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Abstract

Chemoresistance remains a major obstacle to successful treatment of breast cancer. Although soluble tumor necrosis factor-o
(STNF-a) has been implicated in mediating drug-resistance in human cancers, whether transmembrane tumor necrosis factor-
a (tmTNF-a) plays a role in chemoresistance remains unclear. Here we found that over 50% of studied patients expressed
tmTNF-a at high levels in breast cancer tissues and tmTNF-a expression positively correlated with resistance to
anthracycline chemotherapy. Alteration of tmTNF-« expression changed the sensitivity of primary human breast cancer cells
and breast cancer cell lines to doxorubicin (DOX). Overexpression of N-terminal fragment (NTF) of tmTNF-«, a mutant
form with intact intracellular domain of tmTNF-« to transmit reverse signals, induced DOX-resistance. Mechanistically, the
tmTNF-o/NTF-ERK-GST-n axis and tmTNF-a/NTF-NF-kB-mediated anti-apoptotic functions were required for tmTNF-o-
induced DOX-resistance. In a xenograft mouse model, the combination of tmTNF-a suppression with chemotherapy
significantly enhanced the efficacy of DOX. Our data indicate that tmTNF-o mediates DOX-resistance through reverse
signaling and targeting tmTNF-a may be beneficial for the treatment of DOX-resistant breast cancer.

Introduction

Despite many advances in the treatment of breast cancer,
the prognosis for patients with metastatic disease remains
poor. Cytotoxic chemotherapy is of limited benefit and
chemoresistance remains a major obstacle. The anthracy-
cline antibiotics containing doxorubicin (DOX) [1-3] are
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used in multiple solid tumors, including bladder cancer,
small cell lung cancer, and breast cancer and in hemato-
logical malignancies, such as acute myeloid and lym-
phoblastic lymphoma [4—6]. Multiple mechanisms have
been proposed in the resistance of DOX-induced cyto-
toxicity, including increased drug efflux through upregu-
lating expression of transporters such as the P-
glycoprotein (P-gp) and multidrug resistance protein-1
(MRP-1) [7, 8], altered enzymatic activity of glutathione
transferase, mutations in DNA of topoisomerase (TOP)
and increased expression of anti-apoptotic proteins such as
Bcel-2 [9, 10].

Tumor necrosis factor-a (TNF-a) has two bioactive
forms: transmembrane TNF-a (tmTNF-a) and secretory
TNF-a (sTNF-a). tmTNF-« is cleaved by a metallopro-
teinase TNF-a-converting enzyme (TACE) to generate
STNF-a, leaving an N-terminal fragment (NTF) of TNF-a
on the cell surface [11]. TNF-« can be produced by tumor
cells, infiltrating immune cells and stroma cells in tumor
microenvironment. Patients with multiple advanced can-
cers have elevated TNF-a expression in biopsies and in
the plasma [12]. sSTNF-a is well known to be involved in
all steps of tumor development, including tumorigenesis,
proliferation, angiogenesis, metastasis, and subverting
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Table 1 A relationship of tmTNF-a expression and clinical characteristics of ductal breast cancer (n = 105)

Characteristics Patients tmTNF-a expression p-value
Negative Low Middle High Positive rate (%)

Age (years)

<50 63 16 8 26 13 74.60%

>50 42 10 20 8 76.19%

Grade

1 9 3 3 1 66.67%

I 88 22 37 20 75.00%

I 8 1 6 0 87.50%

Tumor Size (cm)

<2 35 15 6 12 2 57.14% 0.002

>2 70 11 6 35 18 83.58%

Node status

Negative (0) 50 17 7 18 8 66.00% 0.0028

Positive (1) 55 9 5 29 12 83.64%

Estrogen Receptor

Negative 45 5 5 21 14 88.89% 0.0108

Positive 60 21 7 25 7 65.00%

Progesterone Receptor

Negative 52 7 5 26 14 86.54% 0.0068

Positive 53 19 7 20 7 64.15%

HER 2

Negative 67 24 8 24 11 64.18% 0.0003

Positive 38 2 4 22 10 94.74%

Triple-negative 25 4 2 12 7 84.00%

Non-TNBC 80 22 10 34 14 72.50%

Total 105 26 12 46 21

Non-TNBC: Non-triple-negative breast cancer

the immune responses [12, 13]. Furthermore, sTNF-a
induces resistance to BRAF inhibitors in melanoma cells
[14] and to cisplatin chemotherapy in malignant pleural
mesothelioma [15]. So far, most studies focus on the role
of sSTNF-a in tumorigenesis and tumor development, less
is known about the functions of tmTNF-a in cancer,
especially in chemoresistance.

tmTNF-a on the membrane functions not only as a
receptor but also as a ligand depending on the context [16,
17]. As a ligand, tmTNF-a expressed on effector cells,
such as macrophages and natural killer (NK) cells, exe-
cutes anti-tumor activity [18, 19]. Conversely, as a
receptor expressed on tumor cells, tmTNF-a facilitates
growth of leukemia stem cells via its outside-to-inside
signal transduction (reverse signaling) [20]. Over-
expression of NTF of tmTNF-«a transmits only reverse
signaling but not forward signaling [21]. We previously
showed that tmTNF-« is expressed at high levels in pri-
mary breast cancers, but not in normal breast tissue [22].
tmTNF-a-positive MDA-MB-231 breast cancer cells are

resistant to sSTNF-a-induced cytotoxicity, but tmTNF-a-
negative MCF-7 breast cancer cells are sensitive. Ectopic
expression of the NTF of tmTNF-a in MCF-7 leads to con-
stitutive activation of NF-kB and resistance to sTNF-o-
mediated cytotoxicity [21], suggesting a possible role of
tmTNF-a-mediated reverse signaling in constitutive activation
of NF-«xB in tumor cells. NF-kB activation is associated with
multiple processes in tumor biology, including chemoresis-
tance [23, 24]. We speculated that tmTNF-o expressed by
breast cancer cells might promote tumor development and
chemoresistence via reverse signaling.

In this study, we found that the expression of tmTNF-a
correlated with the disease severity and DOX-resistance.
The drug-resistance was associated with tmTNF-a-mediated
reverse signaling. Suppressing tmTNF-a expression
increased the sensitivity of breast cancer cells towards DOX
both in vitro andin vivo. Our data indicate that tmTNF-o
serves not only as a tumor biomarker but also as an
attractive target for the treatment of DOX-resistant breast
cancer.
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Results

tmTNF-a is expressed in human primary breast
cancer cells and associated with adverse clinical
features

To investigate the contribution of tmTNF-a in the patho-
genesis of breast cancer, we used an in house anti-tmTNF-
a monoclonal antibody without cross-reaction to sSTNF-a
to detect tmTNF-a expression in primary tumoral and
peritumoral tissues of invasive breast ductal carcinoma
patients (n = 105) by immunohistochemistry (IHC) [21].
We found that the expression of tmTNF-a was undetect-
able in peritumor breast tissue, whereas 63.8% of breast
cancers contained tumor cells that expressed tmTNF-a at
high levels (++4/4++) (Supplementary Figures 1a and b).
Notably, tmTNF-a expression positively correlated with
tumor size (>2cm), incidence of metastasis and HER2
expression (Table 1). In contrast, tmTNF-a expression
inversely correlated with sex hormone receptors (ER and
PR) (Table 1). Of note, tmTNF-a expression was 84% in
25 cases of triple-negative breast cancer (TNBC) (Table
1), implying tmTNF-a as a possible marker and target for
treatment of TNBC. Together, the clinical data suggest
that tmTNF-a is closely linked to the development of
breast cancer including promotion of tumor growth and
metastasis.

Knockdown of tmTNF-a expression suppresses
proliferation, clonogenicity and metastasis of breast
cancer cells

To determine whether tmTNF-a affects the proliferative
and metastatic capacities of breast cancer cells, MDA-MB-
231 human breast cancer cell line with high expression of
tmTNF-a was stably transfected with shRNA to knock-
down the membrane molecule (Fig. 1a). shRNA knock-
down of tmTNF-a expression significantly reduced cell
numbers (Fig. 1b) and led to a significant decrease in the
number of tumor cells in S phase, with a concomitant
increase in the proportion of cells in GO/G1 (Fig. 1c). In
addition, a significant reduction in the number of colonies
in tmTNF-a knockdown cells was observed (Fig. 1d).
Using an in vitro wound-healing assay and matrigel assay,
we found that downregulation of tmTNF-a in MDA-MB-
231 cells resulted in a prominent decrease in migrated and
invaded cells, compared with parental and control shRNA
groups (Fig. le, f), suggesting that tmTNF-a facilitates
migration and invasion of the tumor cells. Taken together,
tmTNF-a, consistent with our clinical correlates, enhanced
the proliferation, clonogenicity and metastasis of breast
cancer cells.
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tmTNF-a mediates DOX-resistance in human
primary breast cancer cells and breast cancer cell
lines via reverse signaling

DOX is one of the most widely used cytotoxic che-
motherapeutic drugs in the treatment of breast cancer. We
previously showed that tmTNF-a expressing tumor cells
are resistant to sTNF-a-induced apoptosis [21, 25]. We
wondered if tmTNF-a also mediates DOX-resistance. To
this end, we compared the sensitivity to DOX of primary
breast cancer cells among 20 patients with different levels
of tmTNF-a using ATP-tumor chemo-sensitivity assay.
Primary cancer cells were divided into low (+) or high
(++/+++) expression of tmTNF-a and incu-
bated for 72 h with DOX. The 5 cases with low expression
of tmTNF-a had significantly lower IC50 scores (median
0.44 pg/ml) compared with the 15 cases that had high
expression of tmTNF-a (median 1.61 pg/ml) (Fig. 2a).
These indicate that high expression of tmTNF-a was
associated with the drug-resistance. To confirm this, we
knocked down tmTNF-a expression in primary breast
cancer cells from 3 patients highly expressing the mole-
cule (Supplementary Figures 2a and b). As expected,
suppression of tmTNF-a expression significantly
increased DOX-induced cytotoxicity (Fig. 2b), resulting
in a marked decrease of IC50 from 1.99 +0.10 pg/ml to
0.53 £0.08 pg/ml (Fig. 2c).

To further substantiate the contribution of tmTNF-« in
DOX-resistance, we compared the sensitivity of tmTNF-
a-positive MDA-MB-231 cells and tmTNF-a-negative
MCEF-7 to DOX toxicity (Supplementary Figure 2c). We
found that MCF-7 cells were more sensitive to DOX-
induced cell death (Supplementary Figure 2d) and DNA
fragmentation (Supplementary Figure 2e) compared with
MDA-MB-231 cells. Knockdown of tmTNF-a expression
by shRNA (Fig. 2d) rendered MDA-MB-231 cells sensi-
tive to the drug, showing significantly enhanced DOX-
induced cytotoxicity (Fig. 2e) and DNA fragmentation
(Fig. 2f).

As tmTNF-a functions not only as a ligand to deliver
forward signaling by binding to receptors but also as a
receptor to transmit reverse signaling into the tmTNF-«
bearing cells [25], we stably transfected the NTF of
tmTNF-a in TNF-a-negative MCF-7 cells to exclude the
effect of sSTNF-a and forward signaling of tmTNF-« (Fig.
2g, h). Overexpressing the NTF of tmTNF-a in MCF-7
cells resulted in a conversion from sensitivity to resis-
tance to DOX-induced cytotoxicity (Fig. 2i) and DNA
fragmentation (Fig. 2j). Altogether, these data demon-
strate that expression of tmTNF-o confers the DOX-
resistance in both primary breast cancer cells and breast
cancer cell lines.
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tmTNF-a upregulates GST-n expression through ERK
activation to promote DOX-resistance

A variety of molecules including glutathione S-transferase-
1t (GST-n), P-gp, O6-methylguanine—-DNA methyltransfer-
ase (MGMT), MRP-1, breast cancer resistance protein
(BCRP) and TOP2a have been shown to mediate DOX-
resistance [26-28]. To explore the molecular mechanism
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underlying tmTNF-a-mediated drug-resistance, we deter-
mined whether knockdown of tmTNF-a expression in
MDA-MB-231 cells or forced expression of the NTF of
tmTNF-a in MCF-7 cells altered the expression of these
molecules measured by flow cytometry. We found no sig-
nificant effect of altering tmTNF-a on the expression of
MGMT, P-gp, TOP2a or MRP-1, although expression of
the first three were higher in MCF-7 compared with MDA-
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Fig. 2 tmTNF-« is required for DOX-resistance of breast cancer. a
Primary human breast cancer cells were isolated from patients with
low (n=35) or high (n=15) expression of tmTNF-a and incubated
with DOX for 72 h. IC50 values of DOX-mediated cytotoxicity was
determined by ATP-TCA. b, ¢ Primary breast cancer cells from three
patients were transfected with control or tmTNF-a shRNA for 48 h.
DOX was added in indicated concentrations and incubated for 72 h. b
Dose dependent DOX-induced cytotoxicity determined by ATP-TCA.
¢ IC50 values of DOX to primary cancer cells or those transfected with
shRNA. d FACS analysis of tmTNF-a expression in parental or

MB-231 cells (Supplementary Figures 3a-3d). By contrast,
GST-n and BCRP were expressed at higher levels in MDA-
MB-231 cells than those in MCF-7 cells. tmTNF-a
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shRNA stably transfected MDA-MB-231 cells. e, f Cytotoxicity and
DNA fragmentation of parental or shRNA-transfected MDA-MB-231
cells treated with 3uM DOX for 24 h detected by MTT assay and
ELISA, respectively. g Scheme of NTF-tmTNF-a-mediated reverse
signaling without delivering forward signaling. h FACS analysis of
NTF expression in parental, or empty vector or NTF-transfected MCF-
7 cells. i and j Cytotoxicity and DNA fragmentation of parental or
NTF-transfected MCF-7 cells treated with 3 uM DOX for 24 h. Data
are represented as mean + SEM of three independent experiments. *p
<0.05, **p<0.01, ***p <0.001

knockdown was associated with a significant reduction in
GST-nt and BCRP expression in MDA-MB-231 and over-
expression of the tmTNF-a NTF upregulated the expression
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Fig. 3 ERK-GST-n is involved in tmTNF-a-mediated DOX-resistance.
a Representative IHC images of GST-n and BCRP expression in
paratumor and breast cancer tumor sections. b, ¢ Histogram showing
co-expression rate of GST-nt or BCRP with tmTNF-a in tumor tissues
of 105 patients. d, e Immunoblotting analysis of phosphorylation
levels of ERK1/2 in parental or shRNA-transfected MDA-MB-231
cells (d) and in parental or NTF-transfected MCF-7 cells (e) after
treatment with or without 3 uM DOX for 24 h. f, g Immunoblotting

of the both molecules in MCF-7 cells (Supplementary
Figures 3e and 3f), suggesting that GST-n and BCRP are
downstream targets of tmTNF-a.

Next, we compared the expression of GST-n and BCRP
in tumoral and peritumoral tissues (n = 105) using IHC and
analyzed their association with tmTNF-a expression (Fig.
3a). Although 77.22% of patients with tmTNF-a expression
were GST-nt positive compared with only 52% in the
tmTNF-a negative group (Fig. 3b), showing a positive
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analysis of GST-n expression in parental or shRNAs-transfected
MDA-MB-231 cells and in parental or NTF-transfected MCF-7 cells
treated with 10uM BAY117082 (BAY), 10 uM PD98059 (PD) or 1
uM SCH772984 (SCH) for 24h. h, i A 24-h DOX (3 uM)-induced
apoptosis in parental or shRNA-transfected MDA-MB-231 cells and in
parental or NTF-transfected MCF-7 cells pretreated with 10 uM
PD98059 for 30 min using Annexin V/PI staining. Data are repre-
sented as mean + SEM of three independent experiments. ***p < 0.001

correlation of expression between these two molecules (OR
2.852, p=0.001), tmTNF-a expression had no association
with BCRP (Fig. 3c). It has been reported that ERK path-
way can be activated by reverse signaling of tmTNF-« [29].
Consistent with this, there was enhanced ERK phosphor-
ylation in MDA-MB-231 compared with MCF-7 cells.
Furthermore, knockdown of tmTNF-a expression by
shRNA blocked ERK phosphorylation in MDA-MB-231
(Fig. 3d), conversely, ectopic expression of NTF promoted
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Fig. 4 Knockdown of GST-n expression blocked tmTNF-a-mediated
DOX-resistance. Parental or shRNAs-transfected MDA-MB-231 cells
and parental or NTF-transfected MCF-7 cells were transfected with 50
uM control or GST-nt siRNA for 48 h and then treated with DOX (3
uM) for another 24 h. a Immunoblotting analysis of GST-nt expression
in MDA-MB-231 cells. b, ¢ DOX fluorescence intensity was

ERK phosphorylation in MCF-7 cells (Fig. 3e). In all cases
ERK phosphorylation could be inhibited by treatment with
DOX.

To investigate if tmTNF-a-induced GST-n expression
was dependent on ERK signaling, we incubated transfected
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determined by FACS. d, e Inmunoblotting analysis of phosphoryla-
tion levels of ERK1/2. f, g The apoptosis was determined by PI/
Annexin V staining. Representative cytogram on the right and quan-
titative data on the left. Data are represented as mean += SEM of three
independent experiments. ***p <(0.001

cell lines with the ERK inhibitors PD98059 and
SCH772984. Both inhibitors could partially suppress GST-
7 transcription and protein expression in tmTNF-a expres-
sing MDA-MB-231 cells (Fig. 3f and Supplementary Figure
3g) or in MCF-7 cells that were transfected with NTF (Fig.
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Fig. 5 NF-«B is required for tmTNF-a-mediated DOX-resistance. a
Representative IHC images of phosphorylation of NF-kB p65 in
paratumor and breast cancer tumors, and histogram showing co-
expression rate of phosphorylated NF-xB p65 and tmTNF-a in tumors
of 105 patients. (b-i) Parental or shRNA-transfected MDA-MB-231
cells and parental or NTF-transfected MCF-7 cells were treated with or
without 3 uM DOX for 24 h. (b and d) Representative immunoblotting
of levels of IkB-a, cIAPI, cIAP2, and XIAP in total protein and
translocation of NF-xB p65 from cytoplasmic fraction to nuclear
fraction. LamB1 or p-actin served as a nuclear protein or a cyto-
plasmic/total protein loading control. ¢, e NF-kB activity was detected
by ELISA. f-i Real-time PCR analysis of Bcl-X| (f and g) and BAX
(h and i). j, k A 24 h-DOX (3 uM)-induced apoptosis was determined
in parental or shRNA-transfected MDA-MB-231 cells (j) and in par-
ental or NTF-transfected MCF-7 cells (k) pretreated with 10 uM
BAY117082 (BAY) for 30 min using Annexin V/PI staining. Data are
represented as mean = SEM of three independent experiments. *p <
0.05, **p <0.01, ***p <0.001

3g and Supplementary Figure 3h). However, the NF-xB
inhibitor BAY 117082 had no effect on tmTNF-a or NTF-
induced GST-n transcription and protein expression in
MDA-MB-231 cells or in MCF-7 cells, respectively. The
ability of ERK inhibitors to suppress GST-n expression was
associated with an increase in DOX-induced apoptosis and
cytotoxicity in tmTNF-a expressing MDA-MB-231 cells
(Fig. 3h and Supplementary Figures 3i and 3k) or in NTF-
expressing MCF-7 cells (Fig. 3i and Supplementary Figures
3j and 31).

GST-n contributes to tmTNF-a-mediated DOX-
resistance through detoxification and ERK
activation

GST-n can detoxify a variety of electrophilic compounds
including exogenous xenobiotics such as mutagens and
anticancer agents [30]. Next we asked if tmTNF-a pro-
moted GST-n-mediated DOX detoxification. Knockdown of
tmTNF-a in MDA-MB-231 cells resulted in enhanced DOX
fluorescence intensity, whereas overexpression of NTF in
tmTNF-a-negative MCF-7 cells inhibited intracellular DOX
MFI, suggesting that tmTNF-a can detoxify DOX via
reverse signaling. However, suppression of GST-n expres-
sion by siRNA (Fig. 4a) partially blocked the effect of
tmTNF-a or NTF, increasing the intracellular amounts of
DOX (Fig. 4b, ¢), but had no effect in tmTNF-a knockdown
MDA-MB-231 cells or in tmTNF-a-negative MCF-7 cells.
These data indicate that tmTNF-a induced DOX-resistance
partially through GST-n-mediated detoxification.

As GST-n can also regulate MAPK pathways in addition
to detoxification, affecting chemoresistance [31, 32], we
asked if GST-n affects tmTNF-a-induced ERK activation.
We found that tmTNF-a or NTF-induced obvious phos-
phorylation of ERK1/2 (Fig. 4d, e) and resistance to DOX-
induced apoptosis (Fig. 4f, g), which were significantly
blocked by silence of GST-n expression. Notably, GST-n
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knockdown also suppressed ERK1/2 phosphorylation in the
tmTNF-a-silenced or negative cells, indicating an effect of
GST-nt on tmTNF-a-independent ERK activation. However,
GST-nt knockdown had no effect on DOX-induced apop-
tosis in tmTNF-a-negative MCF-7 cells (Fig. 4g), implying
that tmTNF-a-induced GST-n expression was responsible
for tmTNF-a-mediated DOX-resistance. Altogether, the
results suggest that GST-n contributes to tmTNF-a-induced
DOX-resistance through detoxification and ERK activation.

NF-kB is necessary for tmTNF-mediated DOX-
resistance

Our previous study showed that tmTNF-a induces con-
stitutive activation of NF-xB in cancer cells through reverse
signaling [21, 25]. We examined the phosphorylation of
NF-xB p65 in primary cancer tissues by IHC. We found a
significantly elevated proportion of tmTNF-a " cells positive
for phospho-p65 compared with tmTNF-o~ cells, showing a
positive correlation (OR 3.765, p<0.001) of expression
between these two molecules (Fig. 5a). Consistent with this,
we found elevated constitutive NF-xB activation in tmTNF-
a-positive MDA-MB-231 cells (Fig. 5b, c), but not in
tmTNF-a-negative MCF-7 cells (Fig. 5d, e). Knockdown of
tmTNF-a in MDA-MB-231 cells resulted in enhanced IxkB-
a expression, reduced translocation of p65 from cytoplasm
into the nucleus (Fig. 5b), decreased NF-xB activity
(Fig. 5¢) and downregulated expression of anti-apoptotic
NF-kB targeted genes cIAP1 and XIAP (Fig. 5b). Con-
versely, overexpression of NTF in MCF-7 cells led to
degradation of IkB-a, increased translocation of p65 in the
nucleus (Fig. 5d), enhanced NF-kB activity (Fig. 5e), and
upregulated expression of cIAP1 and XIAP (Fig. 5d).
DOX has been reported to induce apoptosis by down-
regulation of Bcl-X;, an anti-apoptotic molecule, and
upregulation of BAX, a pro-apoptotic molecule, in breast
cancer cells [33-35]. Knockdown of tmTNF-a expression
in MDA-MB-231 cells significantly reduced, but ectopic
expression of NTF in MCF-7 cells markedly enhanced,
transcription (Fig. 5f, g) and protein expression (Supple-
mentary Figures 4a and b) of Bcl-X; regardless of the
presence of DOX. Conversely, transcription and protein
expression of BAX was increased by knockdown of
tmTNF-a in MDA-MB-231 cells (Fig. 5h and Supple-
mentary Figure 4a) but decreased in NTF-expressing
MCEF-7 cells (Fig. 5i, Supplementary Figure 4b).

To test if NF-xB activation is required for tmTNF-a-
mediated DOX-resistance, we suppressed NF-kB activation
with BAY 117082 and found that the inhibitor reversed the
DOX-resistance of tmTNF-a-positive MDA-MB-231 cells
(Fig. 5j and Supplementary figures 4c and e) and of NTF-
overexpressing MCF-7 cells (Fig. 5k and Supplementary
figures 4d and f). Altogether, these results demonstrate that
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Fig. 6 Knockdown of tmTNF-a expression enhances the therapeutic
efficacy of DOX in vivo. 1 x 10 MDA-MB-231 cells transfected with
control or tmTNF-a shRNA were injected into mammary fat pad of
nude mice. When tumors reached 100 mm3, the mice were treated
intraperitoneally with DOX (4 mg/kg) or PBS, once a week for three
weeks (n=6 each group). a Representative images of tmTNF-o
expression in tumor tissue section detected by IHC. b Growth curves
of tumors after tumor cell inoculation. ¢ Tumor sizes at the end point

NF-xB activation is required for tmTNF-a-mediated drug-
resistance.

Knockdown of tmTNF-a expression enhances the
therapeutic efficacy of DOX in a xenograft mouse
model

Next, we asked if targeting tmTNF-o affects tumorigenic
ability of breast cancer cells and sensitivity to DOX treat-
ment in vivo. To test this, we injected MDA-MB-231 cells
stably transfected with control shRNA or tmTNF-a shRNA

0 10 20 30 40 50 60 70 80
Days

(day 21) of experiments. d Inhibition rate of tumor growth. e Caspase
3 activity in tumor tissues at day 21. f Immunoblotting of levels of
IkB-a, cIAP1, cIAP2, XIAP, BAX, and Bcl-X in total protein and
translocation of NF-kB p65 from cytoplasmic fraction to nuclear
fraction of tumor tissues. g Immunoblotting of levels of phosphor-
ylation of ERK and GST-n in tumor tissues. h Kaplan—Meier survival
curves of mice after tumor cell inoculation (n=6). Data are repre-
sented as mean + SEM. *p <0.05, **p <0.01, **¥p <0.001

into mammary fat pad of the female athymic nude mice.
After tumor formation (about 100 mm?), the animals were
received intraperitoneal injection of either PBS or DOX
(4 mg/kg) once a week for 3 weeks. We found that tmTNF-
a was highly expressed in tumor tissues transfected with
control shRNA, but markedly inhibited by transfection of
tmTNF-a shRNA (Fig. 6a). Mice that received tmTNF-a-
knockdown MDA-MB-231 cells had significantly smaller
tumors compared with animals that received MDA-MB-231
cells transfected with control shRNA (Fig. 6b, c¢), while the
combination of tmTNF-a inhibition and DOX treatment

SPRINGER NATURE
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Fig. 7 tmTNF-a induces DOX-resistance of breast cancer cells via its
reverse signaling. tmTNF-a can be overexpressed in breast cancer cells
and tends to induce chemoresistance. tmTNF-a constitutively activates
both ERK and NF-kB pathways through reverse signaling. tmTNF-o
promotes GST-n expression via ERK pathway, leading to degradation
and detoxification of DOX in tumor cells, and tmTNF-o-induced GST-
n in turn further activates ERK pathway, forming a positive feedback
to promote DOX-resistance. tmTNF-a can also upregulate anti-
apoptotic molecules via NF-kB pathway and downregulate proa-
poptotic molecule, resulting in survival and anti-apoptosis of tumor
cells. Targeting tmTNF-o may sensitize tumor cells to chemotherapy

resulted in much more pronounced suppression of tumor
growth (61% after 21 days, Fig. 6b—d) than treatment with
either DOX (32%) or silence of tmTNF-a (24%). As DOX
exerts effect on tumor cell by induction of apoptosis [36—
39], we examined caspase 3 activity. Although knockdown
of tmTNF-a expression alone did not activate caspase 3, it
significantly increased DOX-induced activation of caspase
3 (Fig. 6e), indicating a synergetic effect of tmTNF-a
inhibition on DOX-induced apoptosis.

We next examined whether inhibition of tmTNF-a could
suppress ERK and NF-kB pathways in vivo. shRNA
knockdown of tmTNF-a expression enhanced IkB-a levels,
blocked p65 nucleus translocation, and reduced expression
of cIAP1, XIAP, and Bcl-X in the tumor tissues (Fig. 6f).
In contrast, the expression of proapoptotic protein BAX was
increased upon tmTNF-a knockdown (Fig. 6f). In addition,
knockdown of tmTNF-a expression suppressed ERK
phosphorylation in tumor tissues and downregulated GST-nt
expression (Fig. 6g). Finally, we investigated the effect of
all of these differences on the survival of the animals after
inoculation followed by DOX treatment. Mice that received
MDA-MB-231 cells transfected with control shRNA only
had a significantly shorter median survival time (about
35 days). Either tmTNF-a knockdown or DOX treatment
prolonged the median survival time of tumor-bearing mice
to 44 days and 53 days, respectively. Of note, the
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combination of tmTNF-a knockdown and DOX treatment
significantly extended the survival time of mice (72 days)
(Fig. 6h). These results demonstrate again that tmTNF-o
contributes to drug-resistance in breast cancer and knock-
down of tmTNF-a expression renders tumor cells more
sensitive to DOX treatment.

Discussion

Here, we found that high expression of tmTNF-a is linked
to adverse clinical features of breast cancer and associated
with tumor resistance to DOX. We uncovered a novel
mechanism that tmTNF-o on breast cancer cells activates
the ERK/GST-n axis and NF-xB pathway via reverse sig-
naling to mediate the resistance to DOX (Fig. 7). Targeting
tmTNF-a significantly improves the sensitivity of tumor
cells to the chemotherapy.

Our previous study showed that tmTNF-a is expressed in
breast cancer tissue, to a lesser extent in hyperplasia and
atypical hyperplasia, but not in paratumor breast tissue [22].
In this study, we enlarged the size of patients with invasive
breast ductal carcinoma and found that over 60% patients
(n = 105) with ductal breast cancer expressed tmTNF-a at
high levels, which was positively correlated with tumor size
and lymph node metastasis. This is accordance with our
previous study on acute leukemia showing that tmTNF-«
correlated with poor risk stratification, extramedullary
infiltration and adverse clinical parameters [20]. We found a
high expression of tmTNF-a in 84% of 25 cases with
TNBC, which lack surface biomarker and are highly lethal.
Thus, tmTNF-a may be a potential target in the treatment of
TNBC [40], although further analysis with an expanded
sample size is warranted.

We found that tmTNF-a confers a gross pro-tumor
activity, as knockdown of tmTNF-a expression in MDA-
MB-231 significantly inhibited tumor cell proliferation,
colony formation, migration and invasion. Our previous
study showed that anti-tmTNF-a antibody depleted tmTNF-
o highly expressing tumor cells by antibody-dependent cell-
mediated cytotoxicity and the surviving tumor cells with
low level of tmTNF-a became sensitive to STNF-a-medi-
ated cytotoxicity [22]. In this study, we found that tmTNF-o
confers DOX chemoresistance in both primary breast cancer
cells and breast cancer cell lines. Knockdown of tmTNF-a
expression leads to a switch of tumor cells from resistance
to sensitivity to DOX in vitro and in vivo. NTF-tmTNF-«a
lacks one part of extracellular domain (STNF-a part) and
cannot bind TNFR to transmit forward signals, while it has
an intact intracellular domain to deliver reverse signals. The
fact that ectopic expression of the tmTNF-a NTF in MCF-7
cells renders drug-sensitive cells resistant to DOX-induced
cytotoxicity suggests that tmTNF-a-mediated reverse
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signaling might be a general mechanism employed by dif-
ferent types of cancer cells to induce resistance to DOX.

GST-n, a highly inducible phase II detoxification
enzyme, is regulated by transcriptional factors including
activating protein-1 (AP-1) and nuclear factor erythroid-2-
related factor 2 (Nrf2), and functions in detoxifying multiple
anti-cancer drugs including chlorambucil, cyclopho-
sphamide, cisplatin, DOX and mitoxantrone [41, 42]. Our
results demonstrated that tmTNF-a or NTF expressed by
breast cancer cells promoted GST-nt expression that reduced
intracellular DOX amounts by detoxification and degrada-
tion, inducing DOX-resistance. However, silence of GST-n
increased intracellular DOX amounts in tmTNF-a-positive
or NTF-overexpressing cancer cells and partially reversed
tmTNF-a-induced DOX-resistance, indicating a contribu-
tion of GST-n detoxification to tmTNF-a-induced DOX-
resistance. As the ERK and NF-kB pathways can be acti-
vated by reverse signaling of tmTNF-a [25, 29], we used
inhibitors for the both pathways and found that inhibition of
ERK pathway, but not the NF-xB pathway, partially
blocked tmTNF-a-induced GST-mt expression and sig-
nificantly reversed tmTNF-a or NTF-induced DOX-resis-
tance. Consistently, Lin et al. [43] reported that GST-nt can
be upregulated by phosphorylation of ERK?2 and activating
Nrf2 in response to methionine restriction. In addition, our
results showed that tmTNF-a-induced GST-n expression
could in turn further activate ERK pathway, creating a
positive feedback loop to promote DOX-resistance, as
either silence of GST-nt expression or inhibition of ERK
pathway reversed tmTNF-a-induced DOX-resistance. This
suggests that the tmTNF-a-ERK-GST-n axis may play a
role in DOX chemoresistance.

Although sTNF-o/NF-kB pathway has been shown to
mediate drug-resistance in different human cancers via
TNFR [44—46], here we uncovered that tmTNF-a-mediated
NF-xB activation via its reverse signaling is critical for
DOX-resistance of breast cancer. First, we found that NF-
kB was constitutively activated not only in over 80%
tmTNF-a-positive primary cancers, but also in tmTNF-a-
expressing breast cancer cell line. Second, knockdown of
tmTNF-a expression resulted in suppression of NF-xB
activation in MDA-MB-231 cells. Third, the most impor-
tant, ectopic expression of tmTNF-a NTF constitutively
activates NF-kB pathway without binding to TNFR, sug-
gesting that tmTNF-a reverse signaling is an intrinsic acti-
vator for NF-kB. This is similar to our previous study
showing that leukemia cell line expressing tmTNF-a con-
stitutively activates NF-xB via its reverse signaling, indu-
cing resistance to STNF-a-mediated cytotoxicity [25].
Montagut et al. [47] reported that breast cancer patients with
NF-kB activation only had a 20% clinical response rate,
while patients with undetected NF-xB activation had a 91%
response rate to neoadjuvant chemotherapy. tmTNF-o

induced upregulation of NF-kB targeted antiapoptotic genes
XIAP, cIAP1 and Bcl-X;, but downregulation of proa-
poptotic molecule BAX, which facilitates tumor cells
evading apoptosis as another mechanism underlying
tmTNF-a-induced chemoresistance. Therefore, consistent
with a report showing inhibition of NF-kB pathway sensi-
tizes human cancer cells to DOX [48], the NF-xB inhibitor
BAY117082 blocked DOX-resistance of tmTNF-a-expres-
sing MDA-MB-231 cells and restored the drug sensitivity
of NTF-expressing MCF-7 cells.

A large body of evidence has been shown that combi-
nation of antibody-based targeted therapy and chemother-
apy significantly improves outcome of tumor patients. For
example, trastuzumab, a humanized monoclonal antibody
binding to HER2, combined with chemotherapy approxi-
mately halves the recurrence risk, increasing 10-year overall
survival [49]. We previously showed that targeting tmTNF-
a with monoclonal antibody efficiently inhibited breast
cancer tumor growth and induced apoptosis [22]. Therefore,
combination of TNF-« antibody and chemotherapy may be
a successful strategy for treatment of chemo-resistant
advanced breast cancer.

Materials and methods

More detailed information is described in Supplementary
Materials and methods.

Patients

Breast cancer tissues were collected from 105 patients with
ductal breast cancer based on the pathological diagnosis in
Tongji Hospital, Huazhong University of Science and
Technology. Paratumoral breast tissues were taken 2cm
adjacent to breast tumors from 20 patients. The primary
breast cancer cells isolated from fresh tumor tissues of 20
patients were used to detect their sensitivity to DOX. The
study was approved by the Clinical Research Committee of
Tongji Medical College, Huazhong University of Science
and Technology, and informed consent was obtained from
all subjects before conducting this study.

Cell culture

Human breast carcinoma cell lines MCF-7 and MDA-MB-
231 were purchased from American Type Culture Collec-
tion (ATCC, USA). Cells were cultured at 37 °C in 5% CO,
in RPMI-1640 medium (Life Technologies, USA) supple-
mented with 10% heat-inactivated, pyrogen-free fetal calf
serum (FCS, Sijiging, Hangzhou, China), 1 mM sodium
pyruvate, 2mM L-glutamine, 100 U/mL penicillin and
100 mg/ml streptomycin.
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Transfection of NTF, shRNA and siRNA

NTF of tmTNF-a stably transfected MCF-7 cell line was
generated, as described previously [21]. To knockdown
tmTNF-a expression, MDA-MB-231 cells were transfected
with 1.5 g plasmids encoding either the TNF-a-specific
short hairpin RNA (shRNA) 5-TTGGTGACCAACTGT-
CACTCATTGCTGAG-3" or control shRNA (OriGene,
USA) using Lipofectamine 2000 transfect reagent (Invitro-
gen, USA). Cells were selected with 2 ug/ml puromycin for
2 weeks and sub-cloned by dilution at 0.3 cells/well in 96-
well microliter plates with 1 ug/ml puromycin.

To knockdown GST-n expression, the breast cancer cells
were transfected with 50 uM control siRNA or siRNA
against GST-n (CCTGGTGGACATGGTGAAT) (RiboBio,
China) for 48 h using Lipofectamine 2000 transfect reagent
(Invitrogen, USA).

Cell drug sensitivity assay

Chemosensitivity of primary breast cancer cells was eval-
uated with the ATP-tumor chemosensitivity assay (ATP-
TCA) kit (Beijing jinzijing Biotech, Beijing, China). Fresh
tumors were obtained during surgery, minced into smaller
fragments (1 mm?), resuspended in 5-10 ml sterile digestive
enzyme reagent and incubated for 2-3 h at 37 °C in a 5%
CO, incubator. After centrifugation at 400 x g for 10 min,
primary breast cancer cells were collected. For knockdown
of tmTNF-a, cells were transfected with 1.5 pg tmTNF-a
shRNA or control shRNA using lipofectamine 2000 trans-
fect reagent (Invitrogen, USA) according to manufacturer’s
protocol. After 48 h transfection, cells were seeded in a 96-
well microplate. DOX was added in triplicate at five dif-
ferent doses of 12.5, 25, 50, 100, and 200% of a standard
peak plasma concentration (PPC). The PPC value of DOX
was 3 pg/ml. For each concentration, adding 100 ul of ATP
inhibitor for maximum inhibition served as a positive con-
trol and complete assay medium only as a negative control.
Plates were incubated for 72 h at 37 °C with 95% humidity
in a 5% CO, incubator. The cells were then lysed by the
addition of 50 ul tumor cell extraction reagent, followed by
adding 50l luciferin-luciferase reagent to each well.
Luminescence was measured by a microplate luminometer
(Berthold Diagnostic Systems, Hamburg, Germany).

For testing drug sensitivity of cell lines, Annexin V
staining (BD Pharmingen, USA) and MTT assay were used.
Cells were treated with 3 uM or different concentrations of
DOX (Sigma, USA) for 24 h, in the absence and presence of
PD98059 (10 uM), SCH772984 (1 uM) or BAY 117082 (10
uM). The inhibitors were added 30 mins prior to the addi-
tion of DOX. For MTT assay, cells were lysed with 0.1 ml
100% DMSO (Sigma-Aldrich, USA) after stained with
glucose-PBS containing 0.45 mg/ml MTT (Sigma-Aldrich)
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for 4h. The OD value at 570 nm was measured on a
microplate reader (Tecan, Grodig, Austria). Cytotoxicity
was calculated by the following formula: Cytotoxicity (%)
= (1=ODgampie/ODconiro1)x100%.  For  apoptosis, FITC
Annexin V Apoptosis Detection Kit (BD Pharmingen,
USA) was used to test the apoptosis rate. After washing
with cold PBS, cells were resuspended in binding buffer
and stained with Annexin V and PI for 15 min at room
temperature. Apoptosis was analyzed by flow cytometry
(Becton Dickinson, San Jose, CA) using BD FACS Diva
software.

Xenotransplantation of MDA-MB-231 cells into nude
mice

Six-week-old female BALB/c nude mice were purchased
from Beijing HFK Bioscience Company (Beijing, China).
Mice were bred in a specific pathogen-free barrier facility,
and animal experiments were approved by the Animal Care
and Ethics Committee of Tongji Medical College, Huaz-
hong University of Science and Technology. Mice were
randomly grouped and subcutaneously injected with 1 x 10°
MDA-MB-231 cells stably transfected with tmTNF-o
shRNA or control shRNA in 100 ul PBS into the right
mammary fat pads. Tumor size was measured every 3 days
with microcalipers in blind manner and calculated using the
following equation: lengthxwidth®xn/6. When tumors
reached 100 mm?, the mice were randomly grouped and
treated intraperitoneally with DOX (4 mg/kg) or PBS, once
a week for three weeks (n = 6 each group).

The survival curves were estimated using the
Kaplan—Meier method, and the differences in survival
among the 4 groups were compared using the log-rank test.

Statistical analysis

Data are represented as the mean+SEM (of three inde-
pendent experiments in vitro). The differences were ana-
lyzed using one-way or two-way ANOVA test with
GraphPad software. The clinical data were evaluated by the
2 test and odds ratio (95% confidence intervals) with SPSS
software. A p-value <0.05 was considered statistically
significant.
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