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Amphiregulin Promotes Resistance to Gefitinib
in NonSmall Cell Lung Cancer Cells by Regulating

Ku70 Acetylation
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Multiple molecular resistance mechanisms reduce the
efficiency of receptor tyrosine kinase inhibitors such
as gefitinib in non-small cell lung cancer (NSCLC).
We previously demonstrated that amphiregulin (Areg)
inhibits gefitinib-induced apoptosis in NSCLC cells by
inactivating the proapoptotic protein BAX. In this part
of the investigation, we studied the molecular mecha-
nisms leading to BAX inactivation. We show that Areg
prevents gefitinib-mediated acetylation of Ku70. This
augments the BAX-Ku70 interaction and therefore pre-
vents BAX-mediated apoptosis. Accordingly, Areg or
Ku70 knock down restore BAX activation and apopto-
sis in gefitinib-treated H358 cells in vitro. In addition,
overexpression of the histone acetyltransferase (HAT)
CREB-binding protein (CBP) or treatments with his-
tone deacetylase (HDAC) inhibitors sensitize H358 cells
to gefitinib. Moreover, a treatment with vorinostat, a
HDAC inhibitor strongly sensitized tumors to gefitinib in
vivo. These findings suggest new prospects in combin-
ing both HDAC and epidermal growth factor receptor
inhibitors for the treatment of NSCLC.
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INTRODUCTION
Epidermal growth factor receptor (EGFR) is frequently overex-
pressed in non-small cell lung cancers (NSCLC) and correlates
with a poor clinical outcome."* Inhibitors of the tyrosine kinase
activity of EGFR (the EGFR-TKI family) were therefore developed.
Small molecules that block the adenosine triphosphate binding
site of the cytoplasmic domain of EGFR, such as gefitinib or erlo-
tinib, showed potent antitumor activity against previously treated
NSCLC.** However, the limited response rates of patients to EGFR-
TKT’ led to investigating the mechanisms leading to resistance to
EGFR-TKI treatments.

The level of expression of the EGFR ligand amphiregulin
(Areg) was correlated with a poor response to gefitinib.® Areg
is associated with shortened survival of patients with NSCLC

and poor prognosis.” Our group previously reported that Areg
inactivates the proapoptotic protein BAX® and inhibits gefitinib-
induced apoptosis in NSCLC.” However, the molecular mecha-
nisms governing Areg- and gefitinib-mediated BAX inactivation
in NSCLC cells are still unknown.

Following its activation, BAX translocates from the cytosol
to the outer mitochondrial membrane where it oligomerizes,
rendering the membrane permeable, and allowing the release of
several mitochondrial death-promoting factors.!* The Ku70 DNA
end-joining protein has recently been shown to suppress apopto-
sis by sequestering BAX from the mitochondria.'>'? In contrast,
when Ku70 is acetylated, it releases BAX, allowing it to translocate
to the mitochondria and trigger cytochrome c release, leading to
caspase-dependent death. Ku70 was first characterized as part
of the Ku70/Ku80 heterodimer that is essential for the repair of
DNA double-strand breaks by nonhomologous end joining and
the rearrangement of antibody and T cell receptor genes via V(D)]
recombination,' telomere maintenance and transcriptional regu-
lation.* Ku70 activity could be determined by its acetylation sta-
tus, like other nonhistone proteins such as p53 and Hsp90." The
acetylation level is regulated by both histone acetyltransferase
(HAT) and histone deacetylase (HDAC) activities. Recent reports
suggest that there is a positive relationship between Ku70 and the
development of cancer, presenting Ku70 as an important target
for anticancer drug development.'?

In this study, we investigated the role of Ku70 in the Areg-
regulated activity of gefitinib. We show that Areg inhibits apop-
tosis normally induced by gefitinib by an acetylation-dependent
pathway leading to BAX inactivation. Areg reduces the acetyla-
tion of the protein Ku70 and thus enhances BAX inactivation.
Consequently, enhancing acetylation abolishes the protective
effect of Areg and renders NSCLC cells more sensitive to gefitinib
treatment in vitro and in vivo.

RESULTS

Areg and Ku70 inhibit gefitinib-induced apoptosis

in H358 NSCLC cells

H358 NSCLC cells overexpress Areg.'® Transfection of H358 cells
with anti-Areg small-interfering RNAs (Areg siRNAs) strongly
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reduced the secretedlevels of Areg, as compared to control siRNAs,
3 and 4 days after transfection (Figure 1a). In addition, as shown
in Figure 1b, Ku70 siRNA transfection considerably silenced
the endogenous Ku70 in H358 cells. Interestingly, although anti-
Areg or anti-Ku70 siRNA transfection did not induce apopto-
sis, it significantly sensitized H358 cells to 0.5umol/l gefitinib
(Figure 1c), suggesting that both Areg and Ku70 can reduce gefi-
tinib efficiency. In addition, we verified that the Ku70 expression
level was not modified by gefitinib and/or Areg treatments in the
H358 cell line (data not shown). This indicated that Ku70 protein
levels did not fluctuate with the Areg/gefitinib cross-talk.

Areg and Ku70 inhibit BAX conformational change

We then investigated the relationship between gefitinib activ-
ity, Areg, Ku70, and BAX activation in H358 cells. We analyzed
BAX activation by flow cytometry using an antibody that rec-
ognizes the exposed N-terminus extremity of activated BAX
but not the protein in its inactive conformation.”” The intensity
of BAX immunostaining (Figure 2a, upper panel) as well as the
percentage of positively stained cells (Figure 2b) were not modi-
fied by the gefitinib treatment, showing that BAX is not activated
in these conditions. In addition, Areg or Ku70 knock down had
a limited influence on BAX activation, because the exposure
of its N-terminus moiety was not modified. In sharp contrast,
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Figure 1 Areg and Ku70 inhibit gefitinib-induced apoptosis. H358
cells were transfected with control or amphiregulin (Areg) or Ku70 small-
interfering RNAs (siRNAs) and treated with 0.5pumol/I gefitinib. (a) The
efficiency of Areg knock down was assessed by enzyme-linked immu-
nosorbent assay. Results are expressed as a rate of Areg released 48-96
hours after control siRNAs transfection and as mean + SD (n = 3). (b) The
efficiency of Ku70 knock down was assessed after 96 hours by western
blotting using Ku70 antibody. (c) Apoptosis was scored after counting
Hoechst stained cells. Results are expressed as mean + SD (n>3). *P<0.05,
***P < 0.001, for comparison between treated and control cells.
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cotreatment of the cells by Areg siRNAs (Figure 2a middle
panel and Figure 2b) or Ku70 siRNAs (Figure 2a lower panel
and Figure 2b) and gefitinib was associated with an activation of
BAX. These data suggested that both Areg and Ku70 prevent BAX
conformational activation, therefore inhibiting gefitinib activity.

Areg increases BAX/Ku70 interaction

To further demonstrate the role of Ku70 on Areg-dependent
BAX inactivation, we measured the interaction between BAX
and Ku70 using coimmunoprecipitation assays. We observed a
low basal interaction between BAX and Ku70 in control H358
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Figure 2 Areg and Ku70 inactivate BAX in H358 cells. H358 cells were
transfected with control or amphiregulin (Areg) or Ku70 small-interfering
RNAs and/or treated with 0.5 umol/I gefitinib. (a) Flow cytometry analy-
sis of BAX immunostaining using activated-BAX antibody. Dotted histo-
gram, irrelevant antibody; open histogram, control cells; filled histogram,
treated cells as indicated. (b) Percentages of activated-BAX stained cells
were expressed as mean + SD (n 2 3). *P < 0.05, more significant than
control.
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cells (Figure 3a), which was enhanced under gefitinib treatment
but only in the presence of Areg. Areg knock down significantly
prevented this increase. This suggests that the Areg survival fac-
tor could limit gefitinib toxicity by increasing BAX/Ku70 aggregate
formation.

This hypothesis is sustained by our results with another NSCLC
cell line H322, which does not secrete Areg.'* We showed that in
H322, BAX/Ku70 interaction was not enhanced in the presence
of gefitinib (Figure 3c). Adjunction of recombinant Areg in the
culture medium slightly, but reproducibly, increased the seques-
tration of BAX by Ku70.

Areg inhibits the acetylation of Ku70

The interaction between BAX and Ku70 is regulated by acetyla-
tion. To further assess the effect of Areg on the state of Ku70 acety-
lation, we immunoprecipitated cytoplasmic Ku70 in H358 cells.
After a treatment with gefitinib, the acetylation level of cytoplas-
mic Ku70 was below detection levels in our control conditions
(Figure 3b, upper panel). However and as previously observed
in Figure 3a, the gefitinib treatment enhanced the interaction
between BAX and Ku70. This was demonstrated after reprob-
ing the same blot with the anti-BAX antibody (bottom panel).
In contrast, acetylation of Ku70 was markedly increased and
detectable when H358 cells were treated with gefitinib and anti-
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Figure 3 Areg enhances BAX-Ku70 interaction and inhibits Ku70
acetylation. (a,b) H358 cells were transfected with control or amphi-
regulin (Areg) small-interfering RNAs and 0.5pmol/l gefitinib was
applied as indicated for 96 hours. (c) H322 cells were treated or not
with 50ng/ml Areg and 0.5 umol/I gefitinib for 96 hours as indicated.
(a,c) Endogenous BAX immunoprecipitation (IP) was performed from
whole-cell extracts and subjected to immunoblotting with Ku70 and
BAX antibodies. The values denote the relative intensity of Ku70 protein
bands of treated samples to that of control cells, after being normalized
to the respective BAX and represent the average + SD of independent
experiments (H358 n = 3; H322 n = 2). (b) Endogenous Ku70 IP was
performed from cytosolic extracts and subjected to immunoblotting
with antiacetylated proteins and BAX antibodies. The immunoblot was
reprobed with Ku70 antibody to confirm the presence of an overlap-
ping Ku70 band. The values denote the relative intensity of acetylated
Ku70 bands of treated samples to that of control cells, after being nor-
malized to the respective Ku70 and represent the average + SD of three
independent experiments. Cytoplasmic o-tubulin and nuclear histone
H3 were used to show that cytoplasmic extracts were nuclear-free.
IgG: irrelevant immunoglobulins, used as negative control. Inputs: cell
lysates not subjected to immunoprecipitation, NT, non treated.
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Areg siRNAs (upper panel). As expected, this hyperacetylation
of Ku70 prevented BAX-Ku70 interaction, because we observed
no detectable signal after BAX immunostaining (bottom panel).
These results provide strong evidence that Areg inhibits the gefi-
tinib-mediated acetylation of Ku70 and therefore enhances the
sequestration of BAX by Ku70.

Ku70 acetylation increases the sensitivity

of NSCLC cells to gefitinib

In vivo acetylation of proteins results from a subtle equilibrium
between the opposite activities of acetyltransferases and deacety-
lases. Ku70 is known to be acetylated by HAT such as CREB-
binding protein (CBP), p300 and p300/CBP-associated factor,
whereas it can be deacetylated by both classes I/II HDAC and
class IT1/sirtuin deacetylases.! To assess the involvement of acety-
lation, we first examined gefitinib-induced apoptosis in H358
cells overexpressing CBP. Overexpression of CBP had no signifi-
cant effect per se, but sharply increased the amount of apoptosis
in gefitinib-treated H358 cells as compared to control-transfected
cells (Figure 4a).

H358 cells were then treated with several HDAC inhibi-
tors. Although concentrations of up to 200ng/ml trichostatin
A (TSA, classes I/II HDAC inhibitor) alone did not signifi-
cantly induce apoptosis, its combination with gefitinib showed
a very significant and dose-dependent induction of apoptosis
(Figure 4b). Gefitinib, in the presence of 200ng/ml TSA, was
ten times more toxic than when used alone. Similarly, suberoyla-
nilide hydroxamic acid (vorinostat, classes I/II HDAC inhibitor,
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Figure 4 Enhanced Ku70 acetylation sensitizes H358 cells to gefitinib.
(a) H358 cells were transfected with a plasmid control encoding green
fluorescent protein (GFP) or with a plasmid encoding CREB-binding
protein-hemagglutinin (CBP-HA) and treated or not with 0.5pmol/|
gefitinib as indicated. The expression of GFP or CBP-HA was revealed by
immunofluorescence 96 hours after transfection and apoptosis of trans-
fected cells was analyzed after counting Hoechst-stained cells. (b-d) H358
cells were treated or not with (b) TSA, (c) vorinostat, (d) nicotinamide,
and/or 0.5 pmol/l gefitinib. Apoptosis was scored after counting Hoechst-
stained cells. Results are expressed as mean + SD (n > 3). *P < 0.05, **P <
0.01, ***P < 0.001, more significant than control, NT, untreated.
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Figure 4c) or nicotinamide (class III/sirtuin deacetylases inhibi-
tor, Figure 4d) increased gefitinib-induced apoptosis. There was
no significant effect of vorinostat or nicotinamide alone. These
results suggest that an increased acetylation by HAT overexpres-
sion or HDAC inhibition sensitizes the cells to gefitinib.

TSA increases the gefitinib-mediated

acetylation of Ku70

We then investigated whether increasing acetylation affected the
gefitinib-mediated BAX-Ku70 interaction. The effect of TSA on
cytoplasmic Ku70 was studied. TSA increased the acetylation
of cytoplasmic Ku70 in gefitinib-treated cells (Figure 5a, upper
panel). As expected, this increased acetylation of Ku70 was asso-
ciated with a reduction of the BAX-Ku70 interaction (Figure 5a,
middle panel). These results suggested that TSA sensitizes the
cells to gefitinib’s effect by enhancing Ku70 acetylation, leading to
the subsequent release of BAX.

To consolidate this result, we constructed a K539R/K542R
Ku70 mutant. Both lysines are known targets for acetylation,
and govern BAX binding to Ku70. Their substitution by arginine
amino acids prevents Ku70 acetylation.'>'® A control (empty
plasmid), or plasmids encoding for wild-type or Ku70 mutant
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Figure 5 TSA-induced Ku70 acetylation regulates gefitinib-mediated
apoptosis. (a) H358 cells were treated with 0.5 umol/I gefitinib and/or
200ng/ml trichostatin A (TSA). Endogenous Ku70 immunoprecipitation
(upper panel) was performed from cytosolic extracts and subjected to
immunoblotting with antiacetylated proteins antibody. The immuno-
blot was reprobed with Ku70 antibody to confirm the presence of an
overlapping Ku70 band. Endogenous BAX immunoprecipitation (middle
panel) was performed from whole-cell extracts and subjected to immu-
noblotting with Ku70 and BAX antibodies. The values denote the relative
intensity of Ku70 protein bands of treated samples to that of control
cells, after being normalized to the respective BAX and represent the
average + SD of three independent experiments. Cytoplasmic a-tubulin
and nuclear histone H3 were used to show that cytoplasmic extracts
were nuclear-free (lower panel). IgG: irrelevant immunoglobulins.
Inputs: cell lysates not subjected to immunoprecipitation. (b) H358 cells
were cotransfected with pEGFP-C1 and with control-pB)5 or pB)5-Ku70
wild-type or pBJ5-Ku70 K539R/K542R expression plasmids. Gefitinib
0.5pmol/l and/or TSA 200ng/ml were added for 96 hours. Apoptosis
was determined after Hoechst staining and counting apoptotic cells per
100 GFP-positive cells. Results are expressed as mean + SD (n = 3). *P <
0.05, less significant than control, NT, untreated.

Molecular Therapy vol. 18 no. 3 mar. 2010

Ku70 Acetylation and Gefitinib Resistance

proteins, were cotransfected in H358 cells and the level of apopto-
sis in the transfected cells was measured. As expected, 0.5 umol/l
gefitinib or 200 ng/ml TSA alone did not induce significant apop-
tosis in any of the transfected cells (Figure 5b). The combined
gefitinib and TSA treatments induced 50% apoptosis in control-
or Ku70 wild-type-transfected cells, whereas only 30% of the
cells transfected with the mutant form of Ku70 were apoptotic
(P < 0.05) (Figure 5b). This experiment demonstrated that both
lysines 539 and 542, necessary to the BAX-Ku70 interaction and
Ku70 acetylation,' are crucial for apoptosis induced by gefitinib
and TSA cotreatment.

Antitumor efficacy of dual targeting HDAC

and EGFR in vivo

Results presented in Figures 4 and 5 suggest that HDAC inhibitors
counteract the protective effect of Areg and sensitize cells to gefi-
tinib. To determine whether HDAC inhibitors are able to enhance
the antitumor activity of gefitinib in vivo, we tested the effects
of gefitinib, vorinostat, and their combination on the growth of
H358 NSCLC xenograft tumors established in nude mice. Mice
treated with a low concentration of gefitinib or vorinostat alone
did not show reduced tumor growth as compared to control mice
(Figure 6a). Mice treated with gefitinib and vorinostat combina-
tion treatment showed a strong inhibition of tumor growth as com-
pared to control mice or to mice treated with gefitinib or vorinostat
alone (Table 1). At the end of the study, the mean tumor volume
in the combined-treatment group was 36% (P < 0.01) of the mean
volume in the control group. No major modification on the level
of acetylation under vorinostat treatment was observed using an
antiacetylated histone H3K9 antibody or an antiacetylated proteins
antibody on total proteins extracts and western blot analysis (data
not shown) or after immunolabeling of tumor sections at the end
of this experiment (Figure 6b, upper panel). In tumors from con-
trol mice or from mice treated with vorinostat or gefitinib alone,
>40% of tumor cells are actively proliferating and thus expressed
elevated levels of the Ki67 nuclear protein, whereas only 16% of the
cells were cycling in the combined-treatment group (P = 0.0039,
Figure 6b, lower panel and histogram). Gefitinib, vorinostat or the
combination of both treatments were associated with increased
levels of cleaved-caspase-3 in the tumors (Figure 6¢). These find-
ings suggest that the combined treatment enhanced the antitumor
activity of each drug in vivo by reducing the proliferation of tumor
cells. The combination of both molecules does not increase the
level of apoptosis observed with each treatment separately. Taken
together, these results indicate that the antitumor activity of gefi-
tinib is enhanced when vorinostat is also present.

DISCUSSION
In the presence of Areg, NSCLC cells resist apoptosis induced
by EGFR-TKI treatment such as gefitinib through BAX inactiva-
tion.” In this study, we demonstrate that this effect is due to an
acetylation-dependent mechanism leading to BAX sequestration
by Ku70. We suggest a therapeutic approach to restore the EGFR-
TKI sensitivity in vitro and in vivo.

We previously established that Areg inhibits BAX conforma-
tional activation and thus its translocation from the cytosol to
the mitochondria in NSCLC cells.® Several groups have shown
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Figure 6 Antitumoral activity of gefitinib and HDAC inhibitor combined treatment in vivo. (a) Effects of combined treatment with gefitinib
and vorinostat on growth of H358 xenograft tumors in athymic nude mice. The mice were randomly assigned to one of four treatment groups.
Group 1 (control mice) received vehicle, group 2 received gefitinib, group 3 received vorinostat, and group 4 received gefitinib and vorinostat.
Gefitinib (5 mg/kg body weight) or vorinostat (100 mg/kg body weight) were administered orally 5 days/week. Tumor volumes were measured
3 times a week. Points, mean tumor volume (n = 8); bars, SE. *P < 0.05, **P < 0.01, for comparisons between treated and control for each serie
of experiments. (b) Acetylated proteins and Ki67 nuclear protein detected by immunostaining on frozen tumor sections from control mice, mice
treated with vorinostat, gefitinib or both gefitinib and vorinostat, as indicated. IgG, irrelevant antibody. Bars = 50 um. Histogram: the percentage
of positive cells for Ki67 was determined after counting stained cells per 1,000 cells on a section. Results are expressed as mean + SD (n = 6 mice
per group); **P = 0.0039 for comparisons between combined treatment and control or single treatment. (c) Effect of gefitinib and vorinostat on

the expression of activated-caspase-3 in H358 xenograft tumors, assessed by western blotting. Actin was used as loading control.

Table 1 Synergistic indexes of combination treatment of gefitinib and
vorinostat

Vorinostat Gefitinib Vorinostat +
Drug Control (treatment A) (treatment B) gefitinib
Mean volume 1,442 +513 1,262+786 1,454 + 869 524 +243
(mm’ + SE)
MGI* 1 0.88 1.01 0.89* 0.36° 2.47¢
P value® — 0.468 0.663 0.0029

Growth inhibition rate on established subcutaneous tumor nodules in athymic
nude mice treated with indicated concentrations of vorinostat, gefitinib or their
combinations.

2Mean growth inhibition rate (MGI) = growth rate of treated group/growth rate
of untreated group. "Expected MGI: growth inhibition rate of treatment A x
growth inhibition rate of treatment B. ‘Observed MGI: growth inhibition rate of
combined treatment on treatments A and B. “Index: calculated by dividing the
expected growth inhibition rate by the observed growth inhibition rate. An index
over 1 indicates synergistic effect and less than 1 indicates less than additive
effect. <P value was calculated by t-test compared to control treatment.
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the involvement of Ku70 in BAX inactivation in various patholo-
gies such as neuroblastoma,'® leukemic cells,*® genotoxic stress
response,?’ or imatinib resistance.?** Here, we demonstrate that
Ku70 binds to and inhibits BAX activation in NSCLC cells in
response to gefitinib.

In addition, we show that the Areg-mediated inactivation of
BAX in the cytosol is the consequence of the inhibition of Ku70
acetylation (Figure 3). Accordingly, the knock down of Areg
enhances gefitinib-induced Ku70 acetylation, leading to BAX
release in its active, proapoptotic form. This important result sug-
gests that Areg could play pivotal regulatory functions by influ-
encing the acetylation of intracellular proteins.

Acetylation is emerging as an important mechanism by
which many nonhistone proteins are regulated.** Cell stress
causes CBP- and/or p300/CBP-associated factor-dependent Ku70
acetylation. In addition, we proved that HDAC inhibitors such

www.moleculartherapy.org vol. 18 no. 3 mar. 2010
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as TSA can increase Ku70 acetylation. In both case, this acetyla-
tion of Ku70 is leading to the release of the proapoptotic form of
BAX,"” which can translocate to the mitochondria, destabilize it
and induce apoptosis.'"'*?*»* We also observed that overexpres-
sion of CBP or a TSA treatment in H358 cells sharply increased
gefitinib-induced apoptosis. In our model, HDAC inhibitors such
as TSA increased Ku70 acetylation and inhibited the BAX-Ku70
interaction, sensitizing H358 cells to gefitinib-induced apoptosis.
These data demonstrated the involvement of both acetylases and
deacetylases in Areg-dependent gefitinib-induced apoptosis regu-
lation. These results also indicate that disruption of HAT-HDAC
equilibrium governs nonhistone protein acetylation such as Ku70,
thereby affecting Areg-dependent gefitinib resistance.

Ku70 is targeted for deacetylation by both class I/Il HDAC and
class III/sirtuin deacetylases.''®?* Accordingly, we observed an
increased sensitivity to gefitinib under TSA, vorinostat and nicoti-
namide treatments. Thus, classes I/II and class III/sirtuin deacety-
lases participate in the regulation of Areg-induced resistance to
apoptosis by regulating Ku70 acetylation. Interestingly, class IIb
HDAC is involved in lung carcinogenesis.” Further experiments
are needed to clearly identify which HDAC can be involved in this
mechanism.

Our results suggested that HDAC inhibitors counteract the pro-
tective effect of Areg and sensitize cells to gefitinib by increasing the
level of acetylated Ku70, thus inducing the release of active BAX
from Ku70. This key result encourages the use of HDAC inhibi-
tors as anticancer agents.”® Indeed, HDACs are involved in several
human cancers.”” HDAC inhibitors were developed for cancer ther-
apy and vorinostat was approved for treatment of cutaneous T cell
lymphoma in 2006.° Recently, the HDAC inhibitor romidepsin has
been shown to enhance the antitumor effect of EGFR-TKI erlotinib
in NSCLC cell lines.** We investigated an in vivo study combining
HDAC inhibitors and EGFR-TKI on mice bearing NSCLC tumors.
For the first time to our knowledge, a oral combination of vorinostat
and gefitinib showed a major effect on inhibition of tumor growth.
In tumors extracted 35 days after the beginning of treatment, vor-
inostat and gefitinib combined treatment induced an important and
additive cell growth arrest. In addition, the cumulative effect of the
dual treatment on apoptosis was obvious in vitro but was not signifi-
cantly more elevated in vivo.

The sub-optimal doses of gefitinib and vorinostat, determined
in preliminary experiments (data not shown), are not associated
with any documented side-effect, and no sign of toxicity was
observed in the cotreated animals. Possible effect of vorinostat on
the average level of protein acetylation in the tumor extracts after
completion of the treatment was not detected by western blot or
immunohistochemistry. This is in agreement with other studies,
which also failed to establish a correlation between the acetyla-
tion status and the tumor response.*> This result strongly sup-
ports the value of associating HDAC inhibitors and EGFR-TKI
in NSCLC treatment, especially for EGFR-TKI-resistant patients.
The molecular pathways activated in vivo by this combination of
treatments, and especially the role of Ku70, still remain to be for-
mally established.

In summary, our findings provide evidence that Areg medi-
ates gefitinib resistance in NSCLC cells through an original
acetylation-dependent pathway. Areg reduces Ku70 acetylation,
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therefore strengthening the functional inhibition of BAX. This
results in the inhibition of gefitinib toxicity in NSCLC cells. The
involvement of acetylation mechanisms in gefitinib sensitivity
should encourage the application of HDAC inhibitors as antican-
cer agents or in combination with EGFR-TKI treatments, espe-
cially in EGFR-TKI-resistant patients. Further studies are needed
to validate whether the gefitinib treatment combined with HDAC
inhibition could enhance the objective response and survival rates
in NSCLC patients. Moreover, we demonstrated the therapeutic
potential of Areg siRNAs combined with gefitinib treatment in
NSCLC. It could be interesting to combine a specific anti-Areg
siRNAs treatment with gefitinib, in order to augment its thera-
peutic benefit.’

MATERIALS AND METHODS

Cell culture and drug treatments. The human H358 and H322 NSCLC
cell lines were from the American Type Culture Collection (Manassas,
VA) and maintained in RPMI 1640 medium (Gibco, Cergy Pontoise,
France) supplemented with 10% heat-inactivated fetal bovine serum in
a humidified atmosphere with 5% CO,. Gefitinib was kindly provided by
AstraZeneca France (Paris, France) and was prepared as 10 mmol/l stock
solution in dimethyl sulfoxide and stored at —20°C. Recombinant human
Areg was from Sigma-Aldrich (St Quentin Fallavier, France) and stored
at —80°C in dimethyl sulfoxide and dissolved in fresh medium just before
use. TSA was from Sigma-Aldrich and prepared as 25 pg/ml stock solution,
nicotinamide was from Sigma-Aldrich and prepared as 1 mol/l stock solu-
tion, and suberoylanilide hydroxamic acid or vorinostat was from Indofine
Chemical Soc, (Hillsborough, NJ), prepared as 10 mmol/l stock solution
and stored at —20°C. Cells were treated as indicated in figures legends.

Transfections. siRNAs targeting human Areg, human Ku70 and nonspe-
cific control siRNAs were synthesized by MWG Biotech (Roissy, France).
Sequences of siRNAs targeting Areg were 5-CGA-ACC-ACA-AAU-
ACC-UGG-CTT-3" and 5-CCU-GGA-AGC-AGU-AAC-AUG-CTT-3".
Sequences of siRNAs targeting Ku70 were 5-GAU-GCC-CUU-UAC-
UGA-AAA-ATT-3 and 5-UUC-UCU-UGG-UAA-CUU-UCC-CTT-3
and control siRNA sequence was 5-CUU-ACG-CUC-ACU-ACU-GCG-
ATT-3'. Transfection of duplex siRNAs was performed with Oligofectamine
reagent (Invitrogen, Cergy Pontoise, France), following the manufacturer’s
instructions. SiRNAs were transfected into 60% confluent cells at the final
concentration of 200nmol/l. After transfection, the efficiency of Areg
knockdown was assessed by enzyme-linked immunosorbent assay as previ-
ously described'® and the efficiency of Ku70 knockdown was assessed by
western blotting.

Transient transfections were carried out on H358 cells cultured
on Lab-Tek two wells. Cells were transfected using Fugene (Roche
Diagnostics, Meylan, France) according to the manufacturer’s protocol,
with 1.5ug of an expression vector encoding CBP-hemagglutinin
or a control vector encoding green fluorescent protein (GFP). H358
cells were also transfected with control-pBJ5 or pBJ5-Ku70 wild-type
(provided by D. Trouche) or pBJ5-Ku70 K539R/K542R (generated using
a QuickChange site-directed mutagenesis kit, Stratagene), along with
pEGFP-C1 expression vector (Clontech, St Germain en Laye, France),
using JetPEI (PolyPlus Transfection, Strasbourg, France) and according
manufacturer’s instructions. Immunofluorescence was performed 96 hours
after transfection.

Apoptosis assays. Cells were harvested and pooled. The morphological
changes related to apoptosis were assessed by fluorescence microscopy
after Hoechst 33342 (5 pg/ml, Sigma-Aldrich) staining of cells and the per-
cent of apoptotic cells was scored after counting at least 500 cells. Active
caspase-3 was detected by flow cytometry using phycoerythrin-conjugated
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monoclonal active caspase-3 antibody kit (BD Pharmingen, Pont de Claix,
France), following manufacturer’s instructions. Analysis was performed
on a Becton Dickinson FACScan flow cytometer with CellQuest Software
(Becton Dickinson, Pont de Claix, France).

Protein immunostaining by flow cytometry. Activated-BAX immuno-
staining analysis was performed as previously described.>* Briefly, fixed
cells were first incubated with anti-activated-BAX antibody (N-20, 1:100;
Santa Cruz Biotechnology, Tebu, France) or with irrelevant immunoglob-
ulin G (IgG) (BD Pharmingen). Then washed cells were incubated with
Alexa 488 anti-rabbit IgG (H+L) conjugate (1:1,000; Interchim, Montlugon,
France). Analysis was performed on a FACScan flow cytometer (Becton
Dickinson) using Cellquest software. Green fluorescence was excited at
488nm and detected at 500-550 nm.

Immunofluorescence staining. Cells cultured on Lab-Tek were transfected
as indicated. 96 hours after transfection, fixed cells were incubated with
anti-hemagglutinin.11 (1:1,000; Covance, Eurogentec). Second incuba-
tion was performed with Alexa 488 goat anti-rabbit IgG (H+L) conjugate
(1:500; Interchim, Montlugon, France). Cells were then counterstained
with Hoechst 33342 and observed using an Olympus microscope.

Subcellular fractionation and protein extraction. Total cell lysates were
obtained after washing cells twice in phosphate-buffered saline and incu-
bated in radioimmuno precipitation assay lysis buffer (Tris-HCI 50 mmol/l
pH 7.4, NaCl 150 mmol/l, Nonidet P-40 1%, sodium deoxycholate 0.5%,
sodium dodecyl sulfate 0.1%) with proteases and phosphatases inhibitors
(NaF 1mmol/l, Na,VO, 1 mmol/l, PMSF 0.5mmol/l, leupeptin 10 pg/ml,
aprotinin 10 pg/ml and pepstatin 10 pug/ml) for 30 minutes on ice.

Cytosolic extracts for acetylation experiments were obtained as follow:
cells were incubated with 50ng/ml TSA overnight before 15 minutes
incubation in hypotonic buffer (100 ng/ml TSA, Tris-HCl pH 7.5 10 mmol/],
KCl 10mmol/l, MgCl, 1.5mmol/l, DTT 0.5mmol/l) with protease
and phophatase inhibitors. Cells were then incubated 10 minutes with
hypotonic buffer supplemented with NP40 1%). The supernatant contained
the cytoplasmic proteins.

Fractions extracts were assessed for protein content using the Bio-
Rad D C Protein Assay kit, and 20pg of proteins were subjected to
electrophoresis and analyzed by western blotting for BAX and Ku70
content. The relative purity of fractions was ascertained by western blotting
using o-tubulin (Sigma-Aldrich) as a marker of cytosol and histone H3
(Upstate, Molsheim, France) as a marker of nucleus.

Immunoblotting and coimmunoprecipitation. Endogenous BAX immu-
noprecipitations were performed using 1mg protein from whole-cell
extracts and 1 ug BAX antibody (BD Pharmingen) or irrelevant rabbit IgG
for negative control and by incubating overnight at 4°C under gentle agita-
tion. Cytosolic Ku70 immunoprecipitations were done using 4 mg protein
and 1 pg Ku70 antibody (Santa Cruz Biotechnology ) or irrelevant mouse
IgG,, for negative control and by incubating overnight at 4°C under agi-
tation. The immunocomplexes were collected using protein-G agarose
(Sigma-Aldrich). The immunoprecipitates were resolved on sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis gels, followed by western
blotting with acetylated protein (1/1,000; Abcam, Paris, France), Ku70
(1/1,000; Santa Cruz Biotechnology) or BAX (1/3,000; BD Pharmingen)
antibodies. The immunoblot for acetylated protein was reprobed with
Ku70 antibody to confirm the presence of an overlapping Ku70 band.

Western blotting was also done using anticleaved caspase-3 (1/1,000;
Asp 175, Cell Signaling, St Quentin en Yvelines, France) antibodies. To
ensure equal loading and transfer, membranes were also probed for actin
using antiactin antibody (Sigma, 1/1,000). Western blotting was further
processed by standard procedures and revealed by chemiluminescence
(ECL; Amersham, Orsay, France).

The relative intensity, measured using Image] (NIH software), of
acetylated Ku70 bands or total Ku70 of treated samples to that of control
cells was normalized to the respective Ku70 or BAX, respectively.

542

© The American Society of Gene & Cell Therapy

In vivo model. The effect of the combination of gefitinib and vorinostat
was measured on established subcutaneous tumor bearing mice. All the
animal experiments were performed in agreement with the European
Economic Community guidelines and the “Principles of laboratory animal
care” (NITH publication N 86-23 revised 1985). The experimental proto-
col was submitted to ethical evaluation and the experiment received the
accreditation number 0260. Human lung adenocarcinoma H358 cells were
harvested from culture, and 20 x 10° cells in sterile phosphate-buffered
saline were injected subcutaneously into the flank of female NMRI nude
mice (6-8 weeks old, Janvier, Le Genest Saint Isle, France). When tumor
diameters reached 5mm, mice were randomized in four experimental
groups (10 mice/group). Group 1 (control mice) received a vehicle (tween/
glucose), group 2 received vorinostat, group 3 received gefitinib, and group
4 received both vorinostat and gefitinib. Five mg/kg/day of gefitinib and/
or 100 mg/kg/day of vorinostat were administered orally in tween/glucose,
5 days a week. Tumor growth was quantified by measuring twice a week
the tumors in two dimensions with a Vernier caliper. The volume was cal-
culated as follow: a x b* x 0.4, where a and b are the largest and smallest
diameters, respectively. Results are expressed as volume + SEM. Mice bear-
ing necrotic tumors or tumors >1.5 cm in diameter were euthanized imme-
diately. On day 36, all mice were killed and tumors were collected before
further analyses by western blotting and immunohistochemistry.

Immunohistochemical staining. Tumor sections of 7um thickness were
fixed with 3.7% paraformaldehyde for 10 minutes at room temperature,
then saturated for 5 minutes with 0.03% bovine serum albumin, incu-
bated overnight at 4°C with rabbit antiacetylated lysine antibody (1/200;
Cell Signaling) or with monoclonal mouse antihuman Ki67 (1/150; Dako,
Trappes, France). Immunohistochemistry was further processed using
the Histostain-Plus Bulk Kit (Invitrogen). The final reaction product was
visualized with diaminobenzidine. After immunohistochemical reactions,
sections were counterstained with hematoxylin. Negative controls were
performed with the same sections incubated with irrelevant antibody (rab-
bit IgG 1/40,000 or mouse IgG 1/30,000).

Statistical analyses. Statistical significance of difference in treatment was
analyzed by Mann-Whitney test. Means comparisons among groups and
statistical significance of differences in tumor growth in the combination
treatment group and in single-agent treatment groups were analyzed by
ANOVA test. Statistics were done using Statview 4.1 software (Abacus
Concept, Berkeley, CA). In all statistical analyses, two-sided P values < 0.05
were considered statistically significant.
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