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Fig. 3. Sensitivity of cell growth and downstream epidermal growth factor
receptor (EGFR) signaling to' AG1478 in the mutant EGFR transfectants. (a)
The growth-inhibitory effect of AG1478 in HEK293/Wt, HEK293/Wt-Tr,
HEK293/D, HEK293/D7E: and HEK293/D-Tr cells. The seeded cells were
exposed to AG1478 for 72 h'and the cellular proliferative activity was
determined by MTT assay. (b) The HEK293/Wt, HEK293/D, HEK293/D7F, and
HEK293/D-Tr cells were incubated in 1% serum starve medium for 12 h,
followed by exposure. to 20 or 200 nM AG1478 for 3 h at 37°C. The:cell
lysates were immunoblotted with anti-phospho-EGFR (p-EGFR Y1068), anti-
EGFR (recognizing the extracellular domain), anti-phospho-ERK, or anti-ERK
antibodies. Mock, HEK293/Mock; Wt, HEK293/Wt; Wt-Tr, HEK293/WtTr; D,
HEK293/D; D7F, HEK293/D7F; D-Tr, HEK293/D-Tr.
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EGFR lacking C-terminal antophosphorylation sites with endogenous
HER receptors coniributes to the signal transduction. It is thus
speculated that homodimerization of EGFR lacking C-terminal
autophosphorylation sites transduces the signals to downstream
molecules. Indeed, the results of the chemical crosslinking assay
revealed clear homodimerized bands in the HEK293/Wt, HEK293/
D, and HEK293/D7F cells (Fig. 5a). In the HEK293/D-Tr cells,
homodimerized bands with lower molecular weights (indicated by
the black arrow) were detected (Fig. Sa) and these dimers were not
phosphorylated (Fig. 5b). Taken together, we speculate that EGFR
lacking C-terminal autophosphorylation sites form homodimers.

Despite a lack of C-terminal autophosphorylation sites, transfected
cells retain their capacity for EGFR-dependent Shc phosphorylation.
Binding of adaptor proteins to the C-terminal region of EGFR is
essential for EGFR signal transduction. It is widely recognized
that tyrosines 1068 and 1086 are most important for Sos and Grb2
activation; EGFR-D7F and EGFR-D-Tr lack these tyrosine residues.
Sos and Grb2 were coprecipitated with EGFR in the HEK293/Wt
and HEK293/D cells, but not in the HEK293/D7F or HEK293/D-
Tr cells (Fig. 6a). The bands were confirmed by reblotting of the
membranes used for immunoblotting (data not shown). Another
adaptor protein, Shc, also binds to the C-terminal region of EGFR,
and phosphorylation of Shc activates the ERK pathway. An increase
in phosphorylated p46 and p52 Shc was observed in the HEK293/
D, HEK293/D7F, and HEK293/D-Tr cells compared with the
HEK293/Mock and HEK/Wt cells (Fig. 6b). The phosphorylation
of She observed in the HEK293/D, HEK293/D7F, and HEK293/D-
Tr cells was completely inhibited by 20 nM AG1478 (Fig. 6¢). These
results suggest that EGFR lacking C-terminal autophosphorylation
sites activates Shc in a C-terminal-independent manner, and that
Shc-mediated signals may be involved in the hypersensitivity to
EGFR TKI of HEK293 cells expressing EGFR lacking C-terminal
autophosphorylation sites.

Discussion

In the present study, we investigated the relationship between
phosphorylation of tyrosine residues in the C-terminal region of
EGFR and cellular sensitivity to EGFR TKI. Increased phosphory-
Iation of Shc and ERK was observed in HEK293/D7F and HEK293/
D-Tx cells; which expressed EGFR lacking autophosphorylation
sites in the C-terminal region. Previous reports have demonstrated

&
o ¥

HER3
EGFR

EGFR Fig. 4., Heterodimerization of mutant epidermal

growth factor receptor (EGFR). with endogenous
receptors of the HER family in mutant EGFR trans-
fectants, Expression of endogenous EGFR and
response to epidermal growth factor stimulation.
HEK293/Mock, HEK293/Wt, HEK293/D, HEK293/D7F,
and HEK293/D-Tr cells were incubated in 1% serum
starve medium for 12 h followed by the addition
of 10 ng/mL epidermal growth factor for 10 min at
37°C. (a) The whole-cell lysates of HEK293/Mock and
HEK293/W+ cells containing equal amounts of protein
were' immunoblotted with' anti-phospho-EGFR
(p-EGFR Y 1068) and anti-EGFR (recognized extra-
cellular domain). (b,c) The lysates were immuno-
precipitated with anti-EGFR, anti-HER2, or anti-HER3
antibodies, and immunoblotted with anti-EGFR, anti-
HER2, anti-HER3, or anti-phosphotyrosine antibodies
to detect the dimerization and phosphorylation
of EGFR: and - endogenous HER2: or HER3. HER2,
HER2-introduced HEK293 cells as a positive control;
HER3, HER3-introduced HEK293 cells as a positive
control.
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Fig. 5. The cells under 1% serum starved medium were allowed to react with
2 mM of the chemical crosslinking regent BS, before the crosslinking reaction
was quenched. The cell” lysates were immunoblotted with ™ (a) anti-
epidermal growth factor receptor (EGFR) (recognizing the extracellular
domain) and (b) anti-phosphoEGFR (p-EGFR Y1173) antibodies to detect
the dimerization and phosphorylation of wild-type and mutant EGFR. Black
arrow, EGFR dimer; open arrow, EGFR monomer. Mock, HEK293/Mock;
Wt, HEK293/Wt; D, HEK 293/D; D7F, HEK293/D7F; D-Tr, HEK293/D-Tr. EGF,
epidermal growth factor.

that cells expressing EGFR lacking C-terminal aufophospholylation
sites retain EGF-induced mitogenic and transforming activity.#?®
Our data and these previous reports suggest that there exist other
EGFR signaling pathways besides those mediated by the C-terminal
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tyrosine residues. In addition, these signaling pathways are operative
in the active EGFR mutant (delE746_A750) as well as wild-type
EGFR.“ The results of our growth-inhibition assay demonstrated
the hypersensitivity of HEK293/D7F and HEK293/D-Tr cells to
EGFR TKI, and phosphorylation of ERK and Shc in these cells
was also inhibited. These results suggest that this EGFR signaling
pathway contributes to tumor cell growth.

We demonstrated the hypersensitivity of the transfectants
(HEK293/D7F and HEK293/D-Tr cells) to AG1478. We previously
reported the hypersensitivity of transfectants carrying mutant EGFR
to AG1478 as well as gefitinib, ZD6474, and erlotinib.®153V There-
fore, it can be easily speculated that the HEK293/D7F and HEK293/
D-Tr cells would also be hypersensitive to the clinically available
EGFR TKI and AG1478.

Somatic EGFR mutation in lung cancer has been reported, and
over 20 types of mutations have been reported.!® The L858R point
mutation in exon 21 of EGFR is a major point mutation (such as
in delE746_A750) that contributes to EGFR TKI hypersensitivity.®?
Interestingly, we constructed cells that overexpressed EGFR-Wt-Tr
and EGFR-D-Tr, and a mutant truncated form of EGFR similar to
EGFR-Wt-Tr was previously found in patients with glioblastoma.®
The mutant was truncated at amino acid 958 of EGFR and the
frequency was relatively high in 7 of 48 patients. Therefore, it would
be of interest to determine in future studies whether this C-terminal-
truncated form of delE746_A750 EGFR, similar to EGFR-D-Tr,
might be identifiable in human materials in the clinical setting.

We attempted to clarify the signaling pathway from the C-
terminal region of EGFR. We observed the phosphorylation of
ERK and Shc in HEK293/D7F and HEK293/D-Tr cells, and these
phosphorylations were inhibited by exposure to AG1478. These
phosphorylations were not observed in HEK293/Mock, HEK293/Wt,
or HEK293/Wt-Tr cells. Our results suggest that the constitutively
active mutant EGFR lacking C-terminal autophosphorylation sites
is sufficient for activation of the downstream pathway. However,
it remains unknown how signals are transduced from EGFR without
a C-terminal region to She, as no direct binding of Grb2 or Shc with
EGFR lacking the C-terminal region was detected in the HEK293/
D7F and HEK293/D-Tr cells (Fig. 6a). We attempted to identify the
mediator molecules binding to EGFR-D-Tr and EGFR-D7F by
mass analysis of immunoprecipitates; however, no clear mediator
molecules were identified. As a possible indirect mechanism,
Sasaoka ef al. postulated that ErbB2-Shc signals from EGFR lacking
C-terminal autophosphorylation sites.®? However, we consider this
unlikely from the results of our experiments because no significant
expression of Erb2 was detected in the HER293 cells.

The results of the crosslinking assay demonstrated that a
complex of lower molecular weight was present in the HEK293/
D-Tr cells compared- withthe HER293/Wt cells; indicating
that truncated EGFR forms homodimers in the HEK293/D-Tr
cells. Thus, it can be speculated that homodimerized truncated
EGEFR directly transduces signals downstream.

Fig. 6. Interaction between mutant epidermal
growth factor receptor (EGFR) and adaptor proteins.
The cells were cultured under normal conditions. (a)
The lysates of HEK293/Wt, HEK293/D, HEK293/D7F,
and HEK293/D-Tr cells were immunoprecipitated
with anti-myc tag antibody; the precipitates were
immunoblotted with anti-son of sevenless homolog
(Sos) and anti-growth factor receptor-bound protein
(Grb) 2 antibodies. (b} Whole-cell lysates containing
equal amounts of protein were immunoblotted
with anti-phospho-Src homology and collagen
homology (Shc) and anti-She antibodies. () The cells

incubated in 1% serum starve medium for 12 h
were treated with 20 or 200 nM AG1478 for 3 h

1P mye T— I PY (i}

and then the lysates were immunoblotted with anti-
phospho-Shc or anti-Shc antibodies. Mock, HEK293/

Mock; Wt, HEK293/Wt; D, HEK293/D; D7F, HEK293/
D7F; D-Tr, HEK293/D-Tr. PY, anti-phospho-tyrosine.
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In conclusion, our results indicate that an as-yet-unknown
signaling pathway of EGFR exists that is independent of the
C-terminal region of EGFR, and these regions are not required
for cellular sensitivity to EGFR TKI.
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Alterations resulting in enhanced epidermal growth factor receptor (EGFR)
expression” or function have been documented in a variety of tumors.
Therefore, EGFR-tyrosine kinase is a promising therapeutic target.
Although in vitro and in vivo studies have shown the anti-tumor activity of
EGFR-tyrosine kinase inhibitors against various tumor types, liitle is
known about the mechanism by which such inhibitors effect their anti-
tumor action. AG1478 is known to selectively inhibit EGFR-tyrosine
kinase. In this study, we showed that AG1478 caused apoptosis and apop-
tosis-related reactions such as the activation of caspase 3 in human non-
small cell lung cancer cell line PC-9. To investigate the signaling route
by which AG1478 induced apoptosis, we examined the activation of c-Jun
N-terminal kinase (JNK) and mitogen-activated protein kinase p38 in
AG1478-treated PC-9 cells. INK, but not p38, was significantly activated
by AG1478 as determined by both immunoblot analysis for levels of phos-
phorylated JNK and an in vitro activity assay. Various types of stimuli
activated JNK through phosphorylation by the dual-specificity JNK
kinases, but the dual-specificity JNK kinases MKK4 and MKK7 were not
activated by AG1478 treatment. However, JNK phosphatase, i.e. mitogen-
activated protein. kinase phosphatase-1 (MKP-1), was constitutively
expressed in the PC-9 cells, and its expression level was reduced by
AGI1478. The inhibition of JNK activation by ectopic expression of
MKP-1 or a dominant-negative form of JNK strongly suppressed AG1478-
induced apoptosis. These. results reveal that JNK, which is activated
through the decrease in the MKP-1 level, is critical for EGFR-tyrosine
kinase inhibitor-induced apoptosis.

Epidermal growth factor reéeptor (EGFR), a member
of the ErbB family, is important in the regulation of
growth, differentiation and survival of various cell
types. Ligand binding to EGFR results in receptor
dimerization, activation of its tyrosine kinase and
phosphorylation of its C-terminal tyrosine residues.

Abbreviations

The tyrosine-phosphorylated motifs of EGFR recruit
various adaptors or signaling molecules [1,2]. EGFR
is ‘able to activate a variety of signaling pathways
through its association with these molecules. The mito-
gen-activated protein kinase (MAPK) pathway leading
to phosphorylation of extracellular signal-regulated

EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated
protein kinase; MKP-1, mitogen-activated protein kinase phosphatase-1; NSCLC, non-small-cell lung cancer; Pl, propidium iodide; PtdIns3-K,

phosphatidylinositol 3-kinase; SAPK, stress-activated MAPK.
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JNK activation is critical for AG1478-induced apoptosis

kinase (ERK) 1/2 plays an essential role in EGF-
induced cell growth; and the phosphatidylinosi-
tol 3-kinase (PtdIns3K) pathway is also important for
cell growth and cell survival. One way by which
PtdIns3K signals cells to survive is by activating pro-
tein kinase PDK1 which in turn phosphorylates Akt.

EGFR gene mutations or EGFR gene amplification
is detected in various types of malignancy [1,2]; there-
fore, EGFR-tyrosine kinase is a promising therapeutic
target. Orally active small molecules against EGFR
(e.g. gefitinib and erlotinib) show evident anti-tumor
effects in patients with various cancers, particularly
non-small cell lung cancer (NSCLC) [3-5]. Beneficial
responsiveness to EGFR-targeting chemicals in
NSCLC patients is closely associated with EGFR
mutations in the kinase domain [6-8].

The induction of apoptosis has been considered as a
major mechanism for gefitinib-mediated anti-cancer
effects [9,10]. Lung cancer cells harboring mutant EG-
FRs become dependent on them for their survival and,
consequently, undergo apoptosis following inhibition
of EGFR tyrosine kinase by gefitinib. Gefitinib has
been shown to inhibit cell survival and growth signal-
ing pathways such as the Ras-MAPK pathway and
PtdIns3K/Akt pathway, as a consequence of inactiva-
tion of EGFR [10-13]. The PtdIns3K/Akt pathway is
downregulated in response to gefitinib only in NSCLC
cell lines that are growth-inhibited by gefitinib [14]. So,
it is thought that the PtdIns3K/Akt pathway plays a
critical role in the gefitinib-induced anti-tumor action.
Furthermore, some reports have demonstrated that
blockage of the EGFR activity with gefitinib is able
to cause suppression of ‘a downstream signaling
pathway through Ras-MAPK and/or PtdIns3K/Akt,
and induce apoptosis through activation of the
pro-apoptotic Bcl-2 family protein Bad or Bax [9,15].

In mammals, three major groups of MAPK have
been identified [16-18]. The c-Jun N-terminal kinase
(JNK), also known as stress-activated MAPK (SAPK),
represents a group of MAPKs that are activated by
treatment of cells with cytokines or by exposure of
cells to a variety of stresses [19-21]. JNK activity has
been implicated in both apoptosis and survival signal-
ing and is tightly controlled by both protein kinases
and protein phosphatases [22-24]. Various types of
stimuli activate JNK through phosphorylation by the
dual-specificity kinase MKK4 or MKK?7 [18,25]. By
contrast, any types of stimuli can inactivate JNK
through induction of the expression of JNK phospha-

tases, which include dual-specificity (threonine/tyro-

sine) phosphatases [26-28].
PC-9 cells are gefitinib-sensitive human NSCLC cell
lines with a mutation (delE746-A750) in their EGFR,
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which allows the receptor to be autophosphorylated
independent of EGF. In this study, we investigated the
signaling route by which the EGFR tyrosine kinase
inhibitor AG1478 induces apoptosis in PC-9 cells.
There is a general agreement on the hypothesis that
the inhibition of ERK1/2 MAPK and/or Ptdins3K/
Akt growth/survival signaling cascades leads to apop-
tosis of cancer cells. However, there are no studies
addressing the role of JNK in apoptosis induced by
EGFR tyrosine kinase inhibitors. Here, we demon-
strate that INK-phosphatase MKP-1 expression is con-
trolled by a signal downstream of EGFR and that if
this signal is abolished by an inhibitor of EGFR tyro-
sine kinase, the decreased MKP-1 activity can result in
JNK activation, leading to the induction of apoptosis.

Results

We first examined the effect of AG1478 on the viabil-
ity of human NSCLC cell line PC-9. Treatment of the
cells with AG1478 markedly suppressed the cell viabil-
ity, as determined by the results of a colorimetric assay
(Fig. 1A). Photographic observation of AG1478-trea-
ted PC-9 cells revealed that AG1478 decreased the per-
centage of adherent cells in a time-dependent manner
(Fig. 1B). When AGI1478-treated PC-9 cells were
stained-with. Hoechst-propidium. iodide-(PI), cells- with
condensed ¢chromatin and fragmented nuclei, which are
characteristic of the nuclear changes in apoptotic cells,
were seen in both adherent and non-adherent cell pop-
ulations (data not shown). To confirm whether this
AG1478-induced cell death resulted from apoptosis,
we examined caspase 3 activity after exposing the cells
to 500 nM ‘AG1478. As shown in Fig. 1C, caspase 3
activity was increased in a time-dependent manner. It
thus appears that AG1478 reduced the survival rate of
PC-9 cells by activating the apoptotic pathway.

It is important to know how AG1478 affected the
survival rate of PC-9 cells. Many studies have shown
that enhanced JNK activity may be required for initia-
tion' of stress-induced apoptosis [29,30]. To examine
whether JNK might be activated by AG1478, we trea-
ted PC-9 cells with AG1478 for various periods
(Fig. 2A). Activation of JNK was measured by
performing an immune complex kinase assay using
bacterially expressed GST-c-Jun ‘as a substrate.
Phosphorylation of c-Jun appedred 1 h after AG1478
addition, with a maximum level at 24 h. We next
determined the phosphorylation of JNK in the pres-
ence of AGI1478. PC-9 cells were incubated with
AG1478 for several periods, and cell lysates were pre-
pared from these cells to determine the phosphoryla-
tion of JNK by immunoblotting (Fig. 2B). AG1478
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intensively stimulated phosphorylation of JNK on its
threonine 183 and tyrosine 185, and their phosphoryla-
tion levels continued to increase for at least 24 h.

JNK activation is critical for AG1478-induced apoptosis

Fig. 1. Induction of apoptosis by AG1478. (A) PC-9 cells were
seeded into a 96-weli microplate, and treated with AG1478 at vari-
ous concentrations for 48 h. The viability of cells was determined
by conducting WST-8 assays. The value of untreated cells was con-
sidered as 100% viability. The data presented are the mean + SD
{n=6). {B) PC9 cells were seeded at a density 3 x 10° cells per
60 mm dish and then treated with 500 nMm AG1478. The phase-
contrast photomicrographs were taken 0 (a), 12 (b} or 24 h (c) after
incubation with AG1478. Scale bar, 100 pm. {C} PC-9 cells were
treated with 500 nM AG1478. Lysates were prepared at the
indicated time points after the AG1478 addition and analyzed for
caspase 3 activity by using a fluorometric substrate-based assay.
Each point is the mean of triplicate samples, and the bar represents
the standard deviation. Similar results were obtained from three
separate experiments.
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Fig. 2. JNK : activation: by '‘AG1478. PC-9 cells were treated with
500 nm AG1478 and lysed onice at the indicated time points. {A)
JNK=c-Jun complexes were collected by glutathione S-transferase—
c-Jun agarose beads and:then assayed in vitro for kinase activity by
using c¢-Jun as a substrate. The phospho-c-Jun product was
detected by immunoblotting. (B) The cell lysates were normalized
for protein content and analyzed for phospho-JNK content (upper),
as well as for JNK content {lower). {C} The cell lysates were ana-
lyzed for phospho-p38 content {upper panel), as well as for p38
{lower). Similar results were obtained from three separate experi-
ments.

However, the activation of p38, another MAP kinase
sub-family member, was not evident up to 12 h after
AGI1478 treatment; although an increase in the phos-
phorylation of p38 was detected at 24 h (Fig. 2C).
Phosphorylation of ERK1/2, prototypical MAPK, was
decreased by the treatment with AG1478 at the same
time as activation of JNK (data not shown).

Neither SB203580 nor PD98059, inhibitors of p38
and ERK1/2; respectively, affected AG1478-induced
apoptosis in PC-9 cells (data not shown), suggesting
that neither p38 nor ERK1/2 mainly transmit the
apoptotic signal of AG1478 in the PC-9 cells. If INK
plays an important role in AG1478-induced apoptosis,
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inactivation of JNK should suppress this AG1478-
induced apoptosis. To test this scenario, we stably
transfected PC-9 cells with a mammalian expression
vector encoding a dominant-negative form of JNK,
and isolated two clones, JI2A5 and J12B6. The results

K. Takeuchi et al.

Fig. 3. Expression of dominant-negative JNK prevents AG1478-
induced apoptosis. (A} Subconfluent PC-9 and J12A5 cells were
incubated with 500 nM AG1478 for the indicated times. JNK activity
was determined as described in Experimental Procedures. (B)
PC-9, J12A5 and J12B6 cells were incubated with the indicated
concentrations of AG1478 for 48 h. The viability of cells was deter-
mined by conducting WST-8 assays. The reading obtained for
untreated cells was considered as 100% viability. The data pre-
sented are the mean + SD {n = 6). {C} Phase-contrast photomicro-
graphs were taken 24 h after incubation with 500 nM AG1478.
Scale bar, 100 um. {D) PC-9 and J12A5 cells were treated with
500 nM AG1478. Lysates were prepared at the indicated time
points after the AG1478 addition and analyzed for caspase 3 activ-
ity by using a fluorometric substrate-based assay. Each point is the
mean of the triplicate samples, and the bar represents the standard
deviation. Similar results were obtained from three separate experi-
ments.

of a JNK kinase assay confirmed that J12AS5 cells had
no detectable activity (Fig: 3A). A colorimetric assay
for cell viability, microscopic observation of cells, and
an assay for caspase 3 activity ~revealed that this
dominant-negative kinase efficiently blocked AG1478-
induced apoptosis (Fig. 3B-D), indicating that activa-
tion of JNK mediated the AG1478-induced apoptosis.

A multitude of stimuli including osmotic stress acti-
vate JNK through phosphorylation of the JNK kinases
MKK4 and MKK7 [18,31]. To examine the mecha-
nism by which AG1478 induced JNK activation, we
incubated PC-9 cells in the presence of AG1478 for
several periods, ‘and then prepared cell lysates from
these cells to determine the phosphorylation of MKK4
and MKK7 by immunoblotting (Fig. 4A). No phos-
phorylated MKK4 or MKK7 was observed in the
presence of AGI1478, although phosphorylation of
both JNK kinases in response to osmotic stress could
be detected. Next, we determined the effect of AG1478
on the levels of MAPK phosphatases MKP-1 and
MKP-2. As shown in Fig. 4B, AG1478 decreased the
expression of the MKP-! protein. As for the MKP-2
protein, however, AG1478 did not affect its expression
level.

To check the role of MKP-1 as an anti-apoptotic
signal molecule, we constitutively expressed MKP-1 in
PC-9 cells. The cells were iransfected with a vector
directing the expression of MKP-1; and two clones,
M1A4 and MI1B2, were isolated as cell lines over-
expressing MKP-1 (Fig. 5A). Using PC-9 and M1A4
cells, we examined the effect of AGI1478 on the
amounts of dually phosphorylated JNK (Fig. 5B). In
PC-9 cells, AG1478 treatment decreased the expression
of the MKP-1 protein and concomitantly stimulated
the phosphorylation of JNK. However, the expression
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Fig. 4. Effect of AG1478 on phosphorylation of MKK4 and MKK7,
and expression of MKP-1 and MKP-2. A, PC-8 celis were treated
with 500 nM AG1478 for the indicated periods, and cellular lysates
were analyzed by SDS/PAGE and immunoblotting with anti-[phos-
pho SEK1/MKK4 (Ser254/Thr261)] lg and anti-lphospho MKK7
(Ser271/Thr275)] ig, respectively {(upper). «-Tubulin levels were
examined as a control for equal loading {lower). As a control for
MKK4 and MKK7 activation, parallel cultures were treated with
0.5 M sorbitol for 30 min or with 0.5 m sodium chloride for 16 min.
(B) The cellular lysates were prepared at the indicated time points
after AG1478 treatment. Total protein (40 pg) was subjected to
immunoblotting, and the membranes were hybridized with anti-
bodies against MKP-1 (upper} or MKP-2 {middle}. The equal loading
of the samples was checked by Using an antibody against a-tubulin
{lower). The experiments corresponding to {A) and (B) were
repeated three times with similar resuits.

level of MKP-1 in M1A4 cells remained high, in con-
trast to that in PC-9 cells; although MKP-1 expression
was lowered once at 3 hafter AG1478 treatment. JNK
phosphorylation was extremely low in M1A4 cells. The
expression patterns of MKP-1"and phospho-JNK seen
in M1A4 were also observed in M1B2 cells (data not
shown). The results of the JNK kinase assay indicated
that JNK was not activated in M1A4 cells, where the
MKP-1 " expression level ' remained” high ‘even- after
exposure to AG1478 (Fig. 5C).

We next tested whether the expression level of
MKP-1 correlated with sensitivity to AGI478. As
shown in Fig. 6A,B, oveérexpression of MKP-1 resulted
in’ resistance to AG1478. We also examined  whether
AG1478 could activate the effector caspase 3 in M1A4
cells (Fig. 6C). In PC-9 cells, activation of caspase 3
was observed with a maximal increase (480%) at 24 h
after AG1478 treatment; however, in M1A4 cells, only
a slight increase in caspase 3 enzyme activity (28%
and 39% at 12 and 24 h, respectively) was detected.
These results show that the MKP-1 expression level
correlated with the susceptibility to AG1478-induced
apoptosis.
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Fig. 5. Expression-of MKP-1' prevents JNK activation. (A} Cellular
lysates were prepared from parent PC-9 cells and pcMKP1- trans-
fected PC-9.cells (M1A4 and M1B2). The lysates were analyzed by
SDS/PAGE - and immuncblotting with ' specific: antibody against
MKP-1: {upper}. or: a-tubulin: (lower). (B) ' Subconfiuent PC-9 and
M1A4 cells were incubated. with 500.nM-AG1478 for the indicated
times. The cells were then harvested, and equal aliquots of protein
extracts {40 ug per lane) were analyzed for phospho-JNK (upper)
and MKP-1 (lower) by:immunoblotting. Each membrane was rep-
robed. with: JNK  (upper). or an o-tubulin: antibody. {lower}. Similar
results were obtained from three separate experiments. (C) Cell
lysates were prepared from PC-9 and M1A4 cells at the indicated
time points after treatment with 500 nm AG1478. JNK activity was
determined as described in Experimental procedures. The experi-
ments were repeated three times with similar results.

Discussion

Gefitinib, an EGFR-tyrosine kinase inhibitor, has been
reported to inhibit cell survival and proliferation signal-
ing pathways such as MAPK and PtdIns3K/Akt path-
ways [10-13]. Furthermore, some reports have shown
that gefitinib reduces Akt activity only in NSCLC cell
lines, in which it inhibits growth [14,32]. The ErbB fam-
ily of receptor tyrosine kinases includes four members,
namely, the EGFR (ErbB1), ErbB2, ErbB3 and ErbB4.
Among these members, ErbB3 effectively couples to
the PtdIns3K/Akt pathway. Therefore, it is likely that
ErbB3 serves to couple EGFR to the PtdIns3K/Akt
pathway and that ErbB3 expression serves as an effec-
tive predictor of sensitivity to gefitinib in NSCLC cell
lines {14]. In this study, we used PC-9 cells, which are
gefitinib-sensitive human NSCLC cells with a mutation
(delE746-A750) in their EGFR. In these PC-9 cells,
autophosphorylation of EGFR took place independent
of EGF, and it was suppressed by AG1478. Because
AGI1478 inhibited the phosphorylation of multiple
down-stream targets including ERK1/2 in the PC-9
cells, but its effect on Akt phosphorylation was not so
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Fig. 6. Expression of MKP-1 prevents AG1478-induced apoptosis.
A, PC-8, M1A4, and M1B2 cells were incubated with the indicated
concentrations of AG1478 for 48 h, The viability of cells was deter-
mined- by conducting WST-8 assays. The reading: obtained for
untreated cells- was considered as.100% viability. The data pre-
sented are the mean x SD (n = 6). (B) Phase-contrast: photomicro-
graphs were taken 12 and 24 h after incubation. with. 500 nm
AG1478. Scale bar, 100 um. {C) PC-9 and M1A4 cells were treated
with 500 nm AG1478. Lysates were prepared at the indicated time
points after the AG1478 addition and analyzed for caspase 3 activ-
ity by using a fluorometric substrate-based assay. Each point is the
mean of the triplicate samples, and the bar represents the standard
deviation. Similar results were obtained from three separate experi-
ments.
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significant (K. Takeuchi & F. Ito, unpublished data),
intracellular signaling pathways other than PtdIns3K/
Akt could be responsible for the AG1478-induced
apoptosis in PC-9 cells.

Stress stimuli that induce apoptosis, including
UV- and y-irradiation, heat shock, protein synthesis
inhibitors, DNA-damaging agents and the proinflam-
matory- cytokines;- are potent activators of JNK.
Several anti-neoplastic agents such as cisplatin, etopo-
side, camptothecin and taxol, which are also strong
inducers of apoptosis, also activate the JNK pathway
[33]. In this study, we found that AG1478 induced the
activation of "JNK:.in.. PC-9 cells. Furthermore, a
dominant-negative form of JNK efficiently blocked
AGl1478-induced apoptosis. It thus appears that
EGFR-tyrosine kinase inhibitors induce apoptosis in
PC-9 cells via activation of JNK.

ERKI1 and ERK2, also known as p44 and p42
MAPK, respectively, represent the prototypical MAPK
in mammalian cells. ERK MAP kinase catalytic acti-
vation was observed in PC-9 cells, and it was inhibited
by AG1478. Increased phosphorylation of the other
MAPK family member, p38, was also observed at 24 h
after AG1478 treatment; but it was not observed at
12 h when apoptosis could be detected (Figs IA and
2C). Our experiment indicated that neither SB203580
nor PD98059, inhibitors of p38 and ERK1/2, respec-
tively, affected AG1478-induced apoptosis in PC-9
cells. Taken together, our data indicate that JNK, but
not other MAPK family members such as p38 and
ERK1/2, mainly transmits the apoptotic signal of
AG1478 in the PC-9 cells.

JNK signaling can regulate apoptosis both positively
and negatively, depending on the cell type, cellular
context and the nature and dose of treatment [22,23].
Strong and sustained JNK activation is predominantly
associated with induction. or enhancement of apopto-
sis, whereas transient JNK activation can result in cell
survival [23,24]. AG1478 induced strong and sustained
JNK activation in PC-9 cells (Fig. 2A,B). This finding
strengthens the possibility that JNK is a mediator of
the apoptotic action of AG1478.

JNK activity in cells is tightly controlled by both
protein kinases such as MKK4 or MKK7 and protein
phosphatases such as MKPs. MKP-1, the first member
of the MKP family to be identified as an ERK-specific
phosphatase, is also able to inactivate JNK and p38
[34-38].. MKP-1 is an immediate-early gene whose
expression is regulated by mitogenic, inflammatory
and DNA-damaging stimuli [39-41]. In this study,
we observed no activation of MKK4 or MKK?7 in
AG1478-treated PC-9 cells (Fig. 4A). However, the
expression level of MKP-1, but not that of MKP-2,
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was significantly decreased by the AGI1478 treatment
(Fig. 4B), indicating that JNK activity in the PC-9
cells may be regulated by MKP-1. Another member of
the dual-phosphatase family of proteins, MKP-2 shows
a 60% sequence homology to MKP-1, and also similar
substrate specificity [42]. However, the expression level
of MKP-2 was not affected by AGI1478 treatment,
indicating that the expression of MKP-1, but not that
of MKP-2, is controlled by signals via EGFRs.

Brondello et al. reported that activation of the ERK
cascade is sufficient to promote the expression of
MKP-1 and MKP-2 [43]. It has also been suggested
that MKP-1 expression is regulated by ERK-dependent
and -independent signals [44]. Because the ERK inhibi-
tor PDY8059 did not affect MKP-1 expression or acti-
vation of JNK in PC-9 cells (K. Takeuchi & F. Ito,
unpublished data), MPK-1 expression in PC-9 cells
may be controlled in an ERK-independent manner.
Recently, Ryser ef al. reported that MKP-1 transcrip-
tion is regulated in the transcriptional elongation step:
under basal conditions, a strong block to elongation in
the first exon regulates MKP-1 gene transcription [45].
Thus, EGFR-mediated signals may overcome this
block to stimulate MKP-1 gene transcription in PC-9
cells. Another possible mechanism responsible for
EGFR-mediated enhancement of MKP-1 expression is
that MKP-1 degradation via the ubiquitin-proteasome
pathway is suppressed by EGFR activation. In fact,
some research groups have reported that the expression
level of MKP-1 is controlled via the ubiquitin-protea-
some pathway [46,47]. Our preliminary experiment also
indicated that AG1478-induced MKP-1 degradation
was suppressed in the presence of proteasomnie inhibitors
such as MG-132 and ALLN (K. Takeuchi & F. Ito,
unpublished data).

Gene disruption studies demonstrate that JNK is
required for the release of mitochondrial proapoptotic
molecules (including cytochrome ¢) and apoptosis in
response to UV radiation [48]. Bax and Bak (members
of the proapoptotic group of multidomain Bel-2-related
proteins) are essential for the JNK-stimulated release of
cytochrome ¢ and apoptosis [49]. Other studies have
shown that 14-3-3 proteins are direct targets of JNK
and that phosphorylation. of 14-3-3 proteins by JNK
results- in. dissociation of Bax from. 14-3-3 proteins,
leading to apoptosis [50]. Because translocation of Bax
to mitochondria was observed in° AG1478-treated PC-9
cells (K. Takeuchi & F. Ito, unpublished data), AG1478
may exert its apoptotic actions, at least in part, by pro-
moting the translocation of Bax to mitochondria.

Some reports have shown that the activation of the
Fas/FasL system may be one of the mechanisms
responsible for drug-induced apoptosis in a variety of

JNK activation is critical for AG1478-induced apoptosis

cancer cells of different histotype [51]. Chang et al.
recently reported that an increase in Fas protein
expression might be the molecular mechanism by
which gefitinib induces apoptosis in lung cancer cell
lines [52]. Furthermore, it has been reported that
c-Jun-dependent FasL expression plays a critical role
in the induction of apoptosis by genotoxic agents [53].
To understand the causal relationship between JNK
activation and AG1478-induced apoptosis, we need to
study whether AG1478 induces the expression of Fas
or FasL in PC-9 cells.

Overexpression of MKP-1 inhibited the AG1478-
induced JNK activation and also AG1478-induced
apoptosis. These results indicate that there is a link
between the decreased MKP-1 activity and AG1478-
induced apoptosis: MKP-1 expression is controlled by
signals downstream of EGFR, and it is downregulated
in the presence of an inhibitor of EGFR tyrosine
kinase. This downregulation could be followed by
JNK activation, triggering the apoptosis pathway.

Understanding the molecular basis of responsiveness
to gefitinib is important to identify patients who will
have a positive response to this drug. The EGFR gene
in tumors from patients with gefitinib-responsive lung
cancer was recently examined for mutations, and clus-
tering of mutations was detected in the part of the
gene encoding the ATP-binding pocket. Screening for
such mutations may identify patients who will have a
positive tesponse to the drug. However, this study
showed that NSCLC cell line PC-9 was dependent on
the MKP-1/JNK pathway for its growth and survival.
Thus, sensitivity to gefitinib may be predicted from the
detailed analysis of the MKP-1/JNK pathway as
described in this study. Although the MKP-1 level in
normal cells is low, an increased level of MKP-1 has
been found in human ovarian, breast, and prostate
cancer [54-56]. Our results suggest that MKP-1 may
be a candidate drug target in order to optimize
gefitinib-based. therapeutic protocols.

Experimental procedures

Materials

EGF (ultra-pure) from mouse submaxillary glands was pur-
chased from Toyobo Co., Ltd (Osaka, Japan). Fetal calf
serum came from Gibco (Grand Island, NY, USA). Phenyl-
methanesulfonyl fluoride, pepstatin A, aprotinin and
leupeptin were obtained from Sigma (St Louis, MO, USA).
RPMI-1640 medium was from Nissui Pharmaceutical Co.,
Ltd (Tokyo, Japan). Antibodies used and their sources were:
ERK1/2 (pT202/pY204) phospho-specific antibody (clone
20A), JNK(pT183/pY185) phospho-specific antibody
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(clone 41), p38 MAPK (pT180/pY 182) phospho-specific anti-
body (clone 36), p38a antibody (clone 27), MKP2 antibody
(clone 48) and pan-JNK/SAPK1 antibody (clone 37), from
BD Transduction Laboratories (San Jose, CA, USA); MKP-1
antibody (C-19), from Santa Cruz Biotechnology (Santa
Cruz, CA, USA); a-tubulin antibody (clone B-5-1-2) and
MAP kinase antibody, from Sigma; phospho-SEK1/MKK4
(Ser254/Thr261) antibody and phospho-MKK7 (Ser271/
Thr275) antibody, from Cell Signaling Technology (Danvers,
MA, USA); swine horseradish peroxidase (HRP)-linked anti-
rabbit Ig, from DAKO (Glostrup, Denmark); and sheep
HRP-linked anti-mouse Ig, from GE Healthcare UK Ltd
(Amersham, UK). Plasmid pcMKP! was generated from
Homo sapiens dual-specificity phosphatase 1 ¢cDNA, MGC
clone (ID 4794895) purchased from Invitrogen (Carlsbad,
CA, USA). The MGC clone had been cloned into pBlu-
scriptR. This clone was digested with Aval, treated with T4
DNA polymerase, ligated to the pcDNA 3.1 mammalian
expression vector (Invitrogen) prepared by digestion with
EcoRV and treated with calf intestinal phosphatase to
produce pcMKP1. Plasmid DNA was prepared by standard
techniques (Qiagen Plasmid Midi Kit). pBabePuro, a puromy-
cin-resistant vector, was kindly provided by K. Shuai (UCLA,
USA). pcDL-SRu296JNK 2(VPF), a dominant-negative JNK
expression vector, was kindly donated by E. Nishida (Kyoto
University, Japan).

Cell culture and transfection

Human non-small cell lung cancer cell line PC-9 was
cultured to subconfluence in RPMI-1640 medium
supplemented with 5% fetal calf serum and used for all of
the experiments. PC-9 cells were plated 24 h before
transfection and co-transfected with 8.5 pg of pcDL-SRa
296JNK2(VPF) or pcMKP-1 and 1.5 pg of pBabePuro by
using the Lipofectamine reagent, and the transfected cells
were selected by exposure to 2.5 mg of puromycin (Sigma)
per mL of medium for 3 weeks. Empty vector and pBabeP-
uro were used for co-transfection as a negative control. The
expression of JNK protein ‘and MKP-1" protein’ were
verified by immunoblot analysis using  anti-(pan-JNK/
SAPK! aa264-415) and anti-(MKP-1) (Santa Cruz Biotech-
nology), respectively.

Determination of cell viability

The anti-proliferative effect of AG1478 on PC-9 cells was
assessed by using a Cell Counting Kit-8 (DOJIN, Kumam-
oto, Japan) according to- the manufacturer’s instructions.
The Cell Counting Kit-8 is a colorimetric method in which
the intensity of the dye is proportional to the number of
the viable cells. Briefly, 200 gL of a suspension of PC-9
cells was seeded into each well of a 96-well plate at a den-
sity of 2000 cells'well™'. After 48 h, the culture medium was
replaced with 100 puL. of AG1478 solution at various con-
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centrations, After incubation for 48 h at 37 °C, 10 uL of
WST-8 solution was added to each well, and the cells were
incubated for a further 40 min at 37 °C. A5, was measured
using a Bio-Rad microplate reader model 550. Each experi-
ment was performed by using six replicate wells for each
drug concentration and was carried out independently three
times.

Preparation of cellular lysates and
immunoblotting

Preparation of cellular lysates and immunoblotting were
performed as described previously [57]. Briefly, cells were
lysed with buffer A (20 mmM Tris/HCl, pH 7.4, containing
137 mM NaCl, 2 mm EGTA, 5 mm EDTA, 1% Nonidet
P-40, 1% Triton X-100, 100 pygmL™" phenylmethanesul-
fonyl fluoride, 1 pgmL~" pepstatin A, | pgmL™' p-toluene-
sulfonyl-L-arginine methyl ester, 2 pg'mL™"' leupeptin, 1 mm
sodium orthovanadate, 50 mM sodium fluoride and 30 mMm
Na,P,0,). Lysates were then incubated on ice for 30 min,
and the insoluble material was cleared by centrifugation.
Samples were normalized for protein content and separated
by SDS/PAGE, after which they were transferred to an
Immobilon-P membrane (Millipore, Bedford, MA, USA)
for immunoblotting with antibodies.

Caspase 3 activity assay

Caspase activity was assayed as described previously [57].
Briefly, cells were lysed with buffer A, and the protein con-
centration in each sample was adjusted to 100 pg:50 pL™"
of buffer A. Fifty microliters of 2x Reaction Buffer (0.2 M
Hepes/NaOH, pH 74, containing 20% sucrose, 0.2%
Chaps and 1 mM dithiothreitol) was added to each sample,
which was then incubated with Z-DEVD-AFC substrate
(50 pM final concentration) at 37 °C for 1 h. The samples

* were read in a fluorometer (VersaFluor; Bio-Rad) equipped

with a 340-380 nm excitation filter (EX 360/40) and 505-
515 nm emission filter (EM 510/10).

JNK assay

PC-9 cells were cultured in RPMI-1640 supplemented with
5% fetal calf serum at a density of 6.0 x 10° per 100 mm
dish for 2 days and thenassayed for JNK' activity. JNK
assays’ were performed- by using a SAPK/JNK Assay kit
(Cell Signaling Technology) according to the manufac-
turer’s ‘specifications. In brief, after various times of treat-
ment with AG1478, adherent cells and floating cells were
harvested by centrifugation and washed once in NaCl/P;
Subsequently, the cells were lysed with lysis buffer (consist-
ing of 20 mM Tris/HCl, pH 7.4, containing 150 mM NaCl,
1 mM EDTA, 1 mMm EGTA, 1% Triton X-100, 2.5 mM
Na P07, 1 mM B-glycerophosphate, 1 mM Naz;VO,, 1 nM
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deltamethrin, 180 nM nodularin, 100 pgmL™' phenyl-
methanesulfonyl fluoride, 25 ug'mL™" aprotinin, 25 pg-mL™"
leupeptin and 25 ugmL™' pepstatin), and scraped into
microcentrifuge tubes. Extracts were prepared by sonicating
each sample on ice (BRANSON SONIFIER 250, Danbury,
CT, USA), and insoluble material was removed by micro-
centrifugation. Soluble fractions were mixed with 2 pg glu-
tathione S-transferase-c-Jun (1-89) agarose beads (Cell
Signaling Technology) and rotated overnight at 4 °C.
JNK-—c-Jun complexes were collected and washed with lysis
buffer followed by kinase buffer, consisting of 25 mm
Tris/HCl, pH 7.5, 5 mM B-glycerophosphate, 2 mm Cle-
land’s reagent, 0.1 mM Na;VO, and 10 mM MgCl,. The
in vitro kinase reaction was initiated by the addition of
kinase buffer containing 100 uM ATP, samples were incu-
bated at 30 °C for 45 min, and reactions were terminated
by the addition of SDS sample buffer and heating to 95 °C
for 5 min. Phosphorylated c-Jun was detected by western
blotting using a phospho-specific c-Jun antibody (Cell Sig-
naling Technology).

Hoechst- Pl staining

For the study of nuclear morphologic changes induced by
AG1478, PC-9 cells were seeded on coverslips, grown to
sub-confluence, and treated with AG1478 for the desired
times. After fixation with formalin solution, the cells were
stained with 10 uM Hoechst33342 and 10 uM PI in 5% fetal
calf serum/RPMI. Coverslips were mounted on slides by
using Dakocytomation Fluorescent Mounting Medium
(DAKO) and observed under a fluorescence microscope
(Axioskop; Carl Zeiss, Jena, Germany).
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RPN2 gene confers docetaxel resistance in breast cancer

Kimi Honma®2, Kyoko Iwao-Koizumi®, Fumitaka Takeshita!, Yusuke Yamamoto!, Teruhiko Yoshida?,
Kazuto Nishio®, Shunji Nagahara®, Kikuya Kato® & Takahiro Ochiya

Drug resistance acquired by cancer cells has led to treatment failure. To understand the regulatory network underlying docetaxel
resistance in breast cancer cells and to identify molecular targets for therapy, we tested small interfering RNAs (siRNAs)
against 36 genes whose expression was elevated in human nonresponders to docetaxel for the ability to promote apoptosis

of docetaxel-resistant human breast cancer cells (MCF7-ADR cells). The results indicate that the downregulation of the gene
encoding ribopholin Il (RPN2), which is part of an N-oligosaccharyl transferase complex, most efficiently induces apoptosis of
MCF7-ADR cells in the presence of docetaxel. RPN2 silencing induced reduced glycosylation of the P-glycoprotein, as well as
decreased membrane localization, thereby sensitizing MCF7-ADR cells to docetaxel. Moreover, in vive delivery of siRNA specific
for RPN2 markedly reduced tumor growth in two types of models for drug resistance. Thus, RPN2 silencing makes cancer

cells hypersensitive response to docetaxel, and RPN2 might be a new target for RNA interference-based therapeutics against

drug resistance.

Breast cancer is the most common malignancy in women.
Either neoadjuvant or adjuvant chemotherapy administered to sub-
jects with stage 1-3 breast cancers can improve their survival rates!=>,
Among chemotherapeutic agents, docetaxel, which belongs to the
group of taxanes (mitotic inhibitors and antimicrotubule agents), has
been shown to have well-established benefits in breast cancer?.
The response rate to docetaxel, however, is 50% even in first-line
chemotherapy, and it decreases to 20-30% in second- or third-line
chemotherapy®™7; nearly half of the treated subjects do not respond
to. it and suffer side effects. There is currently no method to
reliably predict tumor responses to docetaxel before therapy or to
detect when resistance or hypersensitivity develops. Therefore,
the identification of molecular biomarkers in docetaxel-resistant
breast cancer that could help in a more accurate assessmentof
individual treatment and the development of molecular-target
therapies that could lead to better tumor reduction are of
considerable interest.

It has been reported that the expression of the multidrug transpor-
ter P-glycoprotein, encoded by the MDRI gene (official gene symbol
ABCBI), is one of the causes of clinical drug resistance to taxanes®’.
Other molecules, such as the multidrug resistance-associated protein
MRP11031 breast cancer resistance protein (ABCG2) and other
transporters!?, which act as energy-dependent efflux pumps capable
of expelling a large range of xenobiotics, and GSTpi, which is one of
the isoenzymes of the glutathione-S-transferase (GST)!*>1%, have been
extensively reported to be overexpressed in tumor cells showing the
multidrug-resistant phenotype. It was recently shown that high

thioredoxin expression is associated with resistance to docetaxel in
breast cancer'6?. These molecules might be clinically useful in the
prediction of a response to anticancer drugs. Currently, however, none
have proven to be specific target molecules for increasing the efficacy
of chemotherapy in breast cancer.

To better understand the regulatory network underlying docetaxel
resistance in breast cancer cells and to identify molecular targets
for therapy, we initiated gene expression profiling of 44 subjects
with breast tumors (22 responders and 22 nonresponders) by adap-
tor-tagged competitive PCR!® to identify the genes capable of
predicting a docetaxel response in human breast cancer and reported
the preliminary results of 85 genes whose expression potentially
correlated with docetaxel resistances. In the current study, we
used an atelocollagen-based siRNA cell transfection array!®?® to
identify the genes responsible for conferring drug resistance. Among
the siRNAs targeting genes that were elevated in nonresponders to
docetaxel, siRNA designed for RPN2 (RNP2 siRNA) significantly
proimoted docetaxel-dependent apoptosis and cell growth inhibition
of MCF7-ADR human breast cancer cells that are resistant to
docetaxel. Furthermore, atelocollagen-mediated in vivo delivery of
RPN2 'siRNA' significantly reduced drug-resistant tumor growth
in mice given docetaxel. RPN2 confers drug resistance via the
glycosylation” of P-glycoproteins and regulates antiapoptotic genes.
Thus, RPN2 siRNA introduction hypersensitizes cancer cell response
to chemotherapeutic agents, making RPN2 a potential key target for
future RNA interference (RNAi)-based therapeutics against a drug-
resistant tumor.

18ection for Studies on Metastasis, Japanese National Cancer Center Research Institute, 1-1, Tsukiji, 5-chome, Chuo-ku, Tokyo 104-0045, Japan. 2Koken Bioscience
Institute, KOKEN, 2-13-10 Ukima, Kita-ku, Tokyo 115-0051, Japan. 3Research Institute, Osaka Medical Center for Cancer and Cardiovascular Diseases, 1-3-2
Nakarichi, Higashinari-ku, Osaka 537-8611, Japan. 4Genetics Division and SPharmaceutical Division, Japanese National Cancer Center Research Institute, 1-1,
Tsukiji, 5-chome, Chuo-ku, Tokyo 104-0045, Japan. ®Dainippon Sumitomo Pharma, 3-45, Kurakakiuchi, 1-chome, Ibaraki, Osaka 567-0878, Japan. Correspondence

should be addressed to T.0. (tochiya@ncc.go.jp).

Received 2 March; accepted 10 July; published online 17 August 2008; doi:10.1038/nm.1868

NATURE MEDICINE ADVANCE ONLINE PUBLICATION



@ © 2008 Nature Publishing Group http://www.nature.com/naturemedicine

ARTICLES

RESULTS

RNAi-based screening for identification of molecular target

As an extension of our previous strategy of analyzing docetaxel
resistance in breast cancer cells and of identifying molecular targets
for therapy'$, we conducted a study of RNAj-induced gene knock-
down in docetaxel-resistant MCF7-ADR human breast cancer cells.
Among the 85 genes listed!S, 61 genes that are potentially targets for
siRNA strategy were upregulated in human nonresponders. We
selected 36 genes with more than a 0.365 signal-to-noise ratio and
successfully designed and synthesized siRNAs specific to these genes
(Table 1). The siRNAs were conjugated to atelocollagen and arrayed
on a 96-well microplate. Then, MCF7-ADR cells expressing the
luciferase gene (MCF7-ADR-Luc) were seeded into the microplate
(the target validation process by cell transfection array is schematically
shown in Supplementary Fig. 1 online.). To evaluate the efficiency of
the atelocollagen-mediated cell transfection array, we used GL3 siRNA
against the gene encoding luciferase. Atelocollagen-mediated GL3
siRNA delivery caused an approximate 75% reduction of the luciferase
activity in MCF7-ADR-Luc cells relative to the control nontargeting
siRNA. (data not shown). To identify the genes responsible for
docetaxel resistance, we assessed siRNAs for their ability to inhibit

cell growth and induce apoptosis in the presence of docetaxel
compared with the control nontargeting siRNA. We measured cell
growth by luciferase activity and examined apoptosis by caspase-7
activation. The results indicated that the downregulation of eight
genes (PTPLB, GSTP1, TUBB, RPN2, SQRDL, NDUFS3, PDCD5 and
MRPL]7) resulted in marked inhibition of cell growth (P < 0.05,
Fig. 1a). Induction of apoptosis was evidenced in cells by down-
regulation of six genes (PTPLB, APRT, CFLI, RPN2, SQRDL and
MRPL17; P < 0.05, Fig. 1b). In particular, RPN2 siRNA strongly
enhanced caspase-7 activity in the presence of docetaxel (P < 0.001,
Supplementary Fig. 2a online). We validated these results by counting
Hoechst-stained cells showing apoptotic nuclear condensation and
fragmentation (Fig. 2a) and found that there was a significantly higher
apoptotic cell death rate in cells given RPN2 siRNA and docetaxel
relative to that in cells given RPN2 siRNA alone (P < 0.02, Fig. 2b).
No- significant - difference was observed in cells with nontargeting
control siRNA (Fig. 2b). At 72 h after treatment with siRNA and
docetaxel, there was substantial cell death induced by RPN2 siRNA
compared with the control nontargeting siRNA (Fig. 2c). At 96 h after
the transfection, almost all RPN2 siRNA~treated cells were detached
and disappeared from the culture dishes.

Table 1 The list of 36 genes whose expression is elevated in nonresponders to docetaxel in subjects with breast cancer

No Gene Description Accession number
1 UFM1 Ubiquitin-fold modifier 1 BC005193
2 PTPLB Protein tyrosine phosphatase-like (proline instead of catalytic arginine), member b AF052159
3 S100A10 $100 calcium binding protein A10 M38581

4 APRT Adenine phosphoribosyltransferase YO0486

5 CFL1 Cofilin-1 (non-muscle) X95404

6 GSTP1 Glutathione S-trarisferase pi 1 M24485

7 HSPAS Heat shock 70 kDa protein 5 {glucose-regulated protein, 78 kDa) M19645

8 GNB2L1 Guanine nucleotide binding protein (G protein), § polypeptide 2 like 1 M24194

9 TUBB Tubulin, B BC0O01002
10 Mx1 Myxovirus (influenza virus) resistance 1, interferon-inducible protein p78 (mouse) M33882
11 cox7¢ Cytochrome ¢ oxidase subunit Vlic BC0O01005
12 RPN2 Ribophorin I Y00282
13 DYNLL1 Dynein, light chain, LC8-type 1 U32944
14 FXR1 Fragile X mental retardation, autosomal homolog 1 U25165
15 SQRDL Sulfide quinone reductase-like (yeast) AF151802
16 NDUFS3 NADH dehydrogenase {ubiquinone) Fe-S protein 3, 30 kDa (NADH-coenzyme Q reductase)} AL135819
17 EST ESTs AL358933
18 C190rf10 Chromosome 19 open reading frame 10 BCO0363%9
19 ATP5E ATP synthase, H* transporting, mitochondrial F1 complex, & subunit AF052955
20 PDCD5 Programmed cell death 5 AF014955
21 CLPTMIL CLPTM1-like AL137440
22 PPPIR14B Protein phosphatase 1, regulatory (inhibitor) subunit 148 X81195
23 MRPL17 Mitochondrial ribosomal protein L17 AK026857
24 TUBAIB Tubulin, «lb ' BC006481
25 IFlI6 Interferon, a-inducible protein 6 X02492
26 GAPDH Glyceraldehyde-3-phosphate dehydrogenase AF261085
27 SLC25A3 Solute carrier family 25 (mitochondrial carrier; phosphate carrier), member 3 BC006455
28 MAD2LZ MAD2 mitotic amrest deficient-like 2 {yeast) AF157482
29 CTNNB1 Catenin {cadherin-associated protein), B1, 88 kDa X87838
30 CALR Calreticulin M84739
31 MRPS6 Mitochondrial ribosomal protein S6 BC000547
32 ANGPTL2 Angiopoietin-like 2 AF007150
33 RPL38 Ribosornal protein L.38 226876
34 ANAPC7 Anaphase promoting complex subunit 7 AY007104
35 ENOI Enolase 1, (o) BC004325
36 ALDHZ2 Aldehyde dehydrogenase 2 family (mitochondrial) M20456
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However, the expression of other genes was also found to correlate
with docetaxel resistance by RNAi-based screening, and they could
have some possible additive or synergistic effects with RPN2.. Thus; we
examined the induction of apoptosis after cotransfection: of RPN2
siRNA and siRNAs against other genes that caused cell growth
inhibition, ~apoptosis “induction or both in docetaxel-resistant
MC7-ADR - cells. ' Knockdown " of PTPLB, APRT, CFL1, GSTPI,
TUBB; SQRDL, NDUFS3, PDCD5 or MRPL17 genes with simulta-
neous knockdown of RPN2-did not significantly enhance caspase-7
activity relative to the knockdown of RPN2 alone (Supplementary
Fig. 2b). This result shows that knockdown of the other genes
does not have an additive effect when used together ‘with knock-
down of RPN2.

We confirmed the efficacy of RPN2 siRNA for the knockdown of
RPN2 messenger RNA by cell-direct real-time RT-PCR analysis. This
analysis revealed that RPN2 siRNA inhibited 80% of the mRNA level
relative to the control nontargeting siRNA (Fig. 2d).. Immunofluor-
escence staining of the RPN2 protein revealed that the RPN2 protein
localized in the cytoplasm and its expression was decreased by RPN2
siRNA (Fig: 2e): In further experiments, a liposome-mediated RPN2
siRNA transfection was performed. The western blot analysis showed a
45% reduction in RPN2 protein abundance (90% reduction of mRNA
by real-time RT-PCR analysis) by RPN2. siRNA transfection.in
comparison with the control nontargeting siRNA (Fig. 2f). These
results suggest that downregulation of RPN2 expression by siRNA
inhibits cell growth and induces apoptosis in the presence of docetaxel.

ARTICLES

Figure 1 RNAi cell transfection array analysis in cultured breast cancer
cells. (a) Inhibition of ceil growth by 36 siRNAs on atelocollagen-based

cell transfection arrays in the presence of docetaxel (1 nM) 72 h after
transfection. The cell growth was estimated by luciferase activity in
MCF7-ADR-Luc cells, which stably express luciferase (n = 4 per group;

*P < 0.05, **P < 0.01). (b) Activation of caspase-7 by 36 siRNAs on
atelocollagen-based cell transfection arrays in the presence of docetaxel

(1 nM) 72 h after transfection. After the detection of luciferase activity, the
same cell transfection arrays were assigned to the measurement of caspase-
7 activity, which is elevated in apoptotic MCF7-ADR-Luc cells (n = 4 per
group; *P < 0.05, **P < 0.01). Values are means = s.d.

In addition, we established stable clones expressing short hairpin RNA
(shRINA) against RPN2 (shRNP2) and examined the effect on apop-
tosis induction in MCF7-ADR cells. The clone that expressed the
lowest RPN2 mRNA level showed a 70% reduction of RPN2 expres-
sion relative to the control clone (P < 0.001, Supplementary Fig. 2¢),
and this shRPN2 clone showed a high caspase-7 activity as compared
to the control clone in the presence of docetaxel (P < 0.001,
Supplementary Fig. 2d). We examined seven independent clones
and found that they all showed a similar phenotype of increasing
drug sensitivity (data not shown). Therefore, consistent with our
results with synthetic RPN2 siRNA, the data from the shRPN2
experiments provide evidence for the involvement of RPN2 in
drug resistance.

To evaluate the effect of RPN2 siRNA on the drug response of
MCF7-ADR cells, we measured the half-maximal inhibitory concen-
tration (ICsg) for taxanes. The ICs, values for docetaxel in MCF7
and MCF7-ADR cells were 9.48 + 1.48 nM and 40.22 + 5.14 nM,
respectively (P < 0.001). RPN2 siRNA-transfected MCF7-ADR
cells were 3.5-fold more. sensitive to docetaxel compared with non-
targeting siRNA~transfected cells (ICsy of 11.47 + 1.97 nM versus
39.48 + 2.98 nM, P < 0.001). Thus, RPN2 silencing makes MCF7-
ADR cells sensitive to docetaxel to a degree similar to that in
drug-sensitive MCF7 cells. For paclitaxel, another taxane, the 1Csp
values in MCF7 and MCF7-ADR cells were 13.00 + 2.02 nM and
89.74 * 3.43 nM, respectively (P < 0.001).. RPN2 siRNA-transfected
MCF7-ADR cells were 2.6-fold more sensitive to paclitaxel compared
with nontargeting siRNA~transfected cells (ICsq of 32.92 + 3.89 nM
versus 84.39 + 548 nM, P < 0.001). These results indicate that
RPNZ silencing bestows a hypersensitive response to taxanes to drug-
resistant breast cancer cells.

In addition, we examined docetaxel-resistant EMT6/AR10.0 cells
with high expression of the mouse Rpn2 gene and the Mdr1 (Abcblb)
and Mdr3 (Abcbla) genes, which reportedly have a similar role in drug
resistance to that of the MDRI gene in humans, to see whether they
have ‘a similar phenotype to MCF7-ADR cells in terms of RPN2
expression status and drug resistance. The siRNA-mediated knock-
down of mouse Rpn2 (70% reduction of mRNA by real-time RT-PCR
analysis) significantly induced apoptosis of cells in the presence of
docetaxel (Supplementary Fig. 2e-g). In contrast, nontargeting con-
trol siRNA showed no effect (Supplementary Fig. 2e-g). Therefore,
these results suggest that RPN2 confers docetaxel resistance to both
human and mouse cell lines.

Induction of RPN2 expression by docetaxel treatment

Real-time RT-PCR analysis showed that docetaxel-resistant MCF7-
ADR cells expressed a slightly increased level of RPN2 mRNA
(approximately 20%, P < 0.01) relative to parental MCF7 cells
(Fig. 3a). However, RPN2 mRNA expression in parental MCF7 cells
was markedly induced by docetaxel in a dose-dependent manner at
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48 h after treatment (Fig. 3b). These data indicate that RPN2 mRNA
induction may correlate with the observed antiapoptotic phenotype of
MCF7-ADR cells,

Furthermore, MCF7-ADR cells expressed abundant MDR1 mRNA,
which is a major cause of docetaxel resistance, whereas docetaxel-
sensitive MCF7 cells did not (Fig. 3¢). Additionally, MDR1 mRNA
expression in MCF7 cells was strongly induced by docetaxel at 48 h
after treatment (Fig. 3d). Together, these data provide a new insight
into the development of docetaxel resistance in MCF7 cells: when
breast cancer cells coordinately express a high amount the of MDRI
and RPN2 gene products, the cells become drug-resistant.

RPN2 expression associates with response to docetaxel

In this study, subjects with breast cancer with complete response and
partial response were defined as responders, whereas subjects with no
change and progressive disease were defined as nonresponders, in
accordance with World Health Organization criteria!é (Supplemen-
tary Note online).

Of the 44 subjects, 22 showed a pathologic response to docetaxel,
and the other 22 showed no response!®. To understand the clinical
importance of the status of RPN2 expression in the subjects, we
compared the expression level (signal log ratio) for RPN2 transcript
between nonresponder and responder subjects by the Mann-Whitney
U-test. The subjects with higher RPN2 expression showed a signifi-
cantly lower response rate to docetaxel than did those with relatively
low expression of RPN2 (signal log ratio expressed as mean + s.e.m. in
nonresponders was 0.347 + 0.062 versus 0.111 % 0.052 in responders;
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Figure 2 Apoptosis of MCF7-ADR cells transduced with RPN2 siRNA. (a) Hoechst staining of cells in
the presence or absence of docetaxel (Doc, 1 nM) 72 h after the transfection of RPN2 siRNA. Scale
bar, 50 pm: The arrows indicate cells with nuclear condensation and fragmentation. (b) Numbers of
apoptotic cells from a. The data show the percentage of apoptotic cells in the presence or absence of
docetaxel (1 nM) 72 h after the transfection of RPN2 siRNA. As a control, nontargeting control siRNA
was used (n = 4 per group, *P < 0.02). (¢) Phase-contrast micrograph of MCF7-ADR cells 72 h after
treatment with RPN2 siRNAs or control nontargeting siRNAs in the presence of docetaxel. Scale bar,
200 um. (d) Knockdown of RPN2 mRNA by RPN2 siRNA in a cell transfection array, as monitored by
cell-direct real-time RT-PCR analysis. As a control, nontargeting siRNA was used (n = 4 per group,
*P < 0.001). (e) Immunofluorescence staining of the RPN2 protein in MCF7-ADR cells 72 h after
treatment with RPN2 siRNAs or control nontargeting siRNAs. Scale bar, 5 um. {f} Western blot analysis
of RPN2 protein in MCF7-ADR cells treated with RPN2 siRNAs or control nontargeting siRNAs 72 h

after the liposome-mediated transfection. Values are means  s.d.
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P = 0.0052). Thus, there is a significant association of RPN2
expression with the pathologic response to docetaxel. Although the
data are not shown, RPN2 mRNA expression was significantly
increased in cancerous tissues compared to that in normal tissues.
Furthermore, we also assessed validated sets of new samples from
26 subjects with breast tumors (12 responders and 14 nonresponders).
The expression of RPN2 was higher in nonresponders than in
responders (nonresponders, 0.240 * 0.066, versus responders,
0.025 £ 0.194). Because of the small sample size in the validation
set, we have not obtained conclusive results at this time. We are
currently seeking larger samples that will be tested in the near future.
However, when we combined studies with subjects in the learning and
validation sets, RPN2 expression was significantly higher in non-
responders (34 subjects) than in responders (36 subjects) (nonrespon-
ders, 0.306 £ 0.046, versus responders, 0.080 £ 0.075; P = 0.0219).

Downregulation of RPN2 in orthotopic breast tumors

To extend our in vitro findings and to determine whether RPN2 could
be an effective therapeutic target for docetaxel-resistant breast cancer,
we examined the effect of RPN2 siRNA on an animal model of breast
tumors by orthotopically implanting MCF7-ADR cells into mice and
using an atelocollagen-mediated in vivo siRNA delivery?t?2, We
injected the RPN2 siRNA or nontargeting control siRNA (1 nmol
per tumor) with 0.5% atelocollagen in a 200 pl volume into
tumors that had reached 4-5 mm in diameter 7 d after inoculation
of MCF7-ADR cells. At the time of siRNA administration, docetaxel
was intraperitoneally (i.p.) injected into the mice. Subsequent tumor
development was monitored by measuring the
tumor size for a week. Mice that had been
administered the RPN2 siRNA-atelocollagen
complex and docetaxel (20 mg kg ip.)
showed a significant decrease in tumor size
(mean + s.d;; day 0,52 + 8 mm>; day 7,21 £
8 mm?) relative to mice that had been ad-
ministered the control nontargeting siRNA—
atelocollagen (day 0, 37 + 7 mm? day 7,
35 £ 12 mm® P < 0.01) (Pig. 4a). The
tumor size was markedly reduced by admin-
istration of RPN2 siRNA with docetaxel at 7 d
after treatment (Fig. 4b). In. the absence of
docetaxel;,, RPN2 siRNA treatment slightly
reduced MCF7-ADR tumor size relative to
controls; however, there were no statistically
significant differences (Supplementary Fig. 3a
online). We also observed that docetaxel alone
had no significant effect on tumor growth
(Supplementary Fig. 3a). Furthermore, no
significant  differences. . were.. observed in
tumor growth between mice treated with
control nontargeting siRNA and untreated
mice in the presence or in the absence of
docetaxel (data not shown). Thus, RPN2
siRNA is useful for reducing the size of
orthotopic MCF7-ADR breast tumors in
the presence of docetaxel. Additionally, to
evaluate the effect of sustained treatment
with siRNA, we treated mice with tumors
twice by injection of siRNA-atelocollagen
complex. RPN2 siRNA or nontargeting con-
trol siRNA (1 nmol per tumor) were injected
into the tumors (diameter, 4 mm) at days 0
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and 10. Simultaneously, docetaxel (20 mg kg™ i.p.) was injected into
the mice. We observed the mice for 20 d. Mice that had been given
RPN2 siRNA and docetaxel showed significantly suppressed tumor
growth relative to the mice that were administered control nontarget-
ing siRNA ‘at day 20 after the treatment (P < 0.05, Supplementary
Fig. 3b,c). Mice showed 1o toxic effect during the observation period.

Farthermore, we - examined the ‘effect of RPN2 siRNA on a
second animal model of breast tumors by orthotopically implanting
MDA-MB-231/MDRI cells. First, we established an MDA-MB-231/
MDRI1 cell line, which expresses the MDRI gerie inducing docetaxel
resistance. In this study, MDRI expression is a key factor, because we
are proposing that the coordinate ~expressions of RPN2 ‘and
P-glycoprotein may participate in the mechanism of docetaxel resis-
tance. We injected the RPN2 siRNA or nontargeting ‘control siRNA
(2 nmol per tumor) with 0.5% atelocollagen ina 200 pl volume into
tumors that were 5-6 mm in diameéter 8 ‘d after inoculation of
MDA-MB-231/MDRI cells. At the same time of siRINA administra-
tion, we injected docetaxel i.p. into the mice. Because docetaxel at a
dose of 20 mg kg™! in mice slightly suppressed MDA-MB-231/MDR1
tumor growth, we reduced the dose of docetaxel to 7 mg kg™,
corresponding to the ICsp ‘value of docetaxel in’ MDDA-MB-231/
MDRI cells, which was 35% of that of MCF7-ADR cells. At a dose
of 7 mg kg™! docetaxel, mice treated with docetaxel alone showed no
significant change in tumor growth. Subsequent tumor development
was monitored by measuring the tumor size for a week. Mice that had
been administered the RPN2 siRNA-atelocollagen complex and doc-
etaxel (7 mg kg™ i.p.) showed a significant inhibition of tumor growth
(day 0, 61 £ 21 mm® day 7, 97 + 24 mm?) relative to mice that had
been administered the control nontargeting siRNA-atelocollagen
complex (day 0, 68 + 9 mm? day 7, 154"% 23 mm®) (Fig. 4cd).
The value was statistically significant, with P < 0.002. Tumors treated
with RPN2 siRNA in the absence of docetaxel showed no significant
inhibition relative to control tumors that had been given nontargeting

ARTICLES

Figure 3 induction of RPN2 and MDR1 expression by docetaxel treatment.
RPN2 mRNA and MDR1 mRNA expression were analyzed by real-time
RT-PCR. (a) RPN2 expression in drug-resistant MCF7-ADR cells and
parental drug-sensitive MCF7 cells {n = 3 per group, *P < 0.01).

(b) Expression of RPN2 induced by docetaxei treatment in parental MCF7
cells. The data shown are from 48 h after the treatment (n = 3 per group,
*P < 0.01). (¢) MDR1 expression in drug-resistant MCF7-ADR cells and
parental drug-sensitive MCF7 cells (n = 3 per group, *P < 0.001).

The numbers on the y axis represent percentage (x 105) of MCF7 cells.
(d) Expression of MDR1 induced by docetaxel treatment in parental MCF7
cells. The data shown are from 48 h after the treatment (n = 3 per group,
*P < 0.01). Values are means = s.d.

siRNA or docetaxel alone (data not shown). These results show that
the growth of docetaxel-resistant MDA-MB-231/MDR1 tumors
was suppressed by administration of RPN2 siRNA and docetaxel.
Thus, RPN2 silencing is effective for the suppression of tumor growth
in two models for docetaxel-resistant breast cancer in the presence
of docetaxel.

RPN2 siRNA delivery augments docetaxel-induced apoptosis
MCF7-ADR tumors treated with RPN2 siRNA were investigated for
apoptotic activity after docetaxel treatment for 3 d. TUNEL staining of
tumor tissue treated with RPN2 siRNA revealed a significant number
of apoptotic cells relative to the number in nontargeting control
siRNA=treated tumors (P < 0.01, Fig. 4ef). In contrast, RPN2
siRNA~transduced tumors in the absence of docetaxel showed no
marked apoptotic cell death (Pig. 4e,f). We have also previously
shown that atelocollagen alone does not induce any cytotoxic or
inflammatory effect when it is injected into mice?®?, In a subsequent
experiment, the mRNA levels of RPN2 in treated tumors were
measured. RPN2 expression was significantly reduced in mouse
tumors after combined treatment with RPN2 siRNA and docetaxel
(P < 0.05, Fig. 4g). Furthermore, the RPN2 protein abundance in
treated tumors was markedly downregulated by RPN2 siRNA
(Fig. 4h). Thus, these results altogether indicate that RPN2 siRNA
indices tumor inhibition via ‘augmentation of docetaxel-induced
apoptotic cell death in vivo.

To examine docetaxel retention in the tumors in-the in vivo
experiment, we performed drug disposition analysis. Eleven hours
after docetaxel administration, we dissected the tumors and deter-
mined the amount of docetaxel incorporated into the tumors by
HPLC with ultraviolet detection at 225 nm after solid-liquid extrac-
tion. We detected docetaxel in tumors that had received RPN2 siRNA
(n == 4) at arange of 667 to 1400 ng per wet gram of tissue (Fig. 4i). In
contrast, the tumors that received control siRNA (# = 4) showed a
very low ‘amount of docetaxel (~10 ng per wet gram of tissue).
Thus, * the “results “clearly ~indicate that abrogation of RPN2
expression in drug-resistant tumors results in docetaxel accumulation
in those tumors.

RPN2 siRNA reduces N-linked glycosylation of MDR1

The mammalian RPN2 gene encodes a type I integral membrane
protein found only in the rough endoplasmic reticulum?2S, The
RPN2 protein is part of an N-oligosaccharyl transferase complex that
links high mannose oligosaccharides to asparagine residues found in
the N:=X-S/T consenstis motif of nascent polypeptide chains?’. The
expression of the multidrug transporter P-glycoprotein, encoded by
MDRY], is one of the causes of clinical drug resistance to taxanes. Real-
time RT-PCR analysis showed that MCF7-ADR cells expressed abun-
dant MDR1' mRNA, whereas parental cells-did not (Fig. 3c). In
addition, the MDR1 mRNA amount was not significantly decreased
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Figure 4 Delivery of RPN2 siRNA to docetaxel-resistant breast tumars. The effect of RPN2 siRNA was examined in orthotopic breast tumor models.

(a) Reduction of MCF7-ADR breast tumor volume in mice given RPN2 siRNA or control nontargeting siRNA along with docetaxel (n = 6 per group,

*P < 0.01). (b) siRNA-treated MCF7-ADR tumors in mice before and 7 d after docetaxel treatment. Scale bar, 5 mm. (¢) Growth of MDA-MB-231/MDR1
breast tumor in.mice administered RPN2 siRNA or nontargeting siRNA along with docetaxel {(n = 6 per group, *P < 0.002). (d) MDA-MB-231/MDR1
tumors in mice 7 d after treatment with SiRNA and docetaxel. Scale bar, 5 mm. (e) TUNEL staining of MCF7-ADR tumor tissues treated with RPN2 siRNAs
or nontargeting siRNAs in the presence or absence of docetaxel. Scale bar, 50 pm. (f) TUNEL-positive cells were counted and are represented in the graph
{n = 3 per group, *P < 0.01). (g) Expression of RPN2 mRNA in MCF7-ADR tumors treated with RPN2 siRNAs or nontargeting siRNAs (n = 3 per group,
*P < 0.01). (h) Expression of RPN2 protein in MCF7-ADR tumors. H&E staining and RPN2 immunofluorescence staining (green, RPN2; blue, nuclei) of
tissues treated with RPN2 siRNA or nontargeting siRNA. Scale bar, 50 pm. (i) Docetaxel retention in MCF7-ADR tumors in mice treated with RPN2 siRNAs
or nontargeting siRNAs (n = 4 per group, *P < 0.001). Values are means « s.d.

in MCF7-ADR cells transduced by RPN2 siRNA (Supplementary
Fig. 4 online). For this reason, and to assess the potential involvement
of. RPN2 gene overexpression in MDR1 functions, we tested the
glycosylation status of MDR1 protein in MCF7-ADR cells transfected
with RPN2 siRNA. We analyzed the glycosylation patterns by western
blotting of P-glycoprotein, which appears on blots as mature 170-kDa,
immature  (partially ._glycosylated) .150-kDa and unglycosylated
140-kDa. bands?®. The 150-kDa immature and 140-kDa unglycosy-
lated P-glycoproteins were clearly found in MCF7-ADR cells with
RPN2 knockdown (90% inhibition of mRNA by real-time RT-PCR
analysis; Fig. 5a). More than 80% of P-glycoproteins were unglycosy-
lated or partially glycosylated in RPN2-silenced cells (composition of
P-glycoproteins, 170 kDa:150 kDa:140 kDa = 18:40:42). In contrast,
MCF7-ADR cells transduced with nontargeting control siRNA
expressed more than half of their P-glycoproteins as170-kDa mature
P-glycoprotein (170 kDa:150 kDa:140 kDa = 52:17:31). This result
showed that RPN2 knockdown inhibits glycosylation of P-glycopro-
teins in MCF7-ADR cells. The western blot of P-glycoprotein, part-
cularly in cells transduced with RPN2 siRNA, showed ‘smear’ patterns
(Fig. 5a). We speculated that the smear pattern was caused by the
presence of intermediately. glycosylated forms in various sizes. We
treated the cell lysate samples with peptide:N-glycosidase F (PNGase
F) to remove N-glycan chains, which shifted the P-glycoprotein in the
blot from a smear pattern to a 140-kDa unglycosylated protein band
in MCF7-ADR cell lysates. After PNGase F treatment, both nontarget-
ing control siRNA- and RPN2 siRNA-transduced cells showed a
140-kDa unglycosylated P-glycoprotein band (PFig. 5a). This indicates
that the smear pattern resulted from the presence of intermediately
glycosylated P-glycoprotein and that there were a number of

intermediately glycosylated P-glycoproteins in the RPN2-silenced cells
because of inhibition of glycosylation on P-glycoprotein.

We further evaluated the RPN2 siRNA effects on cell surface
P-glycoprotein expression in MCF7-ADR cells by immunofluore-
scence staining. As expected, immunofluorescence staining indicated
that P-glycoprotein was predominantly localized to the cell membrane
in MCF7-ADR cells transduced with control nontargeting siRNAs,
whereas the intensity of membrane P-glycoprotein in RPN2-
downregulated cells was considerably reduced (Fig. 5b). Moreover,
retention of rhodamine-123, which is a substrate of P-glycoprotein,
was: strongly enhanced in MCF7-ADR cells transfected with RPN2
siRNA compared to those transfected with nontargeting siRNA
(Fig. 5¢). This indicates that downregulation of RPN2 restores drug
retention and inhibits P-glycoprotein function by suppressing the
glycosylation of P-glycoproteins in MCF7-ADR cells.

To further bolster these findings, we performed immunostaining
analysis of RPN2 and P-glycoprotein in MCF7-ADR tumors in mice.
The RPN2 shutdown resulted in a marked disappearance of the
membrane-bound P-glycoprotein (Fig. 5d), an observation that sup-
ports our in vitro findings that RPN2 downregulation by siRNA in
drug-resistant MCF7-ADR cells results in the loss of membrane-
bound P-glycoprotein.

Furthermore, we have examined the status of RPN2 and P-glyco-
protein in breast cancer tissues from subjects with RPN2 mRNA high
expression (1 = 4) and RPN2 mRNA low expression (n = 4) by
immunostaining. P-glycoprotein was predominantly localized to the
cell membrane in the primary tumor with a strong signal for RPN2,
whereas in the primary tumor with low expression of RPN2,
P-glycoprotein was found in the cytoplasm (Supplementary
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