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Abstract

Cervical carcinoma is one of the highest causes of mortality in female and the number of patients is gradually increasing in the world. HeLa is a cervical carcinoma
cell line and first established human immortalized cell line from cervical cancer patient. On the other hands, Heat shock transcription factor 1 (HSF1) is highly
expressed in several cancer cells and tumors, and also involved in the malignancy. In order to investigate the role of HSF1 in cervical carcinoma, I established HeLa cell
lines inducibly expressing constitutively active HSF1 (caHSF1) or dominant negative mutant RgHSF1, in a manner controllable by tetracycline. Expressed caHSF1
significantly suppressed HeLa cell growth, whereas RgHSF1 did not show appreciable effects. G1 arrest occurred in the HeLa cells expressing caHSF1, and cycline-
dependent kinase (CDK) inhibitors p16 and p21 were up-regulated. To our knowledge, this is the first report that HSF1 may have a role to suppress the cancer cell

growth. But importantly, this study suggests HSF1 may have more complicated roles than expected.

Introduction

Cervical carcinoma incidence is increasing in incidence each year
in the world, particularly among young women. It is widely known
that human papillomaviruses (HPV) are significant risk factor for the
development of cervical carcinoma [1,2]. HeLa is a cervical carcinoma
cell line that has contributed to the various fields of research including
cancer. HelLa is also the first established human immortalized cell line,
and was originally obtained from a patient [3]. After the establishment
of HeLa cell line, HeLa cells became indispensable for biological or
medical science research at once and the contribution has been still
going on. Importantly, it has been discovered that the p53 tumor
suppressor pathway has been disrupted by HPV in these cell lines
including HeLa and 90% of cervical carcinoma cells. In cervical
carcinoma, p53 protein is known to be actively degraded by HPV E6
protein and thus stabilization and activation of p53 is suppressed. These
reactions normally occur in response to HPV E7 oncogene oncoprotein
expression [4-7].

Heat shock transcription factor (HSF1) is a well known transcription
factor because it has an ability to induce a variety of famous chaperone
protein called heat shock proteins (HSPs) against various stresses, and
maintain the intracellular homeostasis and cell survival [8]. However,
the analysis of prostate carcinoma cell lines PC-3 and its metastatic
variant PC-3M revealed that HSF1 is highly expressed at least in some
types of carcinoma for the first time [9]. Since this discovery, it has been
widely accepted that HSF1 is highly expressed in various cancer cells,
tissues, and tumors [9-12]. Similarly, increased expression of HSPs
were reported in malignant fibrous histiocytoma, lymph node-negative
breast cancer, melanoma, and node-positive breast carcinoma [13-16].

In this study, we show the novel function of HSF1 in cancer.
Constitutively active HSF1 (caHSF1) [17] was observed to significantly
suppresses the growth of cervical carcinoma HeLa cells. We also
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observed G1 arrest occurred in caHSF1 expressing HeLa cells and that
CDK inhibitors p16 and p21 were also induced in these cells. Probably
because of this mechanism, the growth suppression persisted for at least
30 days, as we discuss in the following (Figure 3B).

Materials and methods

Establishment of HeLa cells inducibly expressing caHSF1

To establish the HeLa cells with controllable expression of caHSF1,
several different cells were created using various vectors in a stepwise
manner described below. In the first step, expression vector for a tetR-
VP16 fusion protein (pUHD15-1) [18] and the pcDNA3.1/Neo vector
(Invitrogen) were co-transfected into HeLa cells, and the cell selecton
was performed in the medium containing 1.5 mg/ml of G418 disulfate
(Nacalai Tesque, Kyoto, Japan). The resultant cells were transiently
transfected with the luciferase reporter plasmid [18], and some cell
lines HeLa/tetVP2 expressing luciferase at a high level were successfully
obtained by measuring the luciferase activity. cDNA for caHSF1 was
amplified using PCR [17], and inserted into the pUHG10-3 vector
(a gift from Dr. M. Gossen). The resulting vector was co-transfected
with the pcDNA3.1/Hygro vector (Invitrogen) into the HeLa/tetVP2
cells, and the cells were incubated in medium containing 0.3 mg/ml of
hygromycin (Nacalai Tesque) for 3-4 weeks with changing the medium
every three days. Around 3-4 weeks after, several colonies appeared and
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each colony was independently picked up and defined as one single clone
(one cell line), and named as caHSF1-1, caHSF1-2, ... and caHSF1-100.
After we expanded these cells, we performed Western blotting using
extracts of the cells, and identified caHSF1 gene containing cell line
(Figure 1A, upper). These HeLa cells did not express caHSF1 in the
presence of tetracycline (2-5 pg/ml), and inducibly express caHSF1

A

by tetracycline withdrawal (when caHSFI is not induced, these cells
are called as ‘caHSFI-carrying cells’ in this manuscript). RgHSF1 is
a mutant HSF1 containing dominant negative R71G mutation. The
HeLa cells inducibly expressing RgHSF1 (called as ‘RgHSFI-carrying
cells’ in this manuscript similar to caHSFI-carrying cells) were similary
confirmed its expression by Western blot (Figure 1A, lower).
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Figure 1. Confirmation of the establishment of HeLa cell lines inducibly expressing constitutively active HSF1 or dominant negative mutant HSF1 by Western blot and analysis of their
growth for 6 days. (A) Establishment of HeLa cell lines inducibly expressing constitutively active HSF1 (caHSF1) (upper) or dominant negative mutant HSF1 (RgHSF1) (lower). RgHSFI-
carrying cells have R71G mutation in HSF1 gene. (B) Cell growth analysis of three caHSF1 and RgHSF1 clones. Expression of RgHSF1 did not affect the cell growth, but caHSF1
expression prominently suppressed the growth of all caHSF1 clones (upper). Expression of caHSF1 and RgHSF1 was confirmed by Western blot (lower).
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Cell culture

All cells were maintained in 37 degrees in 5% CO, in Dulbeccos
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum
(inactivated 56 degrees for 30 min) and Penicillin-Streptomycin-
Glutamine (100x) (GIBCO). caHSF1 positive cells were maintained in
DMEM containing tetracycline (Sigma) at a concentration of 2-5ug/ml
and 0.3 mg/ml of hygromycin (Nacalai Tesque) before experiments were
performed. Under this condition, caHSF1 expression was inhibited.
When caHSF1 was induced for experiments in the HSF1 positice
cells, the cells were washed with PBS three times and add the DMEM
described above without tetracycline. RgHSF1 was also induced in
RgHSF1 positive cells using the same protocol.

Cell cycle analysis

The cell cycle was analyzed by FACS as described previously [19].
The cell were trypsinized and collected in 15 mL tube. Seventy percent
ethanol was added drop by drop into the tube to fix the cells on ice. After
adding 10 mL of seventy percent ethanol, fixation was kept O/N at 4
degrees. Prior to the FACS analysis, the cells were incubated with mouse
anti-BrdU antibody (1:100 dilution, Pharmingen, CA) for 30 min. After
incubation, centrifugation was performed and the pellets of these cells
were resolved and washed three times with cold PBS. The pellets was
resolved again and incubated with FITC-conjugated goat anti-mouse
IgG antibody (1:100 dilution, Cappel) on ice keeping protection from
light. Finally, the cells were completely resolved and mixed with 25
pg/ml propidium iodide (PI) before application and analyzed using a
FACScan flow cytometer (Becton Dickinson, CA). Synthesized DNA
was measured by the intensity of FITC, and cell survival was similarly
measured by the intensity of PL

Semi-Quantitative RT-PCR

The protocol for semi-quantitative RT-PCR was previously
described [17]. The cells were washed three times with PBS and
harvested with spatula. The PBS solution containing cells was collected
into 1.5ml tube (Eppendorf) and centrifuged at 1,500 rpm for 5 min.
After centrifugation, the supernatant was discarded and resultant cell
pellet was immediately frozen with liquid nitrogen. Total RNA was
extracted from the cells using TRIzol (Invitrogen) and typical RNA
extracting reagents chloroform and ethanol. The resultant RNA pellets
were dissolved in 100ul water and boiled for 5 min at 65 degrees. After
5 min, RNA-containing water was immediatedly moved to ice. After
5 min, the RNA concentration was measured. Two pug of RNA were
applied for reverse-transcribed reaction by AMV kit (Invitrogen)
using random primers. Synthesized cDNA was applied for PCR by Ex-
Taq polymerase (Takara). As an internal control indicating the same
amount of RNA was applied, the cDNA of ribosomal RNA S18 was
also synthesized. Primer sequences were described previously [18],
but all sequences are shown below again. For the detection of p16, p21
and S18, the following sequences of the primer sets were used: pl6:
5’-CGCGGATCCGCCACCATGGAGCCGGCGGCG-3 (forward

primer) and 5-CGCG TTAACATCGGGGATGTCTGAGGG-3’
(reverse primer). P21: 5-CGCGGATC CGCCACCA
TGTCAGAACCGGCTGG-3 (forward primr) and

5-CGCGTTAACGGGCTTCCTCTT GGAGAAGATCAGC-3’
(reverse primer). S18: 5’-GGCAAGGAGCGATTTGCTGG-3’ (forward
primer) and 5-‘GGGCTT ATCGGTAGGATTTCTGG-3" (reverse
primer). The gel for electrophoresis contained ethidium bromide. The
amplified DNA was stained with ethidium bromide, and photographed
using an Epi-Light UV FA1100 (Aisin Cosmos R&D Co., Japan),
scanned, and and the quantities of the bands were determined by
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Image-J provided by NTH (http://imagej.nih.gov/ij/).
Western blot analysis

The cells were harvested using the same method for RT-PCR. The
pellet of harvested cells were homogenized in NP40 lysis buffer (50 mM
Tris-HCI, pH 8.0, 150 mM NaCl, 1% NP40) with protease inhibitors
(1mM phenylmethylsulfomyl fluoride (PMSF), 1mg/ml pepstatin, 1mg/
ml leupeptin) for 15 min on ice. Next, centrifugation was performed at
15,000 rpm for 10 min at 4 degrees, and the supernatant was collected.
The protein concentration was measured by Bradford method.
One hundred pg of soluble protein was applied to SDS-PAGE (10%
acrylamide) for 2 hr at room temperature and blotted onto nitrocellulose
membrane for 2 hr or O/N at 4 degrees. After blotting, the membrane
was blocked with 5% skimmilk-containing PBS, and subjected to
immunoblotting for O/N at 4°C using anti-HSF1j antiserum, and anti-
B-actin antibody (Sigma). This membrane was washed with PBS three
times and incubated with anti-rabbit goat IgG antibody (1:1000, for
anti-HSF1j antiserum) or anti-mouse goat IgG antibody (1:1000, for
anti-P-actin antibody) at room temperature for 1 hr. After incubaton,
the membrane was washed with PBS three times and reacted with ECL
Western blotting Detection Reagents (Amersham) for 2 min. In the last
step, the membrane was exposed to X-ray film (HR-HA, FUJIFILM) for
various minutes. Anti-HSF1j antiserum was raised by N.H. [19].

Statistical analysis

All data are shown with standard deviation. The significance was
analyzed using student t test. When the p-value is less than 0.05, the
difference was considered as significant.

Results
caHSF1 prominently suppressed the HeLa cell growth

In order to identify the roles of HSF1 in cervical carcinoma, we
established HeLa cell lines inducibly expressing constitutively active
HSF1 (caHSFI-carrying cells) (Figure 1A, upper panel). Similarly,
HeLa cell lines inducibly expressing R71G mutation containing HSF1
(RgHSFI-carrying cells) were also established (Figure 1A, lower panel).
We picked up three clones from each line and found the growth of
caHSFI-carrying cells was prominently suppressed when caHSFI1
was inducibly expressed by tetracycline withdrawal. The induction of
RgHSF1 did not suppressed the growth of RgHSF1-carrying cells (Figure
1B). This result indicates caHSF1 has a specific and indispensable
function for the growth suppression that other proteins does not have.

caHSF]1 affects HeLa cell cycle

In order to examine the mechanism by which the caHSF1 expression
suppressed HeLa cell growth, we performed the FACS-based analysis of
cell cycle at 0 and 4™ day after caHSF1 induction. The GI proportion
was increased by 54.5%, indicating G1 arrest. The G2/M proportion
was prominently decreased at 4" day after caHSF1 was induced (Figure
2A and 2B). We also tried to examine at later stages for example 18" or
30" day, however, we could not obtain enough number of cells because
caHSF1-expressing cells did not proliferate at all. Similarly, we could
not perform the FACS analysis at later stages. As Figure 2A and 2B
indicate, caHSF1 altered the HeLa cell cycle and caused G1 arrest.

CDK inhibitors are induced by HSF1

Because the cell cycle was modified and G1 arrest was observed, we
examined the expressions of the genes for CDK inhibitors by RT-PCR.
we found induction and increased expression of pl6 and p21 (Figure
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Figure 2. Cell cycle analysis using FACS. (A) The picture of the distribution of caHSF 1-expressing HeLa cells (clone caHSF1-32) at 0 and 4" day after induction of caHSF1 by tetracycline
withdrawal. (B) The proportion of the cells of each cell cycle phase during 4 days. At 4" day, the cells at G1 phase increased but the cells at G2/M phase prominently decreased.
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Figure 3. CDK inhibitors p16 and p21 are induced in the HeLa cell line inducibly expressing caHSF1. (A) Increased expression of p16 and p21 transcripts after caHSF1 was induced by
tetracycline withdrawal analyzed by RT-PCR. Time-development for 48hrs (left) and the picture of the bands of p16, p21, and B-actin amplified by PCR. (B) The growth curves of RgHSFI-
carrying (clone RgHSF1-82) and caHSFI-carrying (clone caHSF1-32) cells. When both HSF1 expression was inhibited, the cells showed normal growth (blue). In RgHSF1-carrying cells,
the cells showed normal growth again regardless of whether RgHSF1 was induced or not (green) (left). In caHSFI-carrying cells, they showed prominently retarded growth for 30 days
(green) when caHSF1 was induced and expressed. When caHSF1 was expressed for 6 days and it was inhibited at 7" day, the growth was retarded until 12 day but recovered normal growth
(red).
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3A). In the last experiment, the cell growth of caHSF1-expressing cells
and RgHSFI1-expressing cells was examined for 30 days. In RgHSFI
-carrying cells, the growth was not changed regardless of RgHSF1
expression. In contrast, the growth of caHSFI-carrying cells when
caHSF1 inducibly expressed were siginificantly suppressed for 30
days. The same cells showed normal cell growth similar to RgHSFI-
carrying cells and RgHSF1-expressing cells when caHSF1 expression
was inhibited by tetracycline. However, after caHSF1 was inducibly
expressed until 6™ day and re-suppression of its expression started
by tetracycline addition on the 7% day, the cell growth was recovered
and became normal (Figure 3B). These data indicate that caHSF1
induces expressions of CDK inhibitors p16 and p21 and suggest that
this induction causes G1 arrest and growth retardation in cervical
carcinoma HeLa cells.

Discussion

In this paper, we showed constitutively active HSF1 (caHSF1)
prominently suppresses the growth of HeLa cells. This finding is very
surprising, because it stands in opposition to the results of our previous
experiments and other papers indicating that cancer cell growth is
prominently suppressed by HSF1 knockdown, not overexpression
or activation [10,11]. In 2007, Dai et al. 2007 showed that HSF1
knockdown effects on viable cell percentage of various cancer cells
including breast cancer MCF-7, prostate cancer PC-3, kidney cancer
HEK293 and cervical cancer HeLa [10]. Their data showed that the cell
viability was significantly reduced by HSF1 knockdown in all cancer
cells including HeLa cell. Rossi et al. performed HSF1 knockdown in
HeLa cells and examined their sensitivity to anti-cancer drug cisplatin,
but the sensitivity and appearance of apoptotic HeLa cells were not
affected by HSF1 knockdown. In the latter study, the growth of HSF1-
knockdown HeLa cells was not examined [22].

Mendillo et al. showed high expression of HSF1 in tumors in vivo
by immunohistochemistry [23]. HSF1 was positive in prostate, colon,
lung, pancreas, meningioma, and cervix tumors, and strongly positive
in nucleus of these tumors. These data indicate HSF1 is highly expressed
in cancer cells and tumors, and that this is indispensable for cancar cell
growth but not for the growth of normal cells.

On the other hand, why and how does caHSF1 inhibit the growth
of the cervical carcinoma HeLa cells ? As the answer to the ‘how’, we
discovered that p16 and p21 are induced by caHSF1 for the first time,
to our knowledge. But needless to say, the induction of p16 and p21
explain just a part of the mechanism for this phenomenon. HSF1
induces a diverse set of genes including pro-apoptotic gene TDAG51
(24), immune system and cell cycle regulating transcription factor
NFATc2 [17,25-28], and a various kind of genes [17]. Other HSF1 target
genes must be involved in the growth inhibition of cervical carcinoma
HeLa cells.

Concerning the growth inhibition of cervical carcinoma cells,
many papers have been published and some of them clearly showed
the cellular senescence of these cells including HeLa [29-34]. The
immortalization and transformation occurred in cervical carcinoma
is caused by the E6 and E7 genes of human papillomaviruses (HPV)
[35,36], and frequent loss of E2 gene is also indispensable for this
immortalization and transformation [37]. Thus, introduction of
normal E2 gene to the cervical carcinoma cells inhibits their growth
and these cells showed senescence-associated p-galactosidase activity
(SA-B-Gal) indicating cellular senescence. E8AE2C proteins (encoded
by the same E2 gene) induced G1 arrest with higher efficiency than E2
and also caused cellular senescence identified by SA-B-Gal expression
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in HeLa cells [29,33].

In this study, we showed the caHSF1 causes cell growth inhibition
in cervical carcinoma HeLa cells similar to the melanoma cell growth
inhibition caused by HSF1 knockdown in our previous study [11].
Whether caHSF1 can cause growth inhibition in other cancer cells as
well as in HeLa is unknown, and it is not straightforward to address
this question. For example, HeLa cells are aneuploidy and have higher
rates of mis-segregation, 0.24% per mitosis for chromosome 8 and
0.39% for chromosome 12 [38]. Thus, there might be a possibility that
caHSF1 cannot always inihibit the growth of cervical carcinoma cells
including HeLa because the instability of their genome might modify
the mechanism of cell growth regulation by HSF1 in several cervical
carcinoma cell lines and many HeLa sub-lines.
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