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Figure 1. IFNs down-regulate B-catenin activation and signaling activity. Lung cancer cell lines, A549 (A) and Calu-3
(C), were left untreated or treated with IFNa (100 ng/ml), IFNy (100 ng/ml) or IFNAL (100 ng/ml) for 24 hrs before
transfection with TOPflash luciferase and Renilla luciferase constructs. After 4 hrs, the cells were cultured with or
without initial treatment of different IFNs. Dual luciferase activity was measured 24 hrs later. Data shown is nor-
malized to Renilla activity. A549 (B) and Calu-3 (D) were treated with or without IFNa (100 ng/ml), IFNy (100 ng/
ml) or IFNAL (100 ng/ml) for 48 hrs and expression of hypophosphorylated/active B-catenin level was measured
by flow cytometry. Data represent a minimum of three experiments and asterisks denote P<0.05 in comparison to

untreated samples.

for intracellular proteins. Cells were washed
extensively with 1xPBS to remove excess an-
tibodies, stained for extracellular targets, and
fixed with 2% formaldehyde. Fluorescence was
evaluated with a FACSCalibur flow cytometry
and data analyzed using FlowJo software
(TreeStar, Ashland, OR).

Proliferation and cell viability assays

Cell viability assays were performed as descri-
bed previously [3]. Briefly, to determine cell via-
bility, equal amount of cells (10%/well) were
plated in wells of 6-well plates and transfected
and/or treated, as indicated in the text. Dead
cells lost their attachment and were washed
away by 1xPBS. Viable (adherent) cells were
released from the wells by trypsinization before
cell counting.
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TUNEL assay

TUNEL assay was performed according to the
manufacturer’s suggested protocols (Prom-
ega). 3-6x10° cells were briefly trypsinized,
washed twice with cold PBS, fixed in 4% para-
formaldehyde at 4.0°C for 15 minutes, and
then washed again with PBS and made perme-
able with 0.5 ml 0.5% saponin at 22.0°C for 10
minutes. The cells were washed with PBS, incu-
bated with 80 pl equilibration buffer at 22.0°C
for 5 minutes, washed with PBS, re-suspended
in 50 pl Nucleotide Mix and incubated in the
dark at 37.0°C for 1 hr. Cells were washed with
PBS and analyzed by fluorescence microscopy.

Statistical analysis

Statistical analyses were performed using
Prism software (GraphPad Prism, San Diego,
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Figure 2. Cell proliferation and apoptosis can be regulated by IFNs via B-catenin signaling in HCC. A549 (A) and Calu-3 (D) cells were untreated or treated with IFNa
(100 ng/ml), IFNy (100 ng/ml) or IFNAL (100 ng/ml) for 72 hours. Viable cells were then counted. The abscissa represents different types of stimulation. The ordi-
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nate represents percentage of viable cells relative to mock cells. Apoptosis in A549 (B, C) and Calu-3 (E, F) was mea-
sured by TUNEL assay. The ordinate represents fold increase of fluorescence intensity relative to untreated cells.
Data represent a minimum of three experiments and asterisks denote P<0.05 in comparison to untreated samples.

CA). Untreated and treated groups were com-
pared using the Student’s t-Test with the data
normally distributed. Abnormally distributed
data had the two groups compared using the
non-parametric Mann-Whitney test. All tests
were two-tailed and a p-value <0.05 was con-
sidered significant.

Results

All three types of IFNs suppress [3-catenin level
and activity in A549 and Calu-3 cells

In our study, IFNa, IFNy and IFNAL were shown
to be able to down-regulate B-catenin in lung
cancer cell lines, A549 and Calu-3. These cell
lines were co-transfected with a TCF/LEF firefly
luciferase construct (TOPflash) and a control
reporter (Renilla luciferase). Transfected A549
and Calu-3 cells were left untreated or treated
with IFNa (100 ng/ml), IFNy (100 ng/ml) and
IFNAL (100 ng/ml), respectively. The TOPflash
reporter construct is to show basal and induced
levels of B-catenin-related signaling. At day 1
post-IFN stimulation, IFN«, IFNy and IFNA sig-
nificantly reduced B-catenin signaling by around
50%, 60% and 40%, respectively. The reduc-
tion in A549 and Calu-3 cells was similar (Figure
1A, 1C). Suppression of B-catenin signaling
was consistent with active B-catenin inhibition
in A549 and Calu-3 cells, by intracellular flow
cytometry (Figure 1B, 1D). These data indicat-
ed that all types of IFNs can inhibit B-catenin
signaling in lung cancer cell lines, among which
IFNy is the most potent (P<0.05).

IFNs inhibit lung cancer cell line proliferation
and induce apoptosis

Proliferation of lung cancer cells was investi-
gated. A549 and Calu-3 cells were untreated or
treated with IFNa (100 ng/ml), IFNy (100 ng/
ml) and IFNA1 (100 ng/ml) for 3 days, and via-
ble cells were counted. We found that, com-
pared with untreated controls, all three types of
IFNs reduced viable A549 cell counts by around
25%, 45%, and 25%, respectively, where IFNy
was the most potent (P<0.05) (Figure 2A).
Same pattern was found in Calu-3 cells (Figure
2D).
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To test whether apoptosis was induced by IFNs
in lung cancer cells, TUNEL assay was used to
detect DNA fragmentation in apoptosis, and
was performed on A549 cells, treated with or
without different IFNs for 3 days, respectively.
Apoptosis was induced by 1.8-, 3.0-, and 2.0-
folds by TUNEL assay when treated with IFNa,
IFNy and IFNA1, respectively, among which IFNy
was the most potent (P<0.05) (Figure 2B, 2C).
Caspase 3 activation was also tested to con-
firm apoptosis. The results matched the pat-
terns of TUNEL assay (Figure 3A). Anti-pro-
liferative effects and apoptosis induced by dif-
ferent IFNs in A549 cells were similar to those
in Calu-3 cells (Figures 2D-F, 3B). IFNy was
always the most potent one, compared with
IFNa and IFNAL in both cell lines (P<0.05). It is
clear that IFNs induces anti-proliferative effects
and apoptosis lung cancer cell lines.

IFNs induced DKK1, but not GSK3f in lung
cancer cells

To find out the mechanisms on how IFNs sup-
press B-catenin signaling activity, we evaluated
the correlation between IFN stimulation and
levels of two potent endogenous antagonists of
the canonical B-catenin pathway, DKK1 and
GSK3pB [23]. DKK1 expression was significantly
induced by IFNs in A549 and Calu-3 lung can-
cer cells, showed by both flow cytometry and
ELISA. The levels of DKK1 induction was the
higher in cells stimulated by IFNy treatment if
compared with those by IFNoa and IFNAL
(P<0.05, respectively) (Figure 4A, 4C). GSK3p
expression was not induced by any IFN stimula-
tion in either lung cancer cell lines (Figure 4B,
4D).

IFN induced-apoptosis in lung cancer cells is
dependent on DKK1 and STAT3 activation

JAK-STAT pathway could be induced by all IFNs
and many other cytokines to conduct down-
stream signaling. STAT family members are
induced selectively by various IFNs. Previous
studies have shown that STAT1 and STAT3
could be activated by all IFNs [12]. First, we
tested the activation of STAT1 and STAT3 by
IFNc, IFNy and IFNAL in A549 and found that all
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Figure 3. Apoptosis can be regulated by IFNs via B-catenin signaling in HCC. A549 (A) and Calu-3 (B) cells were un-
treated (dashed line) or treated with IFNa (100 ng/ml, solid line), IFNy (100 ng/ml, long dashed line) or IFNAL1 (100
ng/ml, dotted line) for 72 hours. Active caspase 3 was measured by flow cytometry. Data represent a minimum of
three experiments and asterisks denote P<0.05 in comparison to untreated samples.
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Figure 4. IFNs up-regulate DKK1 expression but show no effects on GSK3p.
A549 and Calu-3 cells were treated with or without IFNa (100 ng/ml), IFNy
(100 ng/ml) or IFNAL (100 ng/ml), and levels of DKK1 were measured by
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ELISA (A, C) at 48 hours post-
treatment. Activated GSK3p level
was evaluated by flow cytometry
in AB49 and Calu-3 cells at 48
hours upon different IFN stimula-
tion (B, D). Data represent a mini-
mum of three experiments and
asterisks denote P<0.05 in com-
parison to untreated samples.

three IFNs activated STAT1
and STAT3, among which IFN«
was strongest in STAT1 activa-
tion, and IFNy was the most
potent in STAT3, while IFNAL
was weak in both (P<0.05,
respectively). The pattern of
STAT3 activation, but not
STAT1, by different IFNs was
consistent to the intensity of
apoptosis induction with cor-
responding IFNs (Figure 5).
Similar results were seen in
Calu-3 cells (data not shown).

To test the importance of
DKK1, STAT1 and STAT3 in
IFN-mediated signaling in
lung cancer cells, A neutraliz-

Am J Transl Res 2017;9(6):2788-2797
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Figure 5. STAT activation induced by IFNs in HCC.
A549 cells were untreated or treated with IFNa, IFNy
or IFNA1 for 0.5 hour in the absence (black bars)
or presence of STAT1 inhibitor (FLUD, grey bars) or
STAT3 inhibitor (S3I, open bars). Active STAT1 (A) and
STAT3 (B) levels were measured by flow cytometry.
Data represent a minimum of three independent ex-
periments. Asterisks denote P<0.05 in comparison
to untreated samples.

ing antibody targeting DKK1 (aDKK1), STAT1
inhibitor (FLUD), and STAT3 inhibitor (S3I) were
used. aDKK1 abrogated the ability of IFNs to
induce DKK1 and reduced the level of DKK1
compared to untreated groups in both A549
and Calu-3 cells (Figure 6). These results imply
that lung cancer cells constitutively express
DKK1, and DKK1 is critical for IFN-mediated
DKK1 activation and downstream suppression
of B-catenin. We next investigated the inhibito-
ry effects of FLUD and S3I on IFNa, IFNy and
IFNAL1 signaling pathways. Our data showed
that FLUD and S3I effectively inhibited STAT1
and STAT3 activation, respectively, in A549
(Figure 5) and Calu-3 cells (data not shown).
IFN-mediated DKK1 up-regulation in A549 and
Calu-3 cells were blocked by S3lI, but not FLUD,
suggesting that STAT3, but not STAT1, is
required for IFN-mediated DKK1 up-regulation
(Figure 6). The results indicate that STAT3
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should be upstream to DKKZ1 in IFN signaling in
lung cancer cells and is critical for IFN-mediated
DKKZ1 induction.

Since DKK1, STAT1 and STAT3 could be induced
by all types of IFNs, we next investigated the
roles of DKK1, STAT1 and STAT3 to IFN-
mediated apoptosis in lung cancer cell lines.
Stimulation of aDKK1 or S3I abrogated the
apoptosis induced by IFN«, IFNy and IFNA1 in
A549 and Calu-3 cells, tested by TUNEL assay.
STAT1 inhibitor, FLUD, on the contrary showed
no impact on IFN-mediated apoptosis, indicat-
ing that STAT1 had no significant role in this
regulation (Figure 7). These suggest that IFN-
mediated apoptosis in lung cancer cell lines is
DKK1- and STAT3-dependent.

Discussion

There are three types of IFNs, type |, type Il and
type Il IFNs. IFN signaling is a critical for the
innate immunity and has a broad effect on the
immune system. 3-catenin signaling is involved
in cell proliferation and differentiation. These
two pathways have been reported to have a
cross-regulation in previous publications [20,
21, 24, 25]. Nava et al discovered that IFNy
exerted a proliferative and apoptotic effect on
intestinal epithelial cell via DKK1 and B3-catenin
signaling [26]. Li et al reported the crosstalk
between IFNy signaling and B-catenin signaling
via STAT3 and DKK1 in human astrocytes and
its correlation to HIV replication [25]. The same
research group also showed that 3-catenin can
also regulate IFN signaling [27]. Another publi-
cation indicated that IFN« treatment lead to
export of nuclear B-catenin [28]. In rat livers, in
vivo IFNa2b stimulation could attenuate Wnt/
B-catenin pathway and promote programmed
cell death [29]. A previous study showed that
IFNa2 suppress B-catenin signal by down-regu-
lating B-catenin and Frizzled 7 receptor pro-
teins, and the interaction of B-catenin with
TCF4, in liver cancer cells [30]. The crosstalk
between IFN and B-catenin signaling has been
confirmed, but the detailed mechanisms and in
what kinds of cells or tissues still remain
unclear.

Our study showed that all three types of IFNs
inhibit activation of B-catenin and B-catenin sig-
naling activity in different lung cancer cell lines.
Among IFNs used in this study, IFNy was the
strongest inhibitor compared with the other two

Am J Transl Res 2017;9(6):2788-2797
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Figure 6. IFN-induced stimulation of DKK1 is STAT3-dependent. A549 (A) and
Calu-3 (B) cells were untreated or treated with FLUD, S3I, or aDKK1 alone or
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were evaluated by ELISA. Data represent a minimum of three independent
experiments. Asterisks denote P<0.05 in comparison to untreated samples.
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Figure 7. IFN-induced apoptosis in lung cancer cells is DKK1 and STAT3-de-

pendent. A549 (A) and Calu-3 (B)

cells were left untreated or treated with

FLUD, S3lI, or aDKK1 alone or in combination with IFN«, IFNy or IFNA1, re-
spectively for 72 hrs. The levels of induced apoptosis were measured by TU-
NEL assay. Data represent a minimum of three independent experiments.
Asterisks denote P<0.05 in comparison to untreated samples.
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IFNs (P<0.05) (Figure 1). Our
results demonstrated that
IFNa, IFNy and IFNA1 showed
anti-proliferative and apop-
totic effects in lung cancer
cells (Figure 2). We also found
that IFNy was the strongest
among all three types of IFNs
in apoptosis induction (Figure
2). We investigated STAT1 and
STAT3 activation by different
IFNs and discovered that both
could be activated by all test-
ed IFNs. By using specific
STAT antagonists, we showed
that only STAT3 was indis-
pensable for IFN-mediated
apoptosis in lung cancer cells.
In addition, the pattern of
STAT3 activation, not STAT1,
by different IFNs was consis-
tent to the degree of apopto-
sis induced by corresponding
IFNs (Figures 5, 7). Our data
supports the increasing body
of evidences on the interface
between different IFNs and
B-catenin signaling in differ-
ent cell types [31, 32]. To our
knowledge, there have not
been any prior reports on
STAT1-independent  activity
mediated by IFNAL1 in lung
cancer cells. Additionally, we
linked the crosstalk between
IFNs and [B-catenin signaling
to apoptosis induction, which
is one of the dominant mech-
anisms used by anti-tumor
medications.

B-catenin pathway is tightly
regulated by a number of pro-
teins, including DKK1, a po-
tent secreted endogenous
antagonist [13]. We found
that in tested lung cancer cell
lines, DKK1 was induced by
all types of IFNs, among which
IFNy was the most potent
one. IFN-mediated DKK1 ele-
vation could be abrogated by
STAT3 antagonist, but not by
STAT1 antagonist (Figure 6).

Am J Transl Res 2017;9(6):2788-2797
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As a key signaling pathway in proliferation and
differentiation, B-catenin pathway crosslinks
extensively with other signaling cascades, in-
cluding PI3K/Akt and p38/MAPK pathways,
which converge on GSK3B [13]. In our study,
IFNs showed zero effect on GSK3 in lung can-
cer cells (Figure 4). This is consistent with a
previous publication in human brain astrocytes
[25]. It appears clear that GSK3p is not a target
for IFN signaling.

Currently, there are very few studies to com-
pare the activities induced by these three types
of IFNs in lung cancer cells, especially for type
Ill IFNs (IFNAs), the latest group of IFNs [33].
B-catenin pathway is a proliferative signaling,
adapted by the oncogenesis of various can-
cers, such as HCC [13, 14]. Since IFNs have
demonstrated antitumor and apoptotic activi-
ties in many cancer cells, there is a great
chance that IFN may regulate B-catenin signal-
ing, directly or not. The crosslink between IFN
and B-catenin signaling in lung cancer cells has
not been reported yet. We are the first to reveal
this interaction. Further investigation on how
IFNs regulate B-catenin signaling is required
and may benefit the therapeutic application of
IFNs on lung cancer patient management.
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