule. Importantly, this
residue is located in helix A region, where a marked
kink was observed 272 while V64M and A72Y
mutations in the infertile women were located in AB

loop. Interestingly, the Q (glutamine) is acidic and R
(arginine) is basic. We speculate the change of the
amino acid altered the feature of the helix. How this
mutated site abolishes LIF function is to be elucidated.

Several reports indicated the different residues
critical for the LIF activity by keeping the binding
affinity to the receptor'®!”l. Especially, a recent report
demonstrated that two mutations (Q29A and G124R)
of LIF could generate a highly potent antagonist effect
of LIF-induced bioactivity ™. The report indicated a
mutation at the 29th position but different residue
replacement from the one we reported here.
Interestingly, we observed no dominant negative effect
from our data (see Figure 4 and 5). The difference of
the mutations might be the amino acid features as
alanine is neutral but arginine is basic (the wild type
LIF at 29th glutamine is acidic). We speculate that it
might be the mutated alanine and the other mutation
leading to the antagonist effect!".

In conclusion, we reported a mutation of LIF at
the 29th residue and provided evidences that this
mutation totally abolished the normal functions of LIF
on activation of STAT3 signal and inhibition of M1
cell proliferation. However, this mutation had no
dominant negative effect on LIF-induced activity. We
propose that the 29th glutamine is critical for
maintaining the activity of this important factor.
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