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Abstract

Objectives: This study aims to determine the role of
macrophage migration inhibitory factor (MIF), a
proinflammatory cytokine associated with cell prolif-
eration and tumour growth in vivo.

Materials and methods: Our team used RNA inter-
ference technology to knock down MIF expression
in human HeLa cervical cancer cells and to establish
a stable cell line lacking MIF function.

Results: Our results showed that long-term loss of
MIF had little effect on cell morphology, but sig-
nificantly inhibited their population growth and pro-
liferation. The HeLLa MIF-knockdown cells retained
normal apoptotic signalling pathways in response to
TNF-alpha treatment; however, they exhibited unique
DNA profiles following doxorubicin treatment, sug-
gesting that MIF may regulate a cell cycle checkpoint
upon DNA damage. Our data also showed that knock-
down of MIF expression in HeLa cells led to
increased cell adhesion and therefore impaired their
migratory capacity. More importantly, cells lacking
MIF failed to either proliferate in soft agar or form
tumours in vivo, when administered to nude mice.
Conclusion: MIF plays a pivotal role in proliferation
and tumourigenesis of human HeLa cervical carci-
noma cells, and may represent a promising therapeutic
target for cancer intervention.

Introduction

Macrophage migration inhibitory factor, MIF is a small
protein hormone of 115 amino acids, encoded by a single
functional gene in both human (1) and mouse (2,3). In
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spite of T cells being the main source of MIF production,
it is also produced and secreted by other cell types (4).

MIF is the first cytokine to be identified that inhibits
random migration of macrophages in culture (5,6). Now it
is best known as a proinflammatory cytokine and plays
important roles in immune regulation associated with
certain inflammatory diseases such as rheumatoid arthritis
and atherosclerosis (7). Our earliest observation indicated
that MIF was involved in atherogenesis in rabbit (8), and
was responsible for destabilization of human atheroscle-
rotic plaques by inducing MMP-9 expression in macro-
phages (9). Later, it was found to probably act through the
MEK-ERK MAP kinase pathway (10). After that, we
reported that MIF mediated regulation of insulin/Akt sig-
nalling by angiotensin converting enzyme 2 (ACE2) (11).
More recently, we found that in atrial myocytes MIF was
involved in electrical remodelling that accompanies atrial
fibrillation (AF), probably by decreasing L-type Ca>*
channel depression and activation of c-Src kinase (12).
For the same cell type, MIF also seems to be responsible
for high glucose-induced apoptosis (13).

Several lines of evidence have implicated MIF as a reg-
ulator of cancer cell expansion. First, it has been found to be
highly expressed in many human cancers (14—18), that is to
say, when MIF is overexpressed the cells gain a prolifera-
tive advantage. Second, attenuation of cell proliferation and
increase in apoptosis have been observed, by genetic muta-
tion/deletion, in MIF-deficient cells (19,20), or by effects
of anti-sense MIF plasmid (21,22) and RNA interference
(RNAI) (23,24). Third, inactivation of MIF by small mole-
cule inhibitors or inhibitory antibodies reduces properties
of transformation in some cancer cells (21,25,26).

The molecular mechanism of MIF action remains to
be elucidated. Within cells, it can specifically interact with
Jabl, a co-activator of the AP-1 transcriptional complex
(27). Outside the cells, secreted MIF protein can bind to
CD74, a cell surface receptor, which triggers a number of
signal transduction pathways (28). Besides, MIF can
physically interact with tumour suppressor p53 and inhibit
its transcriptional activity, which overcomes p53-depen-
dent cell proliferation inhibition or cell death (29-32).
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So far, the nature of cell growth and proliferation
regulation by MIF is less well understood. It is therefore
important to reconcile how a proinflammatory cytokine
like MIF can determine the fate of cancer cells. One
possibility is that MIF may promote cell transformation
and cancer growth. Alternatively, MIF may prevent cell
death by inhibiting p53 function. To address this ques-
tion, we sought to better characterize the role of MIF in
proliferation of human cancer cells. Herein, we focused
on HelLa, which is one of the most popularly used
human cervical cancer cells, and employed RNAi tech-
nology to permanently knockdown its MIF expression.
Our findings indicate that although MIF is not absolutely
required for growth and proliferation, it is essential for
tumourigenesis and probably metastasis of HeLa cells,
as well.

Materials and methods

Plasmids

We referenced the input of human MIF cDNA from
GenBank (# NM_002415), and designed RNAi target
sequences as follows:

(1) 5’-CTATTACGACATGAACGCG-3’
(2) 5"-CAACTCCACCTTCGCCTAA-3’

The protocol to prepare plasmid constructs coding for
shRNA has been described previously (33). In brief, the
DNA hairpin was subcloned into a pSUPER/puro vector
(Oligoengine, Seattle, WA, USA) and digested with
Bglll/HindIll to generate pSRP/MIF vector. Similarly, a
DNA hairpin with a scrambled sequence was also sub-
cloned into a pSUPER/puro vector and used as negative
control (pSRP). All RNAI constructs were confirmed by
DNA sequencing.

Cell culture and virus preparation

Human HeLa cervical carcinoma cells (American Type
Culture Collection, Manassas, VA, USA; #CCL-2) were
cultured at 37 °C with 5% CO, in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% foetal
bovine serum, 2 mMm L-glutamine and antibiotics. All cell
culture reagents were purchased from Life Technologies,
Inc., Paisley, Scotland. DNA transfections were conducted
using Lipofectamine 2000 reagent (Invitrogen, Carlsbad,
CA, USA) according to manufacturer’s protocol.

To establish cell lines, pSRP or pSRP/MIF vectors
were transfected into Phoenix packaging cells (Orbigen,
San Diego, CA, USA) to produce ecotropic retroviral
supernatants. Forty-eight hour post-transfection, tissue
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culture medium was filtered through a 0.45 pm filter, and
viral supernatants for infection of HeLa cells were used
after addition of 4 pg/ml polybrene. Then, cells were
selected with 2 pg/ml puromycin until drug-resistant
colonies became visible.

SDS—polyacrylamide gel electrophoresis and
immunoblotting

HeLa cells were harvested and lysed in buffer containing
0.5% NP40, 10 mm Tris—HCI (pH 8.0), 50 mm KClI,
1 mm orthovanadate and protease inhibitors. Protein con-
centrations were quantified by Bio-Rad assay (Bio-Rad
Laboratories, Hercules, CA, USA) and equal amounts
were loaded on 8—15% polyacrylamide gels and subjected
to SDS—polyacrylamide gel electrophoresis. Then they
were electrotransferred on to PVDF membranes (Milli-
pore Corporation, Bedford, MA, USA) and immunoblot-
ted using: rabbit polyclonal anti-MIF (Santa Cruz
Biotechnology, Santa Cruz, CA, USA; #sc-20121), anti-
p16 (Santa Cruz Biotechnology; #sc-468), anti-p27 (Santa
Cruz Biotechnology; #sc-528), anti-Src (Abcam, Cam-
bridge, MA, USA; #ab47405) and anti-FAK (Cell Signal-
ing, Danvers, MA, USA; #3285) antibodies, and mouse
monoclonal anti-cyclin B1 (Santa Cruz Biotechnologys;
#sc-245), anti-cyclin D1 (Santa Cruz Biotechnology; #sc-
8396), anti-cyclin E (Santa Cruz Biotechnology; #sc-247),
anti-PCNA (Santa Cruz Biotechnology; #sc-56) and anti-
c-Myc (Santa Cruz Biotechnology; #sc-42) antibodies.
All antibodies were used at 1:1000 dilution unless indi-
cated otherwise in the text. Antigen-antibody complexes
were detected using anti-rabbit or anti-mouse antibodies
conjugated to horseradish peroxidase (HRP) and visual-
ized using SuperSignal chemiluminescent detection kit
(Pierce, Rockford, IL, USA). HRP-conjugated mouse
monoclonal anti-GAPDH (Kangchen Inc., Shanghai,
China; #KC-5G5) antibody was used to ensure equal load-
ing of protein samples.

Cell proliferation assay

HeLa cells were plated in six-well dishes in duplicate. At
various time points, adherent and non-adherent cells were
collected and aliquots were mixed with an equal volume
of 0.4% trypan blue (Gibco BRL, Gaithersburg, MD,
USA) in phosphate-buffered saline (PBS), and were
counted. Each growth curve is the average of two or three
independent experiments.

Analysis of apoptosis

The HeLa cells under normal expansion conditions were
harvested, fixed and resuspended in annexin-binding
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buffer (10 mm HEPES, 140 mm NaCl, 2.5 mm CaCl,, pH
7.4). Aliquots of 100 pl of cell suspension were treated
with 5 pl of anti-annexin V antibodies conjugated to
Alexa Fluor 488 (Molecular Probes, Eugene, OR, USA),
40 pg of propidium iodide (PI) (Sigma-Aldrich, St. Louis,
MO, USA) and incubated for 15 min at room temperature
and cells were analyzed by flow cytometry. Samples were
run on a BD Biosciences FACScan (Becton Dickinson
Labware, Mountain View, CA, USA) equipped with a
488 nm argon air-cooled laser and emissions were mea-
sured using FL1 channel (530/30 filter). Analysis was
performed using ModFit software (BD Biosciences, San
Jose, CA, USA).

Cell cycle analysis

In the order of 1 x 10° HeLa cells were detached in
0.25% trypsin and washed in ice-cold PBS. Following
centrifugation at 900 g for 5 min, cells were suspended
and fixed in 70% ice-cold ethanol for 45 min. After
several washes in ice-cold PBS, cells were suspended in
0.5 ml of PBS containing 40 pg of PI (Sigma-Aldrich)
and 100 pg of RNase (Sigma-Aldrich) per ml. Cells were
incubated at 37 °C for 30 min and maintained at 4 °C
before flow cytometry analysis on a BD Biosciences
FACScan (Becton Dickinson Labware). Analysis was
performed using ModFit software (BD Biosciences).

Cell adhesion analysis

One thousand cells were loaded on to vitronectin-coated
96-well plates (Cytomatrix cell adhesion strips; Chem-
icon, Billerica, MA, USA) for 30 min, washed and then
subjected to crystal violet staining. Relative number of
adhesive cells was measured by optical density under a
microplate reader.

Migration assay

Modified Boyden chambers (Millicell-PCF, 8-pum pore
size; Millipore) were placed in 24-well plates and coated
with 10 pg/ml rat-tail collagen (Roche Applied Science,
Indianapolis, IN, USA) for 16 h at 37 °C. After removal
of collagen and washing in PBS, 0.4 ml of migration med-
ium (DMEM with 0.5% bovine serum albumin) was
added to the lower chamber. A total of 2 x 10° cells were
seeded into the upper compartment in 0.3 ml of migration
medium. The plates were then incubated at 37 °C for
16 h, to allow migration to take place. Cells on the upper
membrane surface were removed using a cotton tip appli-
cator and washing in PBS, whereas cells on the lower
membrane surface were fixed in 4% formaldehyde and
stained with 0.1% crystal violet in 20% ethanol.

Wound closure assay

Wounds were created on near to confluent monolayers of
cells by scraping a gash using a sterile micropipette tip.
Speed of wound closure was monitored and recorded
every 24 h. Photographs were taken under 100X magnifi-
cations using a Cannon digital camera attached to a phase-
contrast microscope, immediately after wound incision,
and later at various time points.

Anchorage-independent growth assay

5 x 10* cells were re-suspended in 3 ml of complete
DMEM containing 0.3% Noble agar (BD Biosciences;
Difco™) and plated on 6-cm dishes with a solidified bot-
tom layer made of 0.6% agar in complete DMEM. Cells
were fed with 1 ml of 0.25% agar in complete DMEM
every 4 days. After 20 days, colonies were stained with
0.005% crystal violet for 1 h and were counted by bright
field light microscope illumination low power (40x).

Tumour formation in nude mice

Female nude mice 6-8 weeks of age, and weighing 17—
21 g, were provided by the National Rodent Laboratory
Animal Resources, Shanghai Branch (Shanghai, China)
and housed in specific pathogen-free (SPF) conditions at a
temperature of 22-24 °C and humidity of 45-70%. All
IVC supplies were also sterilized and autoclaved before
entering the cage. A total of 5 x 10° cells were injected
subcutaneously into nude mice, twice over a 2-day inter-
val. During the next 20 days, mice were observed daily to
examine tumour growth; eventually animals were eutha-
nized. Digital images were taken post mortem.

Statistical analysis

Results are expressed as mean + standard error, from
three or four independent experiments. Data were sub-
jected to one-way or two-way analysis of variance using
GraphPad Prism 1.1 program (GraphPad Software, Inc.,
La Jolla, CA, USA). P-values <0.05 were considered sig-
nificant.

Results

Generation of human HeLa cervical cancer cells lacking
MIF expression

To study the role of MIF in cell population growth, we
decided to knockdown MIF expression in human HeLa
cervical cancer cells using RNAi technology. In brief, we
selected two different RNAi target sites based on

© 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 582-590.



@ & o (b)

HelLa

Role of macrophage MIF in HeLa cells 585

——pSRP
|—= -pSRP/MIF|

Cell Number (x 10°)

I 4

0 1 2 3 4 5 6
Time (Days)

&

pSRP/MIF

Figure 1. Generation and growth analysis of HeLa MIF-knockdown cells. (a) MIF expression. HeLa parent, pSRP control and pSRP/MIF knock-
down cells were harvested and subjected to western blotting analysis with anti-MIF antibody. Western blotting for GAPDH was performed to ensure
equal loading of protein samples. (b) Growth curve. HeLa pSRP control and pSRP/MIF knockdown cells were seeded in 6-cm plates and cell number
was counted at 0, 1, 2, 3, 4, 5 and 6 days. (c) Analysis of apoptosis. Cells under normal growth conditions were harvested and immuno-labelled with
anti-annexin V antibody conjugated to Alexa fluor 488. Expression of annexin V on cell surfaces was revealed by flow cytometry as described in the
Materials and methods section. (d) Cell morphology. All photographs of the cells are at the same scale.

nucleotide sequence of human MIF cDNA to design DNA
oligos, which were then synthesized and subcloned into
the pSUPER/puro plasmid vector. Retroviruses were pro-
duced by transfecting plasmids into Phoenix packaging
cells according to manufacturer’s protocol, which were
then used to infect HeLa cells and select them in the pres-
ence of 2 ng/ml puromycin antibiotics. Cell clones with
significant MIF knockdown results were chosen to form a
stable cell line, which was used in further experiments and
named pSRP/MIF. In parallel, a control cell line named
pSRP was established using a scrambled RNAi sequence.
Figure 1a shows that viral infection and the following
antibiotic selection procedure did not change the steady-
state level of MIF in cells, since parent HeLa cells (non-
infected) and HeLa pSRP control cells (infected) had iden-
tical levels of MIF expression (lanes 1 and 2), whereas
MIF expression in HeLa pSRP/MIF cells was diminished
nearly 10-fold (compare lanes 3 to 1 and 2).

Analysis of viability and morphology of MIF-knockdown
cells

To examine the effect of MIF knockdown on proliferation,
cell numbers were counted. Figure 1b shows that although
the number of cells increased in both HeLa pSRP control
and pSRP/MIF knockdown cells for at least 5 days, loss of
MIF expression significantly altered proliferation of HeLa
cells. On day 6, total cell number decreased in both popula-
tions, presumably due to the lack of nutrients and accumu-
lation of metabolic waste in the media. Nonetheless, loss of
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MIF expression did not result in extensive early cell death,
as percentages of cells that became permeable to trypan
blue was almost the same for the two cell lines (data not
shown), and both populations did not exhibit any signifi-
cant apoptosis, as indicated in Fig. 1c following measure-
ment for phosphatidylserine on cell surfaces. When
examined under a bright light microscope, both cell types
displayed characteristic epithelial phenotypes except that
individual control cells were more dispersed, whereas
MIF-knockdown cells formed somewhat scattered colo-
nies on the plates (Fig. 1d). Thus, it appears that loss of
MIF expression caused only minor changes to cell mor-
phology, but significantly affected cell proliferation.

MIF-knockdown affect on cell cycle and DNA damage
response in HeLa cells

Studies by others, on a knockout mouse model, have
shown that MIF coordinates the cell cycle with DNA dam-
age checkpoints, which may be beneficial for cancer cells
to maintain certain levels of genomic stability and there-
fore prevent cell death caused by adverse conditions (34).
In this regard, we examined the effect of long-term loss of
MIF on cell cycle and DNA damage response in HeLa
cells.

Our western blot analysis shown in Fig. 2 indicated
that cyclin B1 level was not affected by knockdown of
MIF expression in our HeLa cells. However MIF knock-
down decreased cyclin D expression but increased cyclin E
in the same cells. Next, we examined levels of CDK inhibi-



586 D. Z. Xiao et al.

s === <+— Cyclin B1

-— <—CyclinD

» 8 <—cCyclinE
— <—p16

_-— —— <— p27

@» e <—PCNA

[ - <«—c-Myc

- s <— GAPDH
Lane 1 2

Figure 2. Cell cycle marker analysis. HelLa pSRP control and
pSRP/MIF knockdown cells under normal growth conditions were har-
vested and subjected to western blotting for cyclin B1, cyclin D, cyclin
E, pl6, p27, PCNA and c-Myc expression. Western blotting for GAPDH
was performed to ensure the equal loading of protein samples.

tors p16 and p27. As shown in Fig. 2, p16 expression was
significantly diminished in MIF-knockdown cells. How-
ever, loss of MIF did not seem to affect p27 expression at
all. In addition, it also did not alter PCNA expression, sug-
gesting that HeLa cells were able to grow and replicate to
some degree in the absence of MIF. More importantly, we
found that MIF knockdown strongly affected c-Myc
expression, which has been reported to be involved in cell
transformation in some cases (35), suggesting that MIF
may contribute tumourigenic potential of HeLa cells.

Next, we examined the response of MIF-knockdown
cells to DNA damage. To this end, we treated cells with
doxorubicin at different dosages for 24 h, and subse-
quently cells were harvested and subjected to cell cycle
analysis by fluorescence-activated cell sorting (FACS). As
shown in Fig. 3, under normal conditions, population of
Gl-phase MIF-knockdown cells increased from 51% to
63%, whereas percentage of S- and G,/M-phases cells
decreased from 19% and 20% to 15% and 14%, respec-
tively. Consistent with results shown in Fig. lc, absence
of sub-G1 cells indicated that both HeLa control and MIF-
knockdown cells were devoid of apoptosis. When treated
with doxorubicin at low concentrations, control cells
ceased to grow and halted in S- and G,/M-phases. When
treated with maximal dosage of doxorubicin in this experi-
ment, cells arrested in G- and G,/M-phases. In contrast,
MIF-knockdown cells exhibited different DNA profiles
following DNA damage: when treated with low concen-
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Figure 3. Cell cycle analysis in response to DNA damage. HelLa
PSRP control and pSRP/MIF knockdown cells were treated with doxo-
rubicin as indicated in the figure, then harvested and prepared for FACS
analysis as described in the Materials and methods section.

tration of doxorubicin, MIF-knockdown cells mainly
arrested in S phase. However higher amounts of doxorubi-
cin led to arrest in all three cell cycle phases or in Gj.
Interestingly, when treated with 0.5 pm of doxorubicin,
MIF-knockdown cells exhibited a wide spectrum of DNA
content ranging from 2N to >4N, which indicated that
DNA re-replication might have occurred in S phase.
Taken together, MIF appears to affect cell cycle regulation
and DNA damage response in HeLa cells.

MIF-depletion affected focal adhesion and migration of
HelLa cells

Broken cell-cell and/or cell-matrix adhesions and increased
cell migration are key characteristics of cancer cells
(36). To further characterize the HeLLa MIF-knockdown
cells, we performed cell adhesion assays to test focal

© 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 582-590.
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Figure 4. Cell mobility analysis. (a) Cell adhesion assay. HeLa pSRP control and pSRP/MIF knockdown cells were placed in 96-well plates and
stained as described in the Materials and methods section. Cell density was represented by optical value of staining. ‘Blank’ refers to the background
level taken by micro-plate reader. (b) Migration assay. HeLa pSRP control and pSRP/MIF knockdown cells were placed in the upper chamber of a Boy-
den chamber and allowed to migrate through a microporous membrane. Those that had migrated to the lower side of the membrane were revealed by
crystal violet staining, left. On the right, the number of migrating cells per field under bright field microscopy was counted. Error bars indicate standard
deviation of the mean from three independent experiments. (c) Wound closure assay. Light microscopy images were taken of HeLa pSRP control and
pSRP/MIF knockdown cells at 0, 24 and 48 h after wounding. All photographs of cells are at the same scale. (d) HeLa pSRP control and pSRP/MIF
knockdown cells under normal growth conditions were harvested and subjected to western blotting with anti-Src and anti-FAK antibodies. Western
blotting for GAPDH was performed to ensure the equal loading of protein samples.

adhesion formation of these cells associating with extracel-
lular matrix (ECM). Figure 4a shows that numbers of
HeLa pSRP/MIF knockdown cells that had been attached
to bottom of plates were almost three times higher than of
HeLa pSRP control cells, suggesting that loss of MIF
allowed the cells to form somewhat tighter adhesions to the
extracellular matrix.

Next, we performed a migration assay, which mea-
sured ability of cells to migrate through a porous mem-
brane between two modified Boyden chambers. Figure 4b
shows that loss of MIF significantly impaired the migra-
tory capacity of the cells. Numbers of migrating control
cells was more than 4-fold compared to those lacking
MIF, over a given time period (Fig. 4b, right panel). To
confirm this result, we carried out a wound closure assay.

© 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 582-590.

As shown in Fig. 4c, HeLa pSRP control cells extensively
migrated into the denuded area within 48 h (upper
panels), whereas the migratory capacity of HeLa pSRP/
MIF knockdown cells was severely compromised (lower
panels).

Dynamic assembly and disassembly of focal adhe-
sions play a central role in cell migration, and thus a num-
ber of intracellular signalling proteins are involved in
forming focal adhesion complexes (37). Among them, Src
and focal adhesion kinase (FAK) are two key players and
are known to be heavily involved in tumour metastasis
(37,38). Indeed, by western blotting analysis we found
that HeLa pSRP/MIF knockdown cells had reduced levels
of Src and FAK expression compared to the pSRP control
cells (Fig. 4d).
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Figure 5. Transformation analysis. (a) Anchorage-independent growth assay. HeLa pSRP control and pSRP/MIF knockdown cells were plated in
soft agar as described in the Materials and methods section. Fifteen days later, colony formation was examined and subjected to microscope photo-
graphy. All photographs of cells are at the same scale. Numbers of colonies per examined field are shown at the right. (b) In vivo tumour formation assay.
HeLa pSRP control and pSRP/MIF knockdown cells were injected into nude mice as described in the Materials and methods section. Twenty days later,
animals were sacrificed and photographs were taken during post-mortem examination.

Loss of MIF prevents anchorage-independent growth and
in vivo tumour formation of HeLa cells

To determine transforming capacity of HeLa MIF-knock-
down cells, we carried out an anchorage-independent
growth assay. As shown in Fig. 5a, HeLa pSRP control
cells formed sizable colonies in soft agar, whereas Hela
pSRP/MIF knockdown cells failed to do so (left panel).
Regardless of their size, numbers of colonies formed by
HeLa pSRP/MIF knockdown cells was also significantly
less than of HeLa pSRP control cells (right panel).

Next, we examined the ability of HeLLa MIF-knock-
down cells to form tumours in vivo. As shown in Fig. 5b,
HeLa pSRP control cells readily gave rise to massive
tumours in immune-compromised nude mice, whereas
HeLa pSRP/MIF knockdown cells displayed no tumour
growth. Taken together, these findings suggest that MIF is
essential for tumourigenesis of HeLa cells.

Discussion

Compelling evidence has suggested that malignant
processes can be associated with chronic inflammation
(39). Thus, a proinflammatory cytokine like MIF has the
potential for playing a role in tumour progression (40,41).
In the present study, we utilized an RNAi approach to
examine the role of MIF in cancer cell proliferation using
human HeLa cervical cancer cells as a model system.

It has been shown by others that cyclin D1 levels are
much less in primary fibroblasts isolated from MIF™~
mice than those from MIF™* animals (40,42). Consistent
with these findings, we found that cyclin D1 expression
was significantly reduced in HeLLa MIF-knockdown cells
(Fig. 2), but it is not clear how MIF might have affected
cyclin D1 expression in the cells. Some studies have sug-
gested that this could be regulated through an E2F-depen-
dent pathway (43), or by a mechanism involving Rho
GTPase-mediated activation of MAP kinase and its down-
stream effector, FAK (42,44). To test the second possibil-
ity, we performed western blotting using antibodies
specific to FAK and as a result, we found that loss of MIF
indeed affected expression of this protein (Fig. 4d). How-
ever, it is premature to conclude that MIF regulates cyclin
DI expression through FAK-mediated adhesion-depen-
dent signalling in HeLa cells. Further studies need to be
carried out to examine the effect of MIF on other cell
cycle factors, as well as to know how these factors might
contribute to MIF-induced cell proliferation and its
response to DNA damage.

Cell cyclin analysis by FACS allowed us to examine
apoptotic cell death, measured by the proportion of
sub-G1 cells. Previous studies by others have shown that
transient suppression of MIF function by RNAi or MIF
inhibitors often induced apoptosis in human and mouse
cells. In a mouse knockout model, loss of MIF resulted in
several folds increase of apoptotic cell death, and such cell

© 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 582-590.



death was further increased upon DNA damage (34). In
this study we found that, however, long-term loss of MIF
did not show significant amount of apoptotic cell death in
the human cancer cells we used, no matter pres-
ence/absence of DNA damage. The discrepancy between
mouse and human cells was not clear. In our case, we
believe that apoptotic cells, if any, might have been elimi-
nated during establishment of stable cell lines. Further-
more, we found that when cells were treated with low
doses of doxorubicin, MIF-deficient HeLa cells underwent
DNA re-replication in S phase (Fig. 3), suggesting the
role of MIF in DNA damage response in the cells. The
underlying molecular mechanism, however, was not clear.

Our studies demonstrate that although HeLa MIF-
knockdown cells could grow in Petri dishes at a much
slower rate compared to controls (Fig. la), they did not
form any measurable size tumours in vivo after being
transplanted into nude mice (Fig. 5b), suggesting that
MIF is essential for tumourigenesis of HeLa cells. In addi-
tion to modulating c-Myc expression, we tend to believe
that MIF has multiple targets on malignant transformation
of human cells. There are reports to show that loss of MIF
reduces angiogenesis, which is critical for development
and growth of tumours (21,23,45).

In conclusion, we have presented evidence that MIF
protein is linked to growth and tumourigenesis of HeLa
cells, possibly in concert with other intracellular and
extracellular growth factors (22,46, and see review in 47).
To confirm this notion, we are currently examining the
effect of MIF-knockdown in other human cancer cell lines
using a similar method. In our perspective, cells derived
from different types of tissues are of particular interest,
since expression of MIF may vary from cell to cell. None-
theless, the present data suggest that MIF may represent a
novel target for therapeutic intervention for human cancer.
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