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Sequential combination of docetaxel with a SHP-1 agonist
enhanced suppression of p-STAT3 signaling and apoptosis
in triple negative breast cancer cells
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Abstract
Triple negative breast cancer (TNBC) is an aggressive cancer
for which prognosis remains poor. Combination therapy is a
promising strategy for enhancing treatment efficacy. Blockade
of STAT3 signaling may enhance the response of cancer cells
to conventional chemotherapeutic agents. Here we used a
SHP-1 agonist SC-43 to dephosphorylate STAT3 thereby sup-
pressing oncogenic STAT3 signaling and tested it in combi-
nation with docetaxel in TNBC cells. We first analyzed mes-
senger RNA (mRNA) expression of SHP-1 gene (PTPN6) in a
public TNBC dataset (TCGA) and found that higher SHP-1
mRNA expression is associated with better overall survival in
TNBC patients. Sequential combination of docetaxel and SC-

43 in vitro showed enhanced anti-proliferation and apoptosis
associated with decreased p-STAT3 and decreased STAT3-
downstream effector cyclin D1 in the TNBC cell lines
MDA-MB-231, MDA-MB-468, and HCC-1937. Ectopic ex-
pression of STAT3 reduced the increased cytotoxicity induced
by the combination therapy. In addition, this sequential com-
bination showed enhanced SHP-1 activity compared to SC-43
alone. Furthermore, the combination treatment-induced apo-
ptosis was attenuated by small interfering RNA (siRNA)
against SHP-1 or by ectopic expression of SHP-1 mutants that
caused SC-43 to lose its SHP-1 agonist capability. Moreover,
combination of docetaxel and SC-43 showed enhanced tumor
growth inhibition compared to single-agent therapy in mice
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bearing MDA-MB-231 tumor xenografts. Our results suggest
that the novel SHP-1 agonist SC-43 enhanced docetaxel-
induced cytotoxicity by SHP-1 dependent STAT3 inhibition
in human triple negative breast cancer cells. TNBC patients
with high SHP-1 expressions show better survival. Docetaxel
combined with SC-43 enhances cell apoptosis and reduces p-
STAT3. SHP-1 inhibition reduces the enhanced effect of
docetaxel-SC-43 combination. Docetaxel-SC-43 combination
suppresses xenograft tumor growth and reduces p-STAT3.

Key messages
& TNBC patients with high SHP-1 expressions show better

survival.
& Docetaxel combined with SC-43 enhances cell apoptosis

and reduces p-STAT3.
& Enhanced prolyl-hydroxylase inhibition increases mainly

CXCR4+/CD11b+ cells.
& SHP-1 inhibition reduces the enhanced effect of docetaxel-

SC-43 combination.
& Docetaxel-SC-43 combination suppresses xenograft

tumor growth and reduces p-STAT3.
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Introduction

Breast cancer is the most common cause of cancer-associated
death in women worldwide [1]. There are approximately one
million new breast cancer cases globally per year of which
15–20% are diagnosed as the triple negative (ER−, PR−,
HER2−) subtype [2]. Recurrent or metastatic triple negative
breast cancers (TNBCs) are heterogeneous and remain a clin-
ical challenge. Chemotherapy is the current mainstay system-
atic treatment for TNBCs. The administration of
anthracyclines or taxanes for TNBCs is considered effective
in clinical settings [3–6]. Applying platinum-based therapy to
impair DNA repair and synthesis in tumor cells represents
another approach to treat TNBCs [7]. Combining platinum
compounds with standard chemotherapy for TNBC treatment
increases the percentage of patients with pathological com-
plete response (pCR) [5, 8, 9], but patients without pCR show
worse response [10]. Part of the reason that TNBC patients
have unfavorable prognosis can be attributed to a lack of ef-
fective targeted agents for TNBC treatments.

Dysregulated STAT3 signaling in breast cancer leads to
aberrant expression of genes which control cell prolifera-
tion, epithelial-mesenchymal transition, and angiogenesis.
TNBC cells secrete large amounts of IL-6 in an autocrine
manner to activate STAT3 signaling and participate in the
resistance to apoptosis [11–13]. STAT3 is highly
expressed and activated in most breast cancers [14],

especially in TNBC [15]. Previous studies have also
shown that high p-STAT3 levels are correlated with worse
outcomes in invasive breast cancers [16]. In addition, bio-
informatics analysis has shown that STAT3-regulated
gene expression is common to basal-like breast cancers
but not to luminal A or luminal B cancers [17].
Increased STAT3 activity has been correlated with the
chemotherapy-resistant property of TNBCs [18].
Constitutive activation of STAT3 in TNBCs may also be
involved in metastasis [19]. These studies suggest that
targeting STAT3 pathway may be a promising approach
for patients with TNBC.

Despite growing recognition of the pivotal role of
STAT3 in TNBCs and the development of blocking Abs
against IL-6 receptors or inhibitors against JAK kinases
[15, 20, 21], strategic targeting of the negative regulation
of STAT3 signals remains overlooked. Src homology re-
gion 2 domain containing phosphatase 1 (SHP-1), a non-
receptor protein tyrosine phosphatase and a negative mod-
ulator of phosphorylated STAT3 (p-STAT3) [22], is com-
posed of two N-terminal-located SH2 domains that inter-
act with phosphotyrosine, a phosphatase domain, and a C-
terminal end [22, 23]. We previously developed a potent
SHP-1 agonist, SC-43, which abolishes p-STAT3 signals
[24, 25] and exhibits strong anti-breast cancer activity
[26]. Aiming to target STAT3 and its drug-resistant role
[11, 27] while extending our previous work on the SHP-1
agonist, in this study, we developed a novel regime that
consists of a combination of docetaxel and SC-43 used in
sequence to treat TNBCs.

Our research on the RNA profile of the TNBC patients
revealed that the messenger RNA (mRNA) expression of
SHP-1, a key element in the negative regulation of p-STAT3
signals, correlates with better overall survival and suggests
that SHP-1 has a pivotal role in TNBCs. We then applied a
sequential treatment by employing docetaxel followed by the
SHP-1 agonist, SC-43, to TNBC cells. The combination index
(CI) values were less than 1, showing that the sequential ac-
tions of docetaxel and SC-43 synergistically contributed to
cell death. The sequential setting also led to decreased p-
STAT3, cyclin-D1, and increased apoptosis in all TNBC cells
tested. Validation by STAT3 overexpression or by using small
interfering RNA (siRNA) against SHP-1 confirmed that the
increased apoptosis was mediated by the BSHP-1-STAT3
axis.^ Significantly reduced tumor size in the TNBC xeno-
graft animal model was observed with the docetaxel and SC-
43 regime compared to mice treated with either drug alone.
The elevated SHP-1 activity and decreased p-STAT3 level
resulting from the docetaxel and SC-43 regime contributed
to improved therapeutic efficacy. The novel approach devel-
oped herein, by the sequential administration of docetaxel and
SC-43, a SHP-1 phosphatase agonist, could provide a basis to
advance TNBC therapy.
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Materials and methods

Cell culture, reagents, and antibodies

The MDA-MB-231, MDA-MB-468, and HCC-1937 cell
lines were obtained from the American Type Culture
Collection (Manassas, VA, USA). All cells were maintained
in DMEM with 10% FBS. All cell lines were incubated at
37 °C in a 5% CO2 incubator. SC-43 was synthesized, and
its quality was evaluated as described in a previous study [26].
For cell-based studies, SC-43 at various concentrations was
dissolved in dimethyl sulfoxide and then added to the cells in
DMEM with 1% FBS. Antibodies for immunoblotting, such
as p-STAT3 (Tyr705) (Cat No. 9145), STAT3 (Cat No. 4904),
Caspase-3 (Cat No. 9662), PARP (Cat No. 9542), Cyclin-D1
(Cat No. 2926), SHP-1 (Cat No. 3759), and SHP-2 (Cat No.
3397), were purchased from Cell Signaling (Danvers, MA,
USA). β-Actin (Cat No. ab6276) was purchased from
Abcam (Cambridge, MA, USA). Myc-tag (Cat No. LS-
C154222) and PTPRD (Cat No. LS-B9625) were from
LifeSpan (Seattle, WA, USA).

Treatment protocols of drug combinations in vitro
and in vivo

For in vitro drug treatment, different concentrations of drugs
were added to the medium either separately or in combination.
The combination used a fixed ratio of 1/10 for docetaxel and
SC-43. In sequential treatment, cells were treated with doce-
taxel for 24 h, then the docetaxel was removed and washed
twice with PBS, and cells were treated with SC-43 for 24 h.
The effects of the combinations were estimated using
CompuSyn software [28]. We designed the in vivo experi-
ments based on the results from in vitro combination testing,
and we also took the clinical treatment schedule of docetaxel
into consideration. Clinically, docetaxel is often administered
every 3 weeks to breast cancer patients [29]. Therefore, we
finalized the in vivo treatment schedule for docetaxel on day 1
and day 22 (10 mg/kg i.p., every 3 weeks) and for SC-43 on
days 2, 4, 6, 9, 11, 13, 16, 18, 20, 23, 25, 27, 30, and 32 (5 mg/
kg i.p., three times a week).

MTTand Western blot analyses

Cell viability and proliferation of breast cancer cells were
assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay. MTT assay and Western blot as-
say were performed as previously reported [26].

Apoptosis analysis

Drug-induced apoptotic cell death was assessed by Western
blot analysis of activated caspase-3 or cleaved poly (ADP-

ribose) polymerase (PARP) and measurement of apoptotic
cells by flow cytometry (sub-G1 analysis).

Phosphatase and kinase activity assays

The RediPlate 96 EnzChek Tyrosine Phosphatase Assay Kit
(R-22067) was used for SHP-1 activity assay (Molecular
Probes, Carlsbad, CA, USA) as described previously [26].

Gene knockdown using siRNA

Smart-pool siRNA, including control (D-001810-10) and
SHP-1, were all purchased from Dharmacon (Chicago, IL,
USA). Briefly, cells were transfected with siRNA (final con-
centration, 100 nM) in 6-cm plates using lipid-mediated trans-
fection with DharmaFECT 1 Transfection Reagent
(Dharmacon, Chicago, IL, USA) according to the manufac-
turer’s instructions. After 48 h, the medium was replaced and
the breast cancer cells were incubated with docetaxel or SC-43
or sequential treatment, harvested, and separated for Western
blot analysis and apoptosis analysis by flow cytometry.

Xenograft tumor growth

Female NCr athymic nude mice (5–7 weeks of age) were
obtained from the National Laboratory Animal Center
(Taipei, Taiwan, ROC). The animal study was approved and
all experimental procedures using these mice were performed
in accordance with protocols approved by the Institutional
Animal Care and Use Committee of Taipei Veterans General
Hospital. Each mouse was inoculated subcutaneously to the
mouse mammary fat pads with 5 × 106 breast cancer cells
suspended in 0.1 mL serum-free medium containing 50%
Matrigel (BD Biosciences, Bedford, MA) under isoflurane
anesthesia. Tumors were measured using calipers, and their
volumes were calculated using a standard formula:
width2 × length × 0.52. When tumors reached around
100 mm3, mice were administered docetaxel (10 mg/kg i.p.)
every 3 weeks, with or without SC-43 (5 mg/kg i.p.) three
times a week. Controls received vehicle (1× PBS). To accu-
rately quantify the drug effects on these xenograft tumors, we
have cut off any unnecessary fat tissue from the tumor as
cleanly as possible to avoid an overestimation of the tumor
weight or an incorrect interpretation of immunohistochemical
results on markers between the groups.

Combination index calculation

Cells were treated with docetaxel (0.01–0.12 μM) and SC-43
(0.1–1.2 μM). The combination index (CI) was determined
using the Chou and Talalay method [30] and the software
package CompuSyn (Biosoft, Ferguson, MO, USA). A CI
value of less than 1 was defined as synergism [31].
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Immunohistochemical staining

Paraffin-embedded breast cancer xenograft tumor tissue sec-
tions (4 μm) on poly-1-lysine-coated slides were prepared and
stained according to the IHC staining procedure previously
described [26]. The primary antibodies against p-STAT3
(ab76315, 1:50 dilution, Abcam) and STAT3 (no. 9132L,
1:100 dilution, Cell Signaling Technology) were used for in-
cubation for 1 h at room temperature. Bound antibodies were
detected using the EnVision Detection Systems Peroxidase/
DAB, Rabbit/Mouse kit (Dako, Carpinteria, CA, USA). The
slides were then counterstained with hematoxylin. Rabbit IgG
was used as a control for antibody specificity. To detect the
apoptosis, tumor tissue samples were stained by the terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphos-
phate nick end labeling (TUNEL) method with S7100
ApopTag peroxidase in situ Apoptosis Detection Kit (Merck
Millipore Corporation, Darmstadt, Germany) according to the
manufacturer’s instructions.

The cancer genome atlas data description

Level 3 data of mRNA expressions from triple negative breast
cancer samples and normal tissue samples were downloaded
from The Cancer Genome Atlas (TCGA) (https://tcga-data.
nci.nih.gov/tcga/) and the Broad GDAC Firehose data portal
(https://gdac.broadinstitute.org/). The mRNA reads per
kilobase of exon model per million (RPKM) of all samples
were selected and analyzed to compare abundances [32]. The
median value was used as the cutoff limit for the overall sur-
vival and disease-free curves for patients with high SHP-1
expression (n = 49) and patients with lower SHP-1 expression
(n = 50).

Statistical analysis

Data are expressed as mean ± SD or SE. Statistical compari-
sons were based on nonparametric tests, and statistical signif-
icance was defined as a P value of less than 0.05. For survival
analysis, disease-free and overall survival curves of patients
were generated by the Kaplan-Meier method and compared

by log rank test. All statistical analyses were performed using
SPSS for Windows software, version 12.0 (SPSS, Chicago,
IL, USA).

Results

High levels of SHP-1 transcripts are associated with better
overall survival in patients with TNBC

First, to assess the clinical relevance of SHP-1, the mRNA
reads per kilobase of exon model per million (RPKM) of
TNBC tumor samples from a TCGA public database were
selected and analyzed to compare abundances by GraphPad
Prism 5 software. As shown in Fig. 1, survival analysis from
the TCGA database demonstrated that high levels of SHP-1
transcripts were associated with better overall survival
(P = 0.029) in patients with TNBC (Fig. 1). This suggests that
SHP-1 might be a tumor suppressor and potential predictor of
TNBC prognosis.

Combination of SC-43 and docetaxel enhances
anti-proliferative effects and reduces p-STAT3 signaling
in TNBC cells

SC-43, a potent SHP-1 agonist which dephosphorylates
STAT3, has been shown to exhibit anticancer activity in he-
patocellular carcinoma, colorectal carcinoma, and breast can-
cer [24–26]. We performed MTTassay (Fig. 2a) and observed
that SC-43 displayed comparable anti-TNBC activity to doce-
taxel (Fig. 2b), a common chemotherapy agent for TNBC
therapy. Building on the foundation laid by docetaxel, we
incorporated SC-43 treatment after docetaxel dosing and eval-
uated the cytotoxicity of this sequential setup (Fig. 2c). The CI
values were less than 1 in all TNBC lines tested suggesting
that serial docetaxel and SC-43 treatment acted synergistically
with a concentration ratio of docetaxel: SC-43 at 1:10
(Fig. 2d).

The performance of the docetaxel-SC-43 regimen
prompted us to explore its potency in induction of apoptosis.
MDA-MB-468, MDA-MB-231, and HCC 1937 cells were

Fig. 1 Clinical relevance of
SHP-1 in triple negative breast
cancer. Overall survival (left) and
disease-free curves (right) for
patients with high SHP-1
expression (n = 49) and patients
with lower SHP-1 expression
(n = 50) were generated using the
Kaplan-Meier method. Median
value was used as the cutoff limit
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subjected to docetaxel, followed by SC-43 exposure. The
percentage of apoptotic TNBC cells was calculated by sub-
G1 fraction analysis. Docetaxel-SC-43 treatment had syner-
gistic effects on p-STAT3, cyclin D1, and cleaved PARP as
well as cell apoptosis in comparison with either treatment
used alone in these TNBC cells (Fig. 3a). The increased
TNBC cell apoptosis was positively correlated with in-
creased SC-43 exposure, as 24 h treatment with SC-43 after
docetaxel contributed to more programmed cell death than
12 h of SC-43 exposure (Fig. 3b). Prolonged SC-43 treat-
ment also abolished p-STAT3 signaling. However, the
docetaxel-SC-43 combination did not affect the expression
of SHP-1 and SHP-2 (Fig. 3c). Overexpression of STAT3
alleviated the apoptotic effect and reduced the cleavage
PARP triggered by the docetaxel-SC-43 treatment, suggest-
ing that STAT3 has a pivotal role following the sequential
treatment (Fig. 3d).

Inhibition of SHP-1 reduces the synergism
of the docetaxel-SC-43 combination on p-STAT3
and apoptosis

As the docetaxel-SC-43 combination had a synergistic effect
on p-STAT3 and cell apoptosis, we next validated the role of
the BSHP-1-STAT3 axis^ in the docetaxel and SC-43 formula.
After the transfection of siRNA against SHP-1, the protein
levels of p-STAT3 and the apoptotic population of MDA-
MB-468 cells were restored (Fig. 4a). In addition, the activi-
ties of SHP-1 were enhanced by treatment with SC-43 only or
the docetaxel-SC43 combination in MDA-MB-468 (Fig. 4b)
and MDA-MB-231 (Supplementary Fig. 1) cells. To further
confirm that SHP-1 plays a crucial role in docetaxel-SC-43-
mediated TNBC cell apoptosis, we also employed two types
of SHP-1 mutant constructs [24], in which the effects of SC-
43 on SHP-1 were inhibited. As illustrated in Fig. 4c, the

Fig. 2 Anti-proliferative effects of docetaxel, SC-43, and combination in
TNBC cells. aDocetaxel and b SC-43 both show anti-proliferative effects
in three triple negative breast cell lines. Cells were exposed to two drugs
at the indicated doses for 48 h and cell viability was assessed by MTT
assay. Points, mean; bars, SD (n = 3). c Sequential treatment schedule for

evaluating the cytotoxicity was treated in three TNBCs at the fixed ratio
of 10:1 (0.1 μM docetaxel; 1 μM SC-43). d The combination index was
calculated as described in BMaterials and Methods.^ Experiments were
performed in triplicate. CI values of less than one were considered as
synergism
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ectopic expression of dN1 mutants, in which the N-SH2 do-
main of SHP-1 was deleted, rescued the p-STAT3 signaling
and reduced apoptosis in the cells subjected to the sequential
treatment (Fig. 4d). Transfection of SHP-1 D61A mutants, in
which the Asp at residue 61 of SHP1 was substitutedwith Ala,
also desensitized MDA-MB-468 cells to docetaxel- SC-43-
induced apoptosis (Fig. 4e).

Combination of docetaxel and SC-43 suppresses xenograft
tumor growth and reduces p-STAT3 signaling

To investigate the clinical therapeutic options, we tested the
in vivo effect of the SC-43-docetaxel combination on tumor
growth in a xenograft mouse model. According to the experi-
ence of other groups [33] and our own experience, MDA-MB-

Fig. 3 Sequential combination of docetaxel with SC-43 enhances
apoptosis and reduces p-STAT3 signaling in TNBC cells. The treatment
strategy followed Fig. 2c. a Cell apoptosis was analyzed by sub-G1
fraction and PARP cleavage form. And the effects of combination on p-
STAT3 and its downstream signal (cyclin-D1) were analyzed by Western
blot. b Time-dependent analysis of apoptosis and protein levels. c Effect
of docetaxel-SC-43 combination on SHP-1 and SHP-2 expression. d

Overexpression of STAT3 reverses the apoptotic effect of the drug
combination. MDA-MB-468 cells stably expressing STAT3 with Myc-
tag were treated with DMSO or the drug combination. The percentage of
apoptosis wasmeasured by sub-G1 analysis, and the effect on protein was
analyzed by Western blot. Results are representative of at least three
independent experiments. Columns, mean; bars, SD. *P < 0.05.
**P < 0.01

J Mol Med



231 cells grow extremely well and give a 100% tumor take
rate in the mammary fat pad. In addition, in this study, com-
pared with the other two cell lines, MDA-MB-231 cells were
more sensitive to SC-43 or docetaxel treatment (Fig. 2).
Therefore, we chose MDA-MB-231 for the in vivo experi-
ment. Before we performed the animal experiments, we
searched the references regarding the doses of docetaxel in
xenograft mouse models. We found that docetaxel is highly
active and well-tolerated in a wide range of doses (2.5–
20 mg/kg) in MDA-MB-231 xenograft mouse models [34,
35]. On the other hand, the effective and well-tolerated dos-
age range of SC-43 is 1–10 mg/kg [26, 36]. Based on the
in vitro study, a low-dose docetaxel (0.1 μM) combined with

SC-43 (10 μM) is suitable to effectively induce TNBC cell
apoptosis (Fig. 3). In order to balance the efficacy and toxic-
ity, we used the median dosage of docetaxel (10 mg/kg) and
SC-43 (5 mg/kg) in animal experiments. There were no ob-
vious detrimental effects on phenotype but the tumor growth
(Fig. 5a) as well as tumor weight (Fig. 5b) was significantly
suppressed in comparison with the control group. Moreover,
compared to the control group, combined SC-43 and doce-
taxel treatment effectively enhanced the activity of SHP-1
(Fig. 5c) and reduced the levels of p-STAT3 proteins
(Fig. 5d). Importantly, no significant weight change was ob-
served (Fig. 5e) suggesting that this regime has a good safety
profile. To further investigate the expression and localization

Fig. 4 Inhibition of SHP-1 reduced the synergism of the docetaxel-SC-
43 combination on p-STAT3 and apoptosis. a Silencing SHP-1 by siRNA
reduced the effect on p-STAT3 in MDA-MB-468. b SC-43 alone (left) or
combination with docetaxel (right) enhanced the activity of SHP-1 in
MDA-MB-468. c Schematic representation of deletion and single
mutants of SHP-1. d, e Deletion of the N-terminal inhibitory domain

(dN1) and single mutant for SHP-1 (D61A) impair the drug
combination-induced STAT3 signaling and apoptosis effect. Apoptotic
assay was performed by sub-G1 analysis. All results are representative
of at least three independent experiments. Columns, mean; bars, SD.
*P < 0.05. **P < 0.01
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of p-STAT3 within the tissue section, the xenografted tumors
were subjected to immunohistochemistry analysis. The

docetaxel-SC-43 combination significantly downregulated
the expression of p-STAT3 and promoted cell apoptosis

J Mol Med



compared with either docetaxel or SC-43 treatment alone in
MDA-MB-231 tumors (Fig. 5f).

Discussion

Patients suffering from TNBCs have poor prognosis. As there
are no validated therapeutic targets, chemotherapy is widely
applied in patients with TNBC. However, while initially re-
sponsive to front-line chemoagents, this recalcitrant subtype
of breast tumor tends to recur and highlights the need for
continuing therapy. Hence, strategically targeting molecules
involved in chemoresistance or aberrant cell proliferation
may provide a second-phase attack to this less-treatable tumor
and bring clinical benefits.

Previous studies have revealed that SHP-1 protein was di-
minished or abolished in several cancer cell lines and tumor
tissues [23, 37]. In addition, overexpression of SHP-1 sup-
presses the growth of breast cancer cells [38], pancreatic can-
cer [39], and prostate cancer [40], suggesting that SHP-1 may
function as a tumor suppressor. In our study, the data from a
public TCGA database indicated that higher expressions of
SHP-1 transcripts correlated with better overall survival in
TNBC patients (Fig. 1). Tumorigenic STAT3 activation has
been observed in numerous malignant cancers, including
lung, breast, colon, liver, prostate, stomach, pancreas, kidney,
and brain cancers [41]. Activated STAT3 is highly expressed
in most breast cancers [14], especially in TNBC [15]. High p-
STAT3 levels also correlated with poor outcomes in invasive
breast cancers [16] and contributed to chemotherapy resis-
tance [42]. SHP-1 is a negative regulator of the cell cycle, as
well as inflammatory and JAK/STAT pathways in cancer pro-
gression [43]. We previously generated a series of sorafenib
derivatives that are devoid of angiokinase (VEGFR/PDGFR)
inhibition and identified them as SHP-1 agonists [44, 45]. We

have shown that a direct SHP-1 agonist SC-43 is effective for
colorectal cancer [25], hepatocellular carcinoma [36], and
breast cancer [26]. These findings suggest that SHP-1-
mediated STAT3 downregulation is a potential target of anti-
cancer drugs that results in induction of apoptosis in cancer
cells.

Interestingly, the TNBC cell lines we used in this study
showed a difference in molecular characteristics, MDA-MB-
468 is so-called basal type [46], MDA-MB-231 is a claudin-
low subtype [47], and HCC1937 is a BRCA-mutant cell line
[48]. The results showed that these cell lines had differential
sensitivity to SC-43 and docetaxel (Fig. 3), but more studies
are necessary to elucidate the impact of these molecular char-
acteristics (basal type, claudin-low, BRCA mutations, etc.) on
the effects of SC-43 in relation to SHP-1/STAT3 signaling.

Reports from breast cancer clinical trials have shown that
the sequential application of single drugs, compared to simul-
taneous co-administration of chemoagents, often resulted in
less toxicity while maintaining similar survival benefits [49,
50]. Lee et al. indicated that timing-specific inhibition of
EGFR by erlotinib, but not simultaneous co-administration,
significantly sensitizes TNBC cancer cells to doxorubicin
[51]. From a clinical point of view, patients with TNBCs ini-
tially respond to chemotherapy, but a large portion of patients
experience tumor relapse. Moreover, targeting another signal-
ing pathway after chemotherapy, which universally attacks
cancer cells and normal cells, could potentially result in a
synergistic effect. We thus adopted a sequential treatment,
with an order-dependent administration of docetaxel followed
by SC-43, to further advance TNBC therapy. The subsequent
use of SC-43 to abolish p-STAT3 after the first hit with doce-
taxel, instead of co-administration of the two selected agents,
significantly enhanced the percentage of apoptotic TNBC
cells (Figs. 3 and 5d). Dosing with SC-43 after docetaxel not
only synergistically inhibited cell survival (Fig. 3) but also

Fig. 5 In vivo effect of docetaxel and SC-43 on MDA-MB-231
xenograft nude mice. a The growth curves of tumors treated with
vehicle, docetaxel (10 mg/kg i.p.), SC-43 (5 mg/kg i.p.), or docetaxel
(10 mg/kg i.p.) combined with SC-43 (5 mg/kg i.p.). The treatment
schedule for docetaxel was day 1 and day 22 (every 3 weeks) and for
SC-43 was days 2, 4, 6, 9, 11, 13, 16, 18, 20, 23, 25, 27, 30, and 32 (three
times a week). Point, mean; bars, SE (n = 6). There were significant
differences between the combined treatment group and the other
groups. b Average tumor weight measured at the end of experiments.
Columns, mean; bars; SD (n = 6). *P < 0.05. c The activity of SHP-1
in MDA-MB-231 tumors. Columns, mean; bars; SD (n = 6). *P < 0.05.
**P < 0.01. d The expression of p-STAT3 and caspase-3 cleavage in
tumors was analyzed by Western blot. e Body weight measurement of
mice that received different treatments. Point, mean; bars, SD (n = 6). f
Immunohistochemical staining (IHC) staining for p-STAT3, STAT3, and
in situ apoptosis detection with terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick end labeling (TUNEL) in the
MDA-MB-231 xenografts treated with vehicle, docetaxel, SC-43, or
combination therapy were performed as described in the BMaterials and
Methods^ section. Representative staining results are shown in magnetic
field power ×200

R

Fig. 6 Working model of the SC-43 and docetaxel combination in triple
negative breast cancer cells
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suppressed tumor growth (Fig. 5a). However, we did not eval-
uate multiple dosing scheme for the in vivo experiments; we
designed the in vivo experiments based on the results from
in vitro combination testing and also took the clinical treat-
ment schedule of docetaxel into consideration. Clinically do-
cetaxel is often administered every 3 weeks to breast cancer
patients [29]. Considering mice group with a single injection
of docetaxel might not be optimal for comparison with mice
groups receiving either SC-43 monotherapy or combination
treatment; therefore, we planned an every 3-week schedule for
in vivo docetaxel injections for mice groups receiving doce-
taxel treatment. In the future, more in vivo animal studies may
be needed for the optimal dosing scheme for docetaxel in
combination with SC-43.

In conclusion, we found that high levels of SHP-1 tran-
scripts correlate with better overall survival in patients with
TNBC. Sequential application of docetaxel and a SHP-1 ago-
nist SC-43 synergistically enhanced cytotoxicity through de-
creasing p-STAT3 in TNBC cells (Fig. 6). This novel sequen-
tial regime also triggers apoptosis with a positive correlation
between the time of SC-43 exposure and the percentage of
apoptotic TNBC cells. Most importantly, the docetaxel-SC-
43 treatment suppressed tumor growth in MDA-MB-231 xe-
nograft model by elevating SHP-1 activity and reducing p-
STAT3 expression. Taken together, the docetaxel-SC-43 com-
bination might be another therapeutic strategy in patients with
TNBC in the future.
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