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Cyclosporin A inhibits colon cancer cell growth

independently of the calcineurin pathway
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Chronic inflammation is a risk factor for the development of colon cancer, providing genotoxic insults, growth and pro-
angiogenic factors that can promote tumorigenesis and tumor growth. Immunomodulatory agents can interfere with the
inflammation that feeds cancer, but their impact on the transformed cell is poorly understood. The calcium/calcineurin
signaling pathway, through activation of NFAT, is essential for effective immune responses, and its inhibitors cyclosporin
A (CsA) and FK506 are used in the clinics to suppress immunity. Moreover, the kinases GSK3 and mTOR, modulated by PI-
3K/Akt, can inhibit NFAT activity, suggesting a cross-talk between the calcium and growth factor signaling pathways. Both
NFAT and mTOR activity have been associated with tumorigenesis. We therefore investigated the impact of calcineurin
and PI-3K/mTOR inhibition in growth of human colon carcinoma cells. We show that despite the efficient inhibition
of NFAT1 activity, FK506 promotes tumor growth, whereas CsA inhibits it due to a delay in cell cycle progression and
induction of necroptosis. We found NFkB activation and mTORC1 activity not to be altered by CsA or FK506. Similarly,
changes to mitochondrial homeostasis were equivalent upon treatment with these drugs. We further show that, in our
model, NFAT1 activation is not modulated by PI3K/mTOR. We conclude that CsA slows cell cycle progression and induces
necroptosis of human carcinoma cell lines in a TGFB-, NFAT-, NFkB- and PI3K/mTOR-independent fashion. Nevertheless,
our data suggest that CsA, in addition to its anti-inflammatory capacity, may target transformed colon and esophagus

carcinoma cells without affecting non-transformed cells, promoting beneficial tumoristatic effects.

Introduction

Cellular transformation and cancer development are processes
that depend upon alterations both of a cell’s physiology and its
interaction with the tissue microenvironment.! Chronic inflam-
mation contributes to both arms of this process.>? An initial stage
is marked by tissue remodeling and cell death, and the inflam-
matory mediators produced at the site of inflammation promote
cellular recruitment, activation, proliferation and modifica-
tions to the blood vessels present at the injured site.*> At later
stages, when the insult is eliminated, immunoregulatory cells are
recruited, and the process of tissue repair ensues until homeosta-
sis is once again reached.’ It is the continuous tissue repair present
in sites chronically inflamed that supplies stimuli capable of driv-
ing transformation of nearby cells.?

The recurrent injury and tissue repair induced by chronic
inflammation leads to cycles of cell recruitment, differentiation/
de-differentiation, proliferation and migration as well as angio-
genesis fed by immune cells infiltrating the area. Progressively,
the quality of the cellular infiltrate present at the site switches
from an inflammatory and cytotoxic response toward an
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immunomodulatory response,®” which is then composed mostly
by regulatory T cells and type 2 macrophages producing regu-
latory cytokines, such as IL-6, IL-8 and IL-10, and promoting
angiogenesis.>*® The importance of this cycle to the development
and maintenance of the tumor is made clear in cases where it is
possible to eliminate the insult leading to chronic inflammation,
especially in tumors from the gastro-intestinal tract.®"!

Based on these observations, it is expected that controlling the
inflammatory components that comprise the tumor niche would
favor the host toward eliminating transformed cells. Indeed, con-
stant use of anti-inflammatory drugs was shown to reduce the
risk of developing certain types of cancer. The chronic admin-
istration of small doses of non-steroid anti-inflammatory drugs
like aspirin was shown to reduce the incidence of colon cancer'
and slow down the progression of established tumors, prolong-
ing overall patients survival.'>'¥ Interestingly, the targets of aspi-
rin, cyclooxigenase (Cox) enzymes 1 and 2, are expressed and
important not only for the immune cells and the maintenance of
the tumor-associated inflammatory milieu, but also for the trans-
formed cells themselves. Cox-2 has been found overexpressed in
several different epithelial human tumors,' and both genetic and
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Figure 1. CACO-2 cells are sensitive to CsA but not FK506 in culture.

(A) CACO-2, cells were cultured in the presence of CsA (2 uM), FK506 (2
M) or Rapa (20 nM) for 4 d. At each time point samples were fixed and
stained with violet crystal (left panel), or at 96 h of culture cell were tryp-
sinized and counted (trypan blue-negative cells; right graph). Results
are the mean of three to 17 independent experiments. * marks p < 0.05
when compared with CT group. (B) Clonogenic assay of CACO-2 cells
cultured in the presence of specific inhibitors as in panel A. Results are
representative of seven independent experiments. (C) Quantification of
colony number and area from experiment shown in B. Results are the
mean of 12 independent experiments. * marks p < 0.05 when compar-
ing to CT group.

pharmacological inactivation of Cox-2 protect from the develop-
ment of colon cancer.'>” Therefore, studies that aim at better
understanding the impact of immunomodulatory compounds
and the signaling pathways they act upon in the direct growth
and maintenance of transformed cells may be efficacious against
certain types of human cancer.

Cyclosporine A (CsA) and tacrolimus (FK506) are immuno-
suppressive drugs commonly used in transplant recipients and
autoimmune patients.'® They inhibit the calcium/calmodulin-
dependent phosphatase calcineurin, which, among other sub-
strates, acts upon members of the nuclear factor of activated T
cells (NFAT) family of transcription factors, activating them.
NFAT function is essential for cytokine production by T
cells and normal physiology of B cells, dendritic cell and mast
cells and patients treated with these drugs, which are mostly

3998 Cell Cycle

interchangeable, become immunocompromised.”'® Further
work showed expression of NFAT family members also by cells
that do not belong to the immune system, and have ascribed
both tumor suppressor and oncogenic activity to these transcrip-
tion factors.'2° Moreover, another signaling pathway also linked
to cellular transformation, the nutrient-sensing PI-3K/mTOR,
has been shown to phosphorylate and, in that way, regulate
NFAT activity, either through the activity of GSK3,?! which can
be inhibited by AKT or by mTOR.? mTOR is found in com-
plexes containing raptor (mTORCI1) of rictor (mMTORC2), both
of which can be inhibited by Rapamycin in a dose-dependent
fashion.?>* These observations opened the possibility that inhi-
bition of the tumor suppressor activity of NFAT may contribute
to tumor growth where a deregulated activation of the PI3K/
mTOR pathway is at play. Here we evaluate the dependence of
human colon carcinoma cell lines on the NFAT and mTOR
signaling pathways, addressing if a potential cross-talk between
these two pathways may contribute to the maintenance of the
transformed state. We observe that these cell lines do not depend
on NFAT activity for survival and growth. However, treatment
with cyclosporine A (CsA) is capable of inducing necroptosis and
a mild G /G, cell cycle arrest. The study of the importance of
these pathways to the transformed cell may lead to new treat-
ments that take advantage of well-established immunomodula-
tory drugs to target the transformed cell directly.

Results

Human colon carcinoma cells are sensitive to CsA but not
FK506 in culture. We and others have shown that NFAT fam-
ily members regulate the homeostasis of cell proliferation and
death, playing a role in transformation.? Specifically relevant to
colon cancer, NFAT regulates expression of cox2, which is asso-
ciated with tumorigenesis and tumor progression.”” Moreover,
enhanced activity of PI-3K, or mutations in its counterpart phos-
phatase PTEN, are often found in colon cancer.** To test if the
calcineurin/NFAT and PI-3K/mTOR pathways are important
for the growth and maintenance of the transformed phenotype
in human colon carcinoma cells, we treated cells of the CACO-2
cell line with the calcineurin inhibitors CsA and FK506 and
with the mTORCI inhibitor rapamycin (Rapa) in vitro. We
found CACO-2 cells to be sensitive to both CsA and Rapa treat-
ments, which lead to a reduction in the total numbers and relative
growth of these cells (Fig. 1A). These results were corroborated
by the differential growth of CACO-2 colonies upon treatment
with these drugs (Fig. 1). The effect of CsA and Rapa does not
seem due to induced cell death, since despite the reduction in
the area of cell colonies (Fig. 1C, left), which suggest impaired
growth, there are no differences in the total number of colonies
between the different treatments (Fig. 1C, right). Surprisingly,
treatment with FK506 did not reduce CACO-2 growth. We
observed no differences in the pattern of cell growth as measured
by crystal violet staining (Fig. 1A, left), cell counting (Fig. 1A,
right), colony formation and colony progression (Fig. 1B and C)
when compared with cells cultured in control conditions or
treated with FK506.

Volume 11 Issue 21

Do not distribute.

I0Science.

©2012 Landes B



A2-5- O CcT
Hl CsA
2.0 B3 FK506
= * [ Rapa
& 1.5
[o2]
v
® ;o
(m]
(®]
0.5
0.0
HCT-116 HT-29 LOVO

B CT CsA FK506 Rapa

o | A |
S 1 CE PR
HCT-116 SR \ i

HT-29 |

LOVO |:

Figure 2. Human adenocarcinoma cell lines are sensitive to CsA but not FK506 in culture. (A) Colon carcinoma cell lines were cultured in the presence
of indicated inhibitors at concentrations depicted in Figure 1 for 96 h and stained with violet crystal. Results are the mean of three to six independent
experiments. * marks p < 0.05 when comparing to CT group. (B) Clonogenic assay of colon carcinoma cell lines cultured in the presence of specific
inhibitors as in (B). Results are representative of three independent experiments.

In order to define if the effect these drugs had on CACO-2
cells reflected general characteristics of colon carcinoma cells,
HT-29, HCT-116 and LOVO cells, three other human colon car-
cinoma cells lines were cultured in the presence of CsA, FK506
or Rapa, and their general growth and clonogenic capacity
evaluated. Similar to that observed for CACO-2 cells, CsA and
Rapa led to decreased cell growth, whereas upon treatment with
FK506, a tendency for overgrowth could be observed (Fig. 2A).
These data were corroborated by those obtained in clonogenic
assays (Fig. 2B), where a reduction in the colony area following
treatment with CsA or Rapa were observed, without alteration
in colony numbers (data not shown). Taken together, our results
suggest that colon carcinoma cells are sensitive to the signaling
pathways targeted by CsA and Rapa, but, different than antici-
pated, the dominant pathways modulated by CsA in these cells
differ from those modulated by FK506 since the latter shows no
effect.

CsA effect is dominant over that of FK506, and does not
synergize with Rapa. In order to investigate the dominance of
the signaling pathways being affected by the drugs herein tested,
we combined the drugs at increasing concentrations, two by two,
and evaluated the growth of CACO-2 cells and their clonogenic
capacity. When considering the differential effects of CsA and
FK506, two hypotheses stood. Since both drugs target calcineu-
rin inhibiting it, it was possible that (1) FK506’s modulation of
other pathways promoted cell growth in a dominant fashion to
the inhibition of NFAT activation; or (2) CsA promoted growth
arrest in a NFAT-independent fashion. To test these hypotheses,
we combined CsA and FK506 at increasing concentrations, treat-
ing CACO-2 cells in culture with these drug combinations and
quantifying cell growth at different times along the culture. As
shown in Figure 3A, the effect of FK506 was surmounted by
that of CsA, such that when combined, CACO-2 cells showed a
reduced growth independently of the FK506 concentration used.
Similar results were observed in clonogenic assay, where the high-
est concentration of each drug was used (Fig. 3D).

We then combined FK506 and Rapa. At low concentrations
of FK506 the effect of Rapa was dominant and culminated in
a reduced cell growth (Fig. 3B). However, when high enough

concentrations of FK506 were used (100- to 1,000-fold more
than Rapa), its effect was dominant, and there was no difference
in growth when compared with vehicle-treated cells (Fig. 3B).
Due to the large excess of FK506 needed for the reversion of
the Rapa phenotype, these results are most likely explained by
the competition of FK506 and Rapa for their common partner
protein, FK506-binding protein 12 (FKBP12), required for both
drugs to bind their distinct targets (calcineurin and mTORCI,
respectively).?® Data obtained in clonogenic assays corroborate
these results (Fig. 3D).

Finally, as observed in the experiments described in Figure 1A
and B, treatment with CsA or Rapa led to a reduction in cellular
growth. However, the combination of these drugs had no addi-
tive effect (Fig. 3C). Analysis of clonogenic experiments carried
under similar drug combination conditions, where only the high-
est concentration of the drugs was tested, provided similar results
(Fig. 3D). These data demonstrate that the cytostatic effect of
CsA is dominant over that of FK506 and suggest that CsA and
Rapa may act on similar pathways, since no synergic effect could
be detected in this setting.

Altered growth after treatment with CsA or Rapa is not
due to apoptosis. We showed that treatment of colon carcinoma
cells with CsA or Rapa led to a reduction in the accumulation of
colon carcinoma cells in vitro (Figs. 1 and 2). Despite sugges-
tive data that this phenotype was not caused by induction of cell
death (Fig. 1C), we went on to test if the treatments could induce
apoptosis. CACO-2 cells were cultured for 24 h, 48 h or 72 h in
the presence of CsA, FK506 or Rapa. At each time point, cells
and supernatant were collected, stained with propidium iodine
(PI) and analyzed by FACS. We did not observe significant cell
death induced by any of the treatments in the time points tested
(Fig. 4A). Similar results were obtained with HT-29, HCT-116
and LOVO cells assayed in the same conditions (data not shown).

Treatment with CsA and Rapa leads to a G /G, cell cycle
arrest. Cellular expansion depends on a balance between cell
death and proliferation. Since we observe an important reduction
in total cells upon treatment with these drugs despite the absence
of apoptosis, we evaluated cell cycle progression. CACO-2 cells
were cultured as described above, and the distribution of cells
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the figure. Results are representative of two independent experiments.

Figure 3. Effect of the combination of drugs in the growth of CACO-2 cells. (A, B and C) CACO-2 cells were cultured for 72 h in the presence of indi-
cated inhibitors at concentrations depicted in each panel. Drugs were combined as noted. Samples were stained with violet crystal to quantify cell
growth. Results are the mean of two to three independent experiments. (B) * marks p < 0.05 when comparing the group treated with the same Rapa
concentration in the absence of FK506. (C) * marks p < 0.05 when comparing the group treated with the same Rapa concentration in the absence of
CsA. (D) Clonogenic assay of CACO-2 cells cultured in the presence of CsA (2 wM), FK506 (2 ..M) or Rapa (20 nM) alone or in combination, as depicted in

along the phases of the cell cycle assayed by PI staining and FACS
analysis. We detected an accumulation of cells at the G /G, stage
upon treatment with CsA or Rapa, which is not seen in the con-
trol condition or when cells are treated with FK506 (Fig. 4B).
Similar results were obtained when the other carcinoma cell lines
were analyzed in similar conditions (data not shown).
CsA-induced cell cycle arrest is not due to production of
TGFB. Whereas TGFB treatment may lead to the activation
of calcineurin and consequently of NFAT proteins,®?' in some
model systems, treatment with CsA leads to the production of
TGFB.**3* TGFB exposure induces an arrest in cell cycle pro-
gression of primary endothelial cells while it promotes growth
of transformed cells.*® Since we have observed an arrest at the
G,/G, stage of cellular proliferation upon treatment with CsA,
it is possible that CsA exposure leads to TGF@ production and,
consequently, cell cycle arrest of colon adenocarcinoma cells.
Even though FK506 is more potent than CsA in inducing TGF
expression and signaling in rat renal mesangial cells,?® an impor-
tant variation among cell lines has been observed,”* making it
important to test if in our model the cell cycle arrest induced by

CsA and not FK506 is mediated by TGFB. The production of

4000
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TGEFB can be inferred based on the amount of latency-associated
peptide (LAP) present in culture supernatants, since this pep-
tide is part of the small latent complex of TGFp, and its release
is necessary for the formation and release of mature TGFB. We
have therefore measured hLAP in the supernatant of CACO-2
cell cultures following treatment with CsA or FK506. Despite
finding a tendency for overproduction upon exposure to CsA,
there was no significant difference between the amounts of hLAP
detected in control-conditioned medium and that following any
of the treatments (Fig. 5A). Indeed, inactivation of TGFBI in
CsA-treated cultures by the use of blocking TGF1 antibody did
not restore CACO-2 growth (Fig. 5B). TGF is therefore not the
mechanism behind the cell cycle arrest of CsA-treated CACO-2
cells.

CsA induces necroptosis in CACO-2 cells. Given that
an altered but modest progression through the cell cycle was
observed when cells were treated with CsA or Rapa, we investi-
gated if the cells could be dying by a programmed cell death other
than apoptosis. We therefore evaluated the viability of CACO-2
cells upon the different treatments by looking at PI incorpora-
tion in a normo-osmotic buffer. Indeed, CACO-2 cells treated
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with CsA had a higher percentage of PI* cells than those receiv-
ing any other treatment (Fig. 6A). Cells cultured in the presence
of FK506 behave like control cells. Surprisingly, treatment with
Rapa increased the viability of CACO-2 cells, reducing the per-
centage of PI* cells after 48 h in culture (Fig. 6A).

CsA has been shown to interfere with mitochondrial homeo-
stasis, an effect not attributed to FK506.” Therefore, a mito-
chondria-mediated cell death could be at play. To test if the
reduced viability was a consequence of necroptosis, we concomi-
tantly treated CACO-2 cells with CsA and increasing concen-
trations of necrostatin 1 (Nec-1).>® Nec-1 was able to revert the
increase in PI* cells in a dose-dependent manner, taking it to the
levels of control cultures (Fig. 6A). Since treatment with Nec-1
reverted the decrease in viability induced by CsA, we analyzed
if it reverted the growth arrest pattern of these cells as well.
Surprisingly, despite the increased viability, treacment with low
concentration of Nec-1 (20 nM) did not alter CACO-2 growth
when compared with cells treated with CsA alone (Fig. 6B).
Moreover, treatment with CsA and Nec-1 at 50 nM led to a
reduction in size of CACO-2 cells when compared with cells
treated with CsA alone, comparable to that following Rapa treat-
ment, as shown by the reduced violet crystal staining of similar
numbers of cells (Fig. 6B). Taken together, our data suggest that
even though treatment of colon carcinoma cells with CsA leads
to a decrease in viability due to induction of necroptosis, this
type of cell death is not accounting for the reduced cellular accu-
mulation in culture.

Altered survival upon CsA treatment is not due to mitochon-
drial instability. It is known that CsA can disrupt the assembly of
the mitochondrial transition pore, an effect commonly associated
with the protection of the cell against apoptosis induction.?” Even
though we observe a reduction in cellular viability associated
with CsA treatment (Fig. 6A), we show that the treatment does
not induce apoptosis (Fig. 4A), but necroptosis instead. In cases
where apoptosis is blocked, exposure of cells to extrinsic apopto-
sis triggers start the necroptosis program, we went on to test the
mitochondrial homeostasis in the presence of CsA, FK506 and
Rapa. Our data show that, as expected, treatment with CsA lead
to mitochondrial hyperpolarization (Fig. 7). Rapa did not alter
mitochondrial membrane potential when compared with control
cells (Fig. 7). Surprisingly, FK506 treatment of CACO-2 cells
led to mitochondrial hypepolarization to the levels seen upon
treatment with CsA (Fig. 7). Consequently, CsA and FK506
hyperpolarize mitochondria to a similar degree, but cell growth
is reduced in the presence of CsA and not FK506. Even though
these are unexpected results, they suggest that altered mitochon-
drial homeostasis is not generating the stress that initiates the
programmed necrosis observed upon treatment of CACO-2 cells
with CsA.

The NFAT signaling pathway is not important for colon
carcinoma cell line growth. We have been showing divergent
results upon treatment of colon carcinoma cell lines with the cal-
cineurin inhibitors CsA and FK506, suggesting that the cause of
the growth arrest and reduced viability of these cells upon CsA
treatment is independent of its effect on the activation of NFAT.
To check if this is true, we treated CACO-2 cells with CsA or
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Figure 4. Treatment with CsA and Rapa does not induce cell death but
leads to a small delay in cell cycle progression. Analysis of total DNA
content of CACO-2 cells cultured in control conditions or treated with
CsA (2 wM), FK506 (2 .M) or Rapa (20 nM). At indicated time-points cells
were collected and their nuclei DNA content analyzed by propidium io-
dine (PI) staining and FACS in logarithmic scale to favor SubGoO (A) or in
linear scale to favor 2-4 n DNA content analysis (B). Data are representa-
tive of six independent experiments.

FK506 and looked for NFAT activation. We observed that both
inhibitors blocked NFAT1 de-phosphorylation in a dose-depen-
dent manner (Fig. 8A) and were able to suppress the transactiva-
tion capacity of NFAT family members in a luciferase reporter
assay (Fig. 8B). We tested if Rapa was capable of modulating the
activity of NFAT in our model by treating CACO-2 cells with
this drug and stimulating them with phorbol-ester (PMA) and
calcium ionophore (Ionomycin). Our data show that neither the
NFAT1 de-phosphorylation nor NFAT transactivation capacity
were inhibited by Rapa treatment, suggesting that mTOR and its
complexes do not alter NFAT activity in CACO-2 cells (Fig. 8A
and B).

To confirm that NFAT inhibition is not the mechanism behind
the cytostactic/cytotoxic effects of CsA on colon carcinoma cells,
we transfected CACO-2 cells with a plasmid coding for the pep-
tide VIVIT, which was designed to compete with NFAT fam-
ily members for the interaction site in calcineurin.?’ Expression
of VIVIT leads to the inhibition of NFAT de-phosphorylation

and therefore activation, as confirmed by evaluation of NFAT1
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Figure 5. Arrest in cell proliferation following CsA treatment is not due
to TGFB production. (A) CACO-2 cells were cultured in control condi-
tions or treated with CsA (2 wM) or FK506 (2 M) for 96 h in culture, the
supernatant was collected and hLAP quantified by ELISA. Results are
the mean of seven independent experiments. (B) CACO-2 cells were
cultured in control conditions, treated with CsA (2 wM) alone or in the
presence of 10 pg/ml of «TGF for 72 h in culture, fixed and stained
with violet crystal. Results are the mean of three independent experi-
ments. * marks p < 0.05 when compared with CT group.

de-phosphorylation by western blot (data not shown) and the
transactivation of a NFAT-responsive reporter gene at different
times after cellular transfection (Fig. 8C). When the growth
of these cells were evaluated, we observed that even though the
expression of VIVIT was able to inhibit NFAT transactivation
capacity throughout the time course assessed (Fig. 8C), there was
no difference in the growth of CACO-2 measured by violet crys-
tal (Fig. 8D). We can therefore conclude that the cytostactic and
toxic effects of CsA on human colon carcinoma cell lines is not
due to the inhibition of NFAT family members.

Effect observed upon CsA treatment does not involve modu-
lation of NFkB. Even though calcineurin is the common target
of CsA and FK506, their effect in other signaling pathways have
been shown, situations where they can have differential modu-
latory capacities. Among those, the nuclear factor kB (NFkB)
pathway can be inhibited by FK506 in hepatocytes, but is not
altered by treatment with CsA.** Even though constitutive acti-
vation of this transcription factor has more often been associated
with cellular transformation,” a biphasic role for NFkB has been
shown in ovarian cancer cell lines, where it can also act as a tumor
suppressor and its inhibition promotes cellular growth.* Since
we observe a tendency toward overgrowth of colon carcinoma
cell lines upon treatment with FK506 in vitro (Figs. 1 and 2), we
hypothesized that modulation of this transcription factor could
be playing a role in the phenotype we are observing. We therefore
tested the capacity of CsA, FK506 and Rapa to modulate the
transactivation capacity of NFkB in CACO-2 cells. We observed
that neither of the inhibitors altered the capacity of NFkB to
induce the expression of the luciferase reporter gene controlled by
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Figure 6. Treatment with CsA induces necroptosis. (A) CACO-2 cells
were treated with vehicle, CsA, FK506, Rapa or a combination of CsA
and Nec-1 as depicted in the figure for 48 h. Data are the average of
four independent experiments. (B) CACO-2 cells were cultured in the
presence of drugs as described in A for 4 d. At each time point samples
were trypsinized and counted (upper panel) or fixed and stained with
violet crystal (lower panel). Results are the mean of three independent
experiments. * marks p < 0.05 when comparing to group treated only
with CsA, in the absence of Nec-1.

a NFkB-responsive artificial promoter, whereas MG132, a pro-
teasome inhibitor, prevented NFkB transactivation (Fig. 9). We
conclude that the mechanism behind the decreased viability of
colon carcinoma cells induced by CsA does not depend on altered
NF«kB signaling.

CsA does not act upon the PI3-K/mTOR pathway. We have
shown that CsA and Rapa do not synergize in the inhibition of
CACO-2 cell growth (Fig. 3C). It is therefore possible that these
two drugs are acting upon similar pathways. Since Rapa does not
alter the de-phosphorylation or transactivation capacity of NFAT
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(Fig. 8), we checked if treatment with CsA modified the acti-
vation of the PI-3K/mTOR pathway following nutrient sensing.
First, we assayed the impact of PI-3K inhibition on the growth
of human colon carcinoma cell lines. Treatment of these cells
with the PI-3K inhibitor Ly294002 had a dramatic impact on
cellular growth, observed both by crystal violet staining and in
clonogenic assays (Fig. 10A and B). We went on to look at the
phosphorylation status of p70S6K and p80S6K, mTORCI tar-
gets, when the cells were treated with calcineurin inhibitors and
those of the PI-3K pathway. We observed that even though treat-
ment of CACO-2 cells with Ly294002 or Rapa completely inhib-
ited the phosphorylation of S6K in response to nutrient exposure,
CsA and FK506 had no effect (Fig. 10C). We therefore conclude
that the reduced growth of colon carcinoma cells exposed to CsA
is not due to an effect of this drug on the PI-3K/ mTOR pathway.
Toxicity of CsA is transformation- and tissue-specific. We
have observed that treatment with CsA leads to an impairment
in cell growth in all human colon carcinoma cell lines tested
(Figs. 1 and 2), suggesting a general toxic effect. We therefore
tested if the concentration of CsA herein used (2 wM) would
affect the growth of non-transformed human cells. We cultured
normal, immortalized human esophagus and lung cell lines for
96 h in control conditions or in the presence of CsA or FK506
and accessed cell growth by crystal violet staining. Our data
shows that treatment of these non-transformed cell lines with
CsA at concentrations that reduced the growth of colon adeno-
carcinoma cells did not alter their growth (Fig. 11A). Since the
specific target of CsA in our model has not yet been identified,
and we were not able to find non-transformed human colon epi-
thelial cells, these results could be explained by a tissue-specific
effect of CsA. We therefore tested the effect of CsA on esophagus
adenocarcinoma cells, as well as breast cancer cells. Treatment of
OE33 and OE19 esophagus adenocarcinoma cell lines with CsA
led to a significant decrease in cell growth, as measured by crystal
violet staining (Fig. 11B). Interestingly, the human breast adeno-
carcinoma cell line MDA-MB-231 and the human breast-inva-
sive ductal carcinoma cells MCF-7 and MN1 were not sensitive
to CsA treatment and grew normally in the presence of this drug
(Fig. 11C). None of the cell lines were sensitive to FK506 treat-
ment (Fig. 11), as shown for the colon adenocarcinoma tested
(Figs. 1 and 2). We therefore conclude that the toxicity of CsA is
not generalized. Instead, the calcineurin-independent cell growth
arrest induced by CsA is transformation- and cell type-specific.

Discussion

The contribution of chronic inflammation to cellular trans-
formation and the establishment of cancer has been shown in
diverse models.?? Specifically for colorectal tumors, continuous,
prophylactic administration of aspirin, a non-steroidal immuno-
suppressor, reduces the incidence of colon cancer, not only due
to a reduction in the tissue-associated inflammation, but also
because it inhibits Cox-2 in the transformed epithelial cells.'*"
Deregulated expression of Cox-2 has been associated with cel-
lular transformation,'® and its inhibition reduces the proliferation
and growth of colon carcinoma cells.'>" Cox-2 is one of the genes
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Figure 7. Altered mitochondrial membrane potential is not the cause of
reduced CACO-2 viability. CACO-2 cells were cultured in the presence of
vehicle, CsA (2 M), FK506 (2 M) or Rapa (20 nM) for 2 d. Control cells
were then treated with the respiratory chain uncoupler FCCP or the

ATP synthase inhibitor Oligomycin (Olig) for 15 min. All samples were
stained with the fluorescent dye TMRE and analyzed by FACS. Results
are the average of two independent experiments. * marks p < 0.05
when comparing to CT group.

regulated by Ca** signaling through the activation of NFAT,
which directly binds to the cox-2 promoter and transactivates the
gene. 54

To a similar extent, mutations that enhance the PI-3K/mTOR
pathway, the signaling pathway activated upon nutrient sens-
ing, have been shown to contribute to tumorigenesis of epithe-
lial cells, which include colon carcinoma.?®*” Most commonly,
reduced PTEN activity, which leads to a prolonged PI-3K signal-
ing window, or mutations that constitutively activate the PI3K
catalytic subunit have been found in colorectal tumor cells and,
when induced, can promote cellular transformation.?**

In this study we went on to test if, as shown for NFAT3 in
fibroblasts,”? mTOR was capable of regulating the activity of
NFAT family members in cancer carcinoma cells. Specifically,
that of NFAT1, which functions as a tumor suppressor and, in
the case of being inactivated by mTOR, could directly contrib-
ute to the transformed phenotype of cells in which the PI3K/
mTOR pathway is enhanced. We show that treatment of the
human colon carcinoma cell lines CACO-2, HCT-116, HT-29
and LOVO with CsA or Rapa leads to a decrease in cell growth
without inducing cell death by apoptosis. We observe an arrest in
cell cycle progression following the treatment with these drugs.
In addition, treatment with CsA leads to a decrease in cellular
viability compatible with the induction of programmed necro-
sis, which can be inhibited by treatment with the RIP1/RIP3
inhibitor Nec-1. Surprisingly, this rescue does not restore cel-
lular growth and accumulation in culture, suggesting that sev-
eral pathways are involved in the growth arrest induced by CsA.
Furthermore, this effect cannot be ascribed to the inhibition of
calcineurin or NFAT family members, since treatment of these
cells with FK506 leads to opposite results in terms of cellular
progression in culture. Corroborating these observations, block-
ade of calcineurin does not lead to production of TGF@ by colon
cancer cells, and blockade of this growth factor does not alter
the effect of CsA in culture. The impact of CsA treatment is
dominant over that of FK506. However, it is not due to altered
modulation of NFkB activity or to mitochondrial instability,
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Figure 8. Efficient inhibition of NFAT1 activation by CsA and FK506. (A) CACO-2 cells were treated with inhibitors at concentrations depicted for 30 min
at 37°C. Cells were then kept unstimulated as control (CT) or stimulated with 2 wM of lono for 3 min, lysed and the total protein extract was analyzed
by SDS-PAGE. Western blot for NFAT1 followed. (B) CACO-2 cells were transfected with pGL4.30-NFAT-Luc and pRL-TK, and treated with CsA (2 wM),
FK506 (2 M) or Rapa (20 nM) for 24 h. Cells were stimulated for the last 6 h of culture with PMA (20 nM) and lono (2 M), lysed and luciferase activity
was measured. Results are the mean of four independent experiments. * marks p < 0.05 when comparing to unstimulated group. (C) CACO-2 cells
were transfected with pGL4.30-NFAT-Luc and pRL-TK, with or without pEGFP-VIVIT. Starting at 24 h after transfection (0 h), cells were stimulated for the
last 6 h of culture with PMA (20 nM) and lono (2 M), lysed and luciferase activity was measured. Data represents the average of two independent ex-
periments. (D) CACO-2 cells were transfected with pEGFP-VIVIT or mock-treated. Twenty-four hours after transfection cells were replated, and growth
was analyzed by staining with violet crystal. Results are the mean of five independent experiments.
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Figure 9. CsA blockade of CACO-2 cell growth is not mediated by al-
tered NFkB activity. CACO-2 cells were transfected with pGL3-6xNFkB-
Luc and pRL-TK. Twenty-four hours after transfection, cells were treated
overnight with CsA (2 wM), FK506 (2 M), Rapa (20 nM), Ly294002

(30 M) or MG132 (20 wM). Cells were stimulated for the last 6 h of
culture with PMA (20 nM), lysed and luciferase activity was measured.
Results are the mean of two independent experiments. * marks p < 0.05
when comparing to unstimulated group.

since neither drug changes NFkB transactivation capacity, and
both lead to mitochondrial hyperpolarization.

The reduction in colon carcinoma cell growth following CsA
treatment has been previously reported.** However, because only
this calcineurin inhibitor was used at the time, its effects were
attributed to the lack of this phosphatase’s activity. The data
herein presented clarifies this issue by showing that it is not the
absence of calcineurin activity that impairs the growth of these
cells. In fact, FK506 treatment tends to promote cell growth and
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survival. Therefore, the deleterious effect following CsA treat-
ment is independent of calcineurin.

We were not able to determine the specific pathway being
targeted by CsA in this model. We have, though, clearly shown
that CsA is not acting through its usual or previously described
targets. An important suspect, the NFkB pathway, can be inhib-
ited by FK506 but not by CsA in hepatocytes,” and has been
shown to promote either tumor cell death or growth depending
on the characteristics of the transformed cell.**> However, we
show here that its activity is not modified by treatment of human
colon carcinoma cells with CsA or FK506, demonstrating that
FK506 does not act upon NFkB in this cell type and excluding
an altered NFkB activity as the mechanism behind the reduced
cell viability and growth seen upon CsA treatment. The effect of
CsA on mitochondrial homeostasis through the impaired forma-
tion of the transition pore was also assayed and was shown not to
be the mechanism behind our results, since similar data showing
mitochondrial hyperpolarization are obtained upon FK506 treat-
ment without the consequence of a reduced viability. We also
demonstrate that combining CsA and Rapa does lead to an addi-
tive effect in culture, suggesting at first that both are acting on
the same pathway in this model. The data suggesting that both
drugs lead to cell cycle arrest in the G /G, phase corroborates
this idea. Speaking against this hypothesis are the observations
that treatment with Rapa but not CsA leads to a reduction in cell
size, whereas CsA but not Rapa activates the necroptosis pathway.
Indeed, we did not identify a direct cross-talk between the two
signaling pathways. Rapa did not change the phosphorylation
status of NFATT or the transactivation capacity of NFAT family
members, and CsA is not modulating the activity of mMTORCI, as
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Figure 10. CsA is not altering signaling via the PI-3K/mTOR pathway. (A) Colon carcinoma cell lines were cultured in the presence of Rapa (20 nM)

or Ly294002 (30 M) for 96 h and stained with violet crystal. Results are the mean of three to six independent experiments. * marks p < 0.05 when
comparing to CT group. (B) Clonogenic assay of colon carcinoma cell lines cultured in the presence of specific inhibitors as in panel A. Results are rep-
resentative of three independent experiments. (C) Colon carcinoma cell lines were plated, followed by overnight culture without serum. Cells were left
untreated or received CsA (2 uM), FK506 (2 M), Rapa (20 nM) or Ly294002 (30 M) 30 min prior to addition of 10% FBS. Control cells were left without
treatment or stimulation (NS). Cells were then lysed, and the total protein extract was analyzed by SDS-PAGE. Western blot for p70S6K and GAPDH

seen by similar phosphorylation of its target S6K when compared
with the control group. Interestingly, combination of CsA with
the currently used genotoxic chemotherapeutic drugs oxaliplatin
or 5-fluorouracil did not change the sensitivity of CACO-2 cells
to these drugs (data not shown). Similar to what was observed
with the combination of CsA with Rapa, these data suggest a
common mechanism between these treatments, specificities of
which remain to be shown.

We show that the effect of CsA on cellular growth is not unre-
stricted, but may work in a transformation-specific fashion, since
CsA has no effect on non-transformed esophagus and lung cell
lines. Furthermore, among transformed cells, colon and esopha-
gus adenocarcinoma cell lines are sensitive while breast cancer
cells are refractory to this drug. These observations suggest an
increased susceptibility of digestive track-associated tumors
to the cytostatic effects of CsA when compared with breast
tumors. Even though it is possible that this susceptibility is due
to tissue-specific characteristics maintained by the transformed
cells, it is equally possible that the chronic inflammatory milieu
responsible for the initiation and maintenance of esophagus and
colon cancer imprints an epigenetic signature that relies on path-
ways targeted by CsA. If the former hypothesis stands, studies
comparing the expression profile of cancer cells from different
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inflammation-associated tumors may determine good, more
broadly specific therapeutic targets to be used in the clinics as
well as help uncovering the signaling pathway modified by CsA
in this context.

The mechanism underpinning the effect of CsA on the
growth of human colon adenocarcinoma cell lines remains to
the determined. Nevertheless, we confirm its effect on reduc-
ing cell growth and clearly show that it is not acting through its
most common target calcineurin; therefore, inhibition of NFAT
activity does not change the physiology of these cells. Moreover,
treatment of colon carcinoma cells with Rapa leads to differen-
tial cell viability and growth, suggesting that even though we
did not observe statistically different growth rates, concomitant
treatment of tumors with these two drugs may be beneficial to
the host. These suggestions are in agreement with experimental
data that show reduced side effects and risk of tumor formation
in combination with efficacious immune suppression when these
two drugs are combined.”* Chronic inflammation and specifi-
cally inflammatory bowel disease can lead to tumorigenesis,>*
conditions for which the treatment includes immunosuppressive
therapy. Keeping in mind that our data show that the two cal-
cineurin inhibitors, CsA and FK506, are not interchangeable in
the context of colon tumor growth, it will be of interest to check
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Figure 11. Differential susceptibility of human cell lines to CsA treat-
ment in vitro. (A) Not-transformed human cell lines of esophagus and
lung were cultured in control conditions or treated with CsA or FK506

(2 M) for 96 h, when they were fixed and stained with violet crystal. Re-
sults are the mean of three to five independent experiments. (B) Human
esophagus adenocarcinoma cell lines were treated as in (A). Results are
the mean of three to five independent experiments. * marks p < 0.05
when comparing to CT group. (C) Human breast adenocarcinoma cell
lines were treated as in (A). Results are the mean of three to five inde-
pendent experiments. * marks p < 0.05 when comparing to CT group.

if cohorts of inflammatory bowel disease patients receiving CsA
as immunosuppressive therapy show reduced incidence of colon
cancer.

Materials and Methods

Cell culture. The human colon carcinoma cell lines CACO-2,
HCT-116, HT-29 and LOVO cells, the human esophagial
adenocarcinoma cell lines OE19 and OE33, the human breast
adenocarcinoma cell line MDA-MB-231, the human breast-inva-
sive ductal carcinoma MCF-7 and MNI1 and the normal human
bronchial epithelium cells BEAS-2B were cultured in RPMI-
1610 supplemented with 10% FCS, L-glutamine, streptomycin-
penicillin, sodium pyruvate and 2-mercaptoethanol (Invitrogen)

4006 Cell Cycle

at 37°C in 5% of CO,. The human immortalized esophageal
epithelial cells Het-1A were cultured in BEGM™ Bronchial
Epithelial Cell Growth Medium (Lonza) supplemented with
streptomycin-penicillin in tissue culture flasks and plates coated
with a mixture of 0.01 mg/ml fibronectin, 0.03 mg/ml bovine
collagen type I and 0.01 mg/ml bovine serum albumin dissolved
in culture medium, at 37°C in 5% of CO,.

Cell proliferation studies. CACO-2, HCT-116, HT-29,
LOVO, HetlA, BEAS-2B, OE33, OE19, MDA-MB231, MN1
or MCF7 cells were plated in triplicate in 96-well microtiter
plates at the concentrations of 2.5, 5.0, 10, 10, 20, 20, 10, 20,
10, 20 or 10 x 10° cells per well, respectively. Cell proliferation
was analyzed at the indicated times by violet crystal as previ-
ously described.? Briefly, cells were fixed with ethanol, stained
with 0.05% violet crystal in 20% ethanol, washed with distilled
water and solubilized with methanol. The plate was read on a
spectrometer at 595 nm. When indicated, cells were treated with
10 pg/ml of «TGFB (R&D Systems).

Clonogenic assay. Six-well plates were seeded in triplicate with
200, 200, 400 or 400 CACO-2, HCT-116, HT-29 or LOVO
cells, respectively. Cells were allowed to grow until colonies in
the control well were easily distinguishable, fixed with ethanol,
stained with 0.05% violet crystal in 20% ethanol and washed
with distilled water. Quantification of colony size and area was
performed by analyzing each picture using the colony quantifica-
tion method in ImageQuant TL sofware (GE Healthcare) after
images were saved as gray scale TIFF files using the Photoshop
CS4 software (Adobe).

Cell cycle and sub-G, analyses. Six-well plates were seeded
with 1.0, 2.0, 4.0 or 4.0 x 10> CACO-2, HCT-116, HT-29 or
LOVO cells, respectively, and stained proceeded as previously
described.? Briefly, after the treatment described in each figure
legend and on the indicated day, the cells were trypsinized and
washed once with phosphate-buffered saline (PBS). The cells
were then stained with propidium iodide (75 wM) in the pres-
ence of NP-40. Analysis of the DNA content was done by collect-
ing 10,000 events for cell cycle analysis in linear scale or 20,000
events for sub-G, analysis in logarithmic using a FACScalibur
flow cytometer (BD Biosciences). Data was analyzed using the
Flow]Jo software (Tree Star Inc.).

Viability analyses. Six-well plates were seeded with 1.0 x 10°
CACO-2 cells and treated with vehicle, CsA (2 wM), FK506
(2 pM), Rapa (20 nM), CsA (2 wM) + Necrostatin 1 (Nec-1;
20 M) or CsA (2 uM) + Nec-1 (50 wM) for 48 h. Cells were
then trypsinized, washed once with phosphate-buffered saline
(PBS) and ressuspent in 5 pg/ml PI in PBS buffer prior to acqui-
sition of data at FACSCalibur (BD Biosciences) and analysis
using the Flow]Jo software (Tree Star Inc.).

Quantification of human LAP. The amount of human
latency-associated peptide (hLAP) produced by CACO-2 cells
upon treatment with vehicle, CsA (2 uM), FK506 (2 uM) or
Rapa (20 nM) was quantified by ELISA, following manufactur-
er’s protocols (R&D Systems).

Measurement of mitochondrial membrane potential. Six-
well plates were seeded with 7.5 x 104 CACO-2. The following
day CsA (2 uM), FK506 (2 wM), Rapa (20 nM) or vehicle was

Volume 11 Issue 21

©2012 Landes Bioscience. Do not distribute.



added to the wells and cells were treated for 48 h prior to anal-
ysis. On the day of the analysis, treated cells were trypsinized
and ressuspent in conditioned media containing the respective
drugs, control cells were left untreated, treated with the proton
ionophore FCCP (1 wM; Sigma) or with the F F ATP-synthase
inhibitor Oligomicin (2 pwg/ml; Sigma) for 15 min at 37°C prior
to addition of TMRE (100 nM; Fluka Analytical). Cells were
incubated with TMRE at 37°C for 15 min, samples were run at
FACSCalibur (BD Biosciences), and data was analyzed using the
FlowJo software (Tree Star Inc.).

Western blot for NFAT1. CACO-2 at 2 x 10° cells/ml were
treated with CsA, FK506, Rapa or vehicle for 30 min at 37°C
with periodical homogenization. Cells were then left unstimu-
lated or stimulated with 2 WM Ionomycin (Iono) for 3 min. After
a quick spin, cells were lysed in ressuspension buffer [40 mM
Tris (pH 7.5), 60 mM NaPPi, 10 mM EDTA] containing 5%
SDS. Total protein extracts were analyzed by electrophoresis
on 6% SDS-PAGE, and blotted with polyclonal antibody 67.1
anti-NFAT1 (kind gift from Dr. A. Rao, Harvard University) as
described.?’

Western blot for mTOR target. Six-well plates were seeded
with 2.0, 4.0, 8.0 or 8.0 x 10° CACO-2, HCT-116, HT-29 or
LOVO cells, respectively. Twenty-four hours later, wells were
washed and cells were left in medium without serum overnight.
The following day cells were treated with CsA (2 pM), FK506
(2 wM), Rapa (20 nM) or vehicle for 30 min, followed by stimu-
lation with serum at a final concentration of 10% for 30 min.
Cells were immediately lysed in warm ressuspension buffer and
total protein extracts analyzed by electrophoresis as described

above. Anti-GAPDH (Santa Cruz Biotechnology) and anti-
p70S6K (Cell Signaling Inc.) were used following manufacturer’s
protocols.

Transfection and reporter assay. Ten centimeter plates were
seeded with 5.0 x 10° CACO-2 cells and transfected by CaCl,
precipitation with pGL4.30-NFAT-Luc and pRL-TK with or
without pEGFP-VIVIT, or with pGL3-6xNFkB-Luc and pRL-
TK. Twenty-four hours after transfection, cells were washed,
trypsinized and seeded at 7.5 x 10* cells/well. Cells were treated
with CsA (2 uM), FK506 (2 pM), Rapa (20 nM) or MG132
(20 wM) for 30 min, and stimulated for 6 h with PMA (20 nM)
and Iono (2 pM). Cells were lysed in Lysis buffer and lucifer-
ase activity was measured by Dual Luciferase-Reporter Assay
System (Promega) in a Veritas Microplate luminometer (Turner
BioSystems).

Statistics. Data was analyzed using Microsoft Excel soft-
ware and the two-tailed Student’s t-test. The null hypothesis
was rejected, and differences were assumed to be significant at a
p value < 0.05.
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