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A Novel Oncogenic Role of Inositol Phosphatase
SHIP2 in ER-Negative Breast Cancer Stem Cells:
Involvement of JNK/Vimentin Activation
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ABSTRACT

Overexpression of SH2-containing-50-inositol phosphatase-2 (SHIP2) correlates with poor survival
in breast cancer. However, its role in breast cancer stem cells (BCSCs) remains unclear. Here, we
showed that the percentage of SHIP21 cells was positively correlated with that of CD242CD441

cells in 60 breast cancer specimens. Among 20 estrogen receptor (ER)-negative samples, 17 had
greater SHIP2 expression in CD242CD441 subpopulation than the remaining subpopulation.
Data mining of microarray analysis of 295 breast tumors showed a significant correlation of
higher SHIP2 expression with distant metastasis. Examination of patient-derived mouse xeno-
grafts revealed that SHIP2 protein and its tyrosine 1135 phosphorylation were significantly
higher in BCSCs, identified as CD242CD441 or aldehyde dehydrogenase (ALDH1), than
non-BCSCs. SHIP2 silencing or inhibitor of SHIP2 phosphatase significantly decreased
mammosphere-forming efficiency, ALDH1 subpopulation in vitro and tumorigenicity of BCSCs in
vivo. Overexpression of SHIP2 enhanced the expression of epithelial–mesenchymal transition
markers including vimentin (VIM), which was mainly expressed in ER-negative breast cancer
cells with higher level in mammospheres than monolayer culture. Ablation of c-Jun N-terminal
kinase 1 (JNK1), JNK2, or VIM diminished the increased ALDH1 population and tumorigenicity,
induced by SHIP2 overexpression. BCSCs displayed greater expression of phospho-JNK than non-
BCSCs and silencing of JNK suppressed SHIP2-mediated upregulation of VIM. Furthermore,
SHIP2 overexpression enhanced Akt activation, but Akt inhibition failed to influence SHIP2-
induced phospho-JNK/VIM upregulation. In conclusion, SHIP2 plays a key role in BCSCs of ER-
negative breast cancers through activation of Akt and JNK with upregulation of VIM and may
serve as a target for therapy directed at BCSCs. STEM CELLS 2014;32:2048–2060

INTRODUCTION

Cancer stem cells (CSCs) have been defined as
a small proportion of tumor cells with the
capacity for self-renewal, differentiation, and
tumorigenicity. It was initially demonstrated in
acute myeloid leukemia in 1994 [1]. Since
then, CSCs have been identified from several
types of solid tumors, including breast, brain,
pancreatic, and colon [2–5]. Al-Hajj et al. first
identified human breast CSCs (BCSCs) as
CD441CD242/low cells, and subsequently
Ginestier et al. showed that BCSCs were
enriched in cells with high activity of aldehyde
dehydrogenase 1 (ALDH1) [4, 6]. To date,
CSCs have been shown to be responsible for
metastasis and resistance to drugs and radia-
tion [7–9]. Thus, identification of suitable tar-
get molecules and/or pathways to eradicate
CSCs is urgently needed.

In breast cancer, SH2-containing-50-inositol
phosphatase-2 (SHIP2) has been shown to pro-

mote cancer cell proliferation and metastasis
by interacting with c-cbl to prevent epidermal
growth factor (EGF) receptor (EGFR) turnover
and enhancing EGF-induced Akt activation [10,
11]. The expression of SHIP2 was higher in
breast cancer cells than normal mammary epi-
thelial cells, and immunohistochemical analysis
of clinical samples showed that higher level of
SHIP2 correlated with shorter survival of
patients with invasive breast cancer [12]. How-
ever, it remains unclear whether SHIP2 con-
tributes to the features of CSCs, which are
important target for cancer therapy.

SHIP2, an inositol phosphatase which
converts phosphatidylinositol (3,4,5)-trisphos-
phate [PI(3,4,5)P3] into phosphatidylinositol
(3,4)-biphosphate [PI(3,4)P2], could block
insulin-stimulated phosphatidylinositol-3-kinase
(PI3K)/Akt activation, while SHIP2 depletion
induced proliferation of insulin-producing cells
and increased insulin sensitivity [13, 14]. How-
ever, blocking of SHIP2 activity by pan-SHIP
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inhibitors reduced cell survival in breast cancer cell lines,
MDA-MB-231, and MCF7 cells [15]. Independent of its inositol
phosphatase activity, SHIP2 has been shown to interact with
other proteins through SH2 domain at its N-terminus and a
proline-rich C-terminal tail ending with a sterile alpha motif
domain, including c-cbl [16, 17], p130Cas [18], filamin [19],
vinexin [20], c-Met [21], EphA2 receptor [22, 23], and c-Jun
N-terminal kinase 1 (JNK)-interacting protein 1 (JIP1) [24].
These findings suggest that SHIP2 may exert diverse biological
functions independent of its phosphatase activity.

In this study, we showed that higher SHIP2 expression in
primary human breast cancer specimens positively correlated
with the greater percentage of CD242CD441 subpopulation,
and a greater SHIP2 expression in CD242CD441 than non-
CD242CD441 cells was observed in estrogen receptor (ER)-
negative breast cancer. Furthermore, we demonstrated that
SHIP2 played an essential oncogenic role for the maintenance
of BCSC subpopulation, the mammosphere-forming ability in
vitro and tumorigenicity in vivo through JNK/vimentin (VIM)
activation.

MATERIALS AND METHODS

Primary Tumor Cell Isolation and Transplantation

Human clinical breast cancer specimens were obtained from
patients at the time of initial surgery and were fully
encoded to protect patient confidentiality. Clinical specimens
were utilized under a protocol approved by the Institutional
Review Board of the Human Subjects Research Ethics Com-
mittee of Academia Sinica, Tri-Service General Hospital and
Veterans General Hospital (Taipei, Taiwan). Isolation of the
primary tumor cells from clinical specimens were described
previously [25]. Briefly, the tumor specimens were enzymati-
cally digested by incubation with collagenase, hyaluronidase,
and DNase I. Tumor cells were filtrated through a 100-lm
cell strainer and separated from red blood cells and dead
cells by Percoll density gradient centrifugation. The buffy
coat was washed and resuspended for inoculation or flow
cytometric analysis. To establish mouse-engrafted tumors, the
tumor cells mixed with normal human mammary fibroblasts
and Matrigel (BD biosciences, San Jose, CA, http://www.
bdbiosciences.com) were subcutaneously injected into mam-
mary fat pads of 8–12-week-old female nonobese diabetic/
severe combined immunodeficient (NOD/SCID) mice, pur-
chased from Tzu Chi University (Hualien, Taiwan) and Jackson
Laboratory (West Grove, PA, http://www.jax.org). The proto-
col for animal experimentation was approved by the Institu-
tional Animal Care and Utilization Committee of Academia
Sinica, Taipei, Taiwan. Four xenografts were successfully
established from patients BC0145, BC0244, BC0350, and
BC0634, and their clinical pathological features were shown
in Supporting Information Table S1. BCSC subpopulation was
delineated as CD242CD441 cells in BC0145, and ALDH1 cells
in BC0244, BC350, and BC0634, according to their tumorige-
nicity [26].

Cell Culture, Cell Viability Determination, and
Reagents

Monolayer cultures of H-2Kd2CD242CD441 of BC0145,
H-2Kd2ALDH1 of BC0244, and H-2Kd2 of BC0634 sorted from

xenograft tumors of human primary breast cancer (Supporting
Information Table S1) were designated as AS-B145, AS-B244,
and AS-B634 cells, respectively, as described previously [26].
These cells as well as MCF7 and ZR75-1 were cultured in min-
imum essential medium containing 10% fetal bovine serum
(FBS), 1 mM sodium pyruvate, 2 mM GlutaMAX, and 10 lg/
ml insulin. MDA-MB-231 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% FBS; T47D
and BT483 cells were cultured in RPMI-1640 containing 10%
FBS. MCF10A cell line was obtained from ATCC, and cultured
in mammary epithelial basal medium containing 5% FBS, 10
ng/ml EGF, 5 lg/ml insulin, and 0.5 lg/ml hydrocortisone. All
the cells were maintained at 37�C with 5% CO2 in air atmos-
phere. Cell viability was determined by incubation with 10%
AlamarBlue reagent (Biosource International, Camarillo, CA,
http://www.lifetechnologies.com) for 2 hours, followed by
measurement of fluorescence with excitation at 544 nm and
emission at 590 nm using a spectrophotometer (Spectramax
190, Molecular Devices, Sunnyvale, CA, http://www.molecular-
devices.com/). The SHIP2-selective competitive inhibitor
(AS1938909) [27] and JNK inhibitor II (SP600125) were
obtained from Merck-Calbiochem (San Diego, CA, http://www.
merckmillipore.com). PI(3,4)P2-diC16 was purchased from Ech-
elon Biosciences Inc. (Salt lake city, UT, http://www.echelon-
inc.com). Akt1/2 kinase inhibitor was obtained from Sigma-
Aldrich (St. Louis, MO, http://www.sigmaaldrich.com).

Plasmids and Lentiviruses

All lentiviral short hairpin RNA (shRNA) plasmids listed in Sup-
porting Information Table S2 were purchased from National
RNAi Core Facility of the Institute of Molecular Biology/
Genomics Research Center, Academia Sinica, supported by the
National Research Program for Genomic Medicine grants of
the National Science Council, Taiwan (NSC 100-2319-B-001-
002). The shRNA plasmid against luciferase served as negative
control (sh-Ctrl) in all knocking down experiments. For plasmid
construction, full-length coding sequences of human SHIP2
(INPPL1, accession number NM_001567) were cloned with
specific primers (forward: CCCGCTAGCATGGCCTCGGCCTGCGGG,
reverse: CCCGAATTCTCA CTTGCTGAGCTGCAGGGTG) into pLKO
AS2.puro vector (National RNAi Core Facility). The procedure
for lentiviruses production was described previously [25]. Cells
were infected by viruses at a multiplicity of infection (MOI) of
1–5 with the addition of 8 lg/ml polybrene (Sigma-Aldrich).
AS-B634 cells were transduced by lentiviruses carrying vector
overexpressing SHIP2 or control vector and selected by 2 lg/
ml puromycin (Sigma-Aldrich) for more than 1 month to gener-
ate stable clones of puromycin-resistant cells.

Fluorescence-Activated Cell Sorting

For SHIP2 immunostaining, 2.5–5.0 3 105 cells isolated from
primary tumors were fixed at 37�C for 10 minutes with BD
Phosflow fix buffer and preserved at 280�C for batch analy-
sis. After thawing and washing, the fixed cells were permeal-
ized with BD Phosflow Perm Buffer III on ice for 30 minutes
and stained for another 30 minutes with anti-human SHIP2
rabbit monoclonal antibodies or isotype control rabbit mono-
clonal IgG (Cell Signaling Technology, Danvers, MA, http://
www.cellsignal.com), Alexa Fluor 488-goat anti-rabbit IgG
(Invitrogen, Life Technologies, Inc., Grand Island, NY, http://
www.invitrogen.com), and anti-CD24-PE, anti-CD44-APC, and
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anti-CD45-PE-Cy7 antibodies (BD biosciences). Cells were then
washed with phosphate-buffered saline (PBS) and analyzed by
flow cytometric analyses using BD Diva software and a BD
FACSCanto II flow cytometer. The percentage of SHIP21 cells
was determined by FCS Express software after subtraction of
isotype control. ALDEFLUOR assay (StemCell Technologies,
Vancouver, Canada, http://www.stemcell.com) was performed
according to the manufacturer’s recommendations. Briefly, 1
3 105 cells were suspended in 100 ll of assay buffer and
incubated with BODIPY-aminoacetaldehyde substrate and/or
150 lM diethylaminobenzaldehyde (DEAB) at 37�C for 30
minutes and further stained with 7-AAD on ice for 10
minutes. After washing, cells were analyzed by flow cytometry
and gated into ALDH1 and ALDH2 cells of viable cells
(7AAD2). For sorting of ALDH1 and ALDH2 subpopulation,
cells were first stained with ALDEFLUOR kit, followed by anti-
H2Kd–APC and then 7-AAD. For sorting of CD242CD441 and
the remaining subpopulation, cells were first stained with
anti-CD24-PE, anti-CD44-APC, and anti-H2kd-FITC, followed by
7-AAD. Cell sorting was carried out on a FACSAria cell sorter
(BD Biosciences).

Real-Time Quantitative PCR

RNAs were extracted using the TRIzol Reagent (Invitrogen).
cDNA was synthesized by a SuperScript III First-Strand Synthe-
sis kit (Invitrogen). cDNAs of 5–10 ng was used for SYBR
Green quantitative polymerase chain reaction (qPCR) analysis.
The sequences of qPCR primers for JNK1, JNK2, SHIP2,
GAPDH, E-cadherin, VIM, N-cadherin, fibronectin 1 (FN1), and
Slug, provided on the Web site of Origene, Inc. (Rockville,
MD, http://www.origene.com), were listed in Supporting Infor-
mation Table S3. SYBR Green master mix reagents were
obtained from Roche Diagnostics Corp. (Indianapolis, Indiana,
http://www.roche-diagnostics.us). qPCR assays were per-
formed on the Real-Time PCR 7300 system or StepOne Plus
real-time PCR system (Applied Biosystems, Foster City, CA,
http://www.appliedbiosystems.com).

Western Blotting

Cells were washed with PBS and lysed in RIPA buffer contain-
ing NP-40, protease inhibitors (Roche), and tyrosine and ser-
ine/threonine phosphatase inhibitors (Sigma-Aldrich). Total
protein extracts of 10–30 lg were separated on 4–12%
NuPAGE (Invitrogen) and transferred to polyvinylidene difluo-
ride membranes (Millipore, Bedford, MA, https://www.milli-
pore.com). The membranes were incubated with primary
antibodies at 4�C overnight followed by alkaline phosphatase-
conjugated secondary antibodies (Jackson Immunoresearch
Laboratories, West Grove, PA, http://www.jacksonimmuno.
com) at room temperature for 1 hour. Then, the membrane
was scanned by a Typhoon9400 Variable Mode Imager (GE
Healthcare Life Sciences, Uppsala, Sweden, http://www.geli-
fesciences.com) to detect the fluorescent signals released
from catalyzed ECF substrate (GE Healthcare). Antibodies
against SHIP2, phospho-SHIP2 Tyr1135, phospho-JNKThr183/Tyr185,
phosphor-AktSer473, phospho-AktThr308, Akt, and GAPDH were
purchased from Cell Signaling Technology, and those against
JNK and VIM were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, http://www.scbt.com). Anti-a-tubulin anti-
body was purchased from Sigma-Aldrich. Anti-FN1 antibody
was obtained from Millipore. Anti-Slug antibody was pur-

chased from Abcam Inc., Cambridge, MA, http://www.abcam.
com. The results of Western blots were quantified by Image-
Quant 5.2 software (GE Healthcare).

Mammosphere Formation Assay

Cultured cells were trypsinized and seeded at 500 or 1000
cells per well into 96-well low-attachment plates (Corning
Inc., Corning, NY, http://www.corning.com) and cultured in
DMEM-F12 medium (Lonza Walkersville Inc., Walkersville, MD,
http://www.lonza.com) containing 0.4% bovine serum albu-
min, 20 ng/ml basic fibroblast growth factor (PeproTech,
Rocky Hill, NJ, http://www.peprotech.com), 20 ng/ml EGF
(PeproTech), 5 lg/ml insulin, and B27 supplement (Life Tech-
nologies Inc.). At 7–15 days, the number of mammospheres
greater than 50 lm diameter was counted under an inverted
microscope. Mammosphere-forming efficiency (MFE, %) was
calculated as follows [28]: (number of mammospheres per
well/number of cells seeded per well) 3 100

Tumorigenicity In Vivo

BC0145-CSC (CD242CD441) and BC0244-CSC (ALDH1) cells
were sorted as described previously from xenograft tumors
and cultured overnight, followed by infection with lentiviral
shRNAs for 3 days. The viable puromycin-resistant cells were
trypsinized and mixed with human normal mammary fibro-
blasts and Matrigel for subcutaneous injection into the mam-
mary fat pads of NOD/SCID mice. Tumor formation was
monitored weekly after inoculation. The frequency of tumor-
initiating cell (TIC) was calculated by Extreme Limiting Dilution
Analysis software [29]. To assess the in vivo effect of SHIP2
inhibitor, AS1938909, mice were treated with the inhibitor
intravenously twice per week for 4 weeks, starting at 4 days
after tumor inoculation.

Statistical Analysis

Correlation analyses of clinical characteristics except breast
cancer subtypes shown in tables were determined by Fisher’s
exact test. The correlation of subtypes was analyzed by Chi-
square test. Data presented as mean6 SD were analyzed by
Student’s t-test. p< .05 was considered as significant.

RESULTS

Increased SHIP2 Expression in BCSCs of ER-Negative
Breast Cancers

To evaluate the role of SHIP2 in BCSCs, we first examined the
expression of SHIP2 in BCSC and non-BCSC subpopulations in
clinical specimens obtained from 60 breast cancer patients
whose clinical pathological characteristics were summarized in
Supporting Information Table S4. The expression levels of
SHIP2 in both non-BCSCs (non-CD242CD441) and BCSCs
(CD242CD441) of freshly isolated breast cancer cells (CD452)
were determined by flow cytometry. Figure 1A showed the
analysis of a representative sample. Among 60 specimens
investigated (Fig. 1B), the percentage of SHIP21 cells was pos-
itively correlated with that of CD242CD441 cells within total
tumor cells (Spearman r5.3, p5 .02). In 5 of 60 specimens,
SHIP2 was not detectable, and 13 of 60 showed no discerni-
ble CD242CD441 cells by flow cytometry (Supporting Infor-
mation Table S5).
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Next, we analyzed whether the expression level of SHIP2
in total tumor cells correlated with clinical parameters. As
shown in Supporting Information Table S4, there was a trend
for lymph node involvement in SHIP2 high expression group
(>4%) (p5 .07). Moreover, data mining of microarray analysis
of 295 clinical breast cancer specimens reported by van de
Vijver et al. [30] revealed a significant correlation of greater
SHIP2 expression with distant metastasis (Supporting Informa-
tion Table S6, p5 .002). We next compared the SHIP2 expres-
sion in BCSCs versus non-BCSCs. Among 44 of 60 samples in
which both SHIP2 and CD242CD441 cells were detectable
(Supporting Information Table S5), SHIP2 expression was
higher in BCSCs than non-BCSCs in 28 cases (Supporting Infor-
mation Table S7). There was a significant correlation of ER sta-
tus with SHIP2 expression in BCSCs. In 20 ER-negative
patients, 17 (85.0 %) showed greater expression of SHIP2 in
BCSCs than non-BCSCs, whereas 13 of 24 (54.2 %) ER-positive
patients displayed equal or higher SHIP2 in non-BCSCs than
BCSCs (p5 .01). No correlation was found with other clinical
parameters including age, tumor size, histology grade, stage,
lymph node involvement, progesterone receptor, v-erb-b2
avian erythroblastic leukemia viral oncogene homolog 2
(HER2) status, and four molecular subtypes of breast cancer.
We further determined SHIP2 expression in BCSCs
(CD242CD441 or ALDH1) and paired non-BCSCs
(CD242CD442/low or ALDH2) sorted from four mouse xeno-
grafts of primary human ER-negative breast cancer as
described in Materials and Methods section. As shown in Fig-
ure 2, BCSCs displayed greater expression of SHIP2 protein

and its phosphorylation on tyrosine 1135 site than non-BCSCs.
Taken together, SHIP2 expression positively correlated with
distant metastasis, and BCSCs had higher expression of SHIP2
than non-BCSCs in some subtypes of breast cancer such as
ER-negative breast cancers. These results suggested that
SHIP2 might play an important role in the tumorigenicity and
progression of breast cancer.

SHIP2 Expression Modulates ALDH1 Subpopulation
and Mammosphere Formation In Vitro and
Tumorigenicity In Vivo

AS-B145, AS-B244, or AS-B634 cells, which were derived from
xenograft tumors of BC0145, BC0244, or BC0634, respectively,
could be propagated as monolayer cultures. They contained
CD242CD441 and ALDH1 subpopulation (Supporting Informa-
tion Fig. S1) and formed mammospheres in vitro (Fig. 3A). To
delineate the role of SHIP2 in breast cancer tumorigenicity,
we delivered lentiviral shRNAs to knock down SHIP2 expres-
sion in AS-B145 and AS-B244 cells. As shown in Figure 3B, 4
days after lentiviral transduction of AS-B145 cells with two
different shRNAs (sh-S-1 and sh-S-2), SHIP2 was repressed to
50% of negative control. BCSC subpopulation as characterized
by high ALDH1 activity was significantly reduced in sh-S-1 and
22 cells to �0.4 and 0.5- to 0.8-fold of sh-Ctrl cells for AS-
B145 and AS-B244, respectively. On the other hand, AS-B634
cells over-expressing SHIP2 showed 3.2-6 0.4-fold increase in
ALDH1 subpopulation, while SHIP2 expression level was ele-
vated to 2.0-fold as compared to vector control (Fig. 3C).
These results indicated that SHIP2 was important for the

Figure 1. Flow cytometric analysis of SH2-containing-50-inositol phosphatase-2 (SHIP2) expression in CD242CD441 and non-
CD242CD441 populations from primary human breast cancer cells. Breast cancer cells harvested from clinical breast cancer specimens
were stained with fluorescence-conjugated antibodies and detected by flow cytometry. (A): A representative sample, BC1126, of 60 clini-
cal specimens examined was shown. BC1126 was a 50-year old patient with stage IIIA, ER1, PR1, Her2– lobular carcinoma. Tumor cells
were first gated on CD452 population to exclude leukocytes (upper left panel). Among CD452 tumor cells, CD242CD441 subpopulation
in region R1 and the remaining non-CD242CD441 cells in region R2 were shown (upper right panel). The SHIP2 expression levels of
non-CD242CD441 subpopulation (blue) and CD242CD441 subpopulation (red) were normalized to its own isotype control (black) (lower
panel). (B): The dot plots showed the correlation of percentages (%) of SHIP21 cells and CD242CD441 cells in each tumor among 60
(n) clinical specimens. The r and p values were calculated by Spearman’s rank correlation analysis. Abbreviations: SHIP2, SH2-containing-
50-inositol phosphatase-2; SSC, side scatter.
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maintenance of ALDH1 subpopulation. We next assessed the
role of SHIP2 in mammosphere-forming ability of BCSCs. As
shown in Supporting Information Figure S2, the expression of
SHIP2 and phospho-SHIP2Tyr 1135 was slightly greater in mam-
mosphere than adherent monolayer culture. Silencing of
SHIP2 reduced the mammosphere-forming efficiency (MFE) of
AS-B145 cells from 4.636 0.47% (sh-Ctrl) to 3.26 0.4% (sh-S-
1, p5 .02) and 3.66 0.2% (sh-S-2, p5 .03). Similar results
were obtained in AS-B244 cells with a significant decrease in
MFE from 1.16 0.1% (sh-Ctrl) to 0.26 0.1% (sh-S-1, p< .001)
and 0.76 0.2% (sh-S-2, p5 .003) (Fig. 3D). On the other
hand, the later passage of SHIP2-overexpressing AS-B634 cells,

which had a 7.4-fold increase of SHIP2 expression as com-
pared to 2.0-fold in early passage, exhibited elevated MFE
from 0.76 0.1% to 3.36 0.3% (p5 .035, Fig. 3E). To verify
the essential role of SHIP2 in vivo, SHIP2 was silenced by len-
tiviral shRNAs in BC0145-CSC (CD242CD441) sorted from
BC0145 xenograft and BC0244-CSC (ALDH1) sorted from
BC0244 xenograft. Table 1 showed that the TIC frequency of
sh-SHIP2 (sh-S-2) cells as compared to sh-Ctrl cells was signifi-
cantly decreased from 1:12,509 to 1:104,672 for BC0145-CSC
and from 1:3,477 to 1:438,624 for BC0244-CSC. Whereas,
SHIP2-overexpressing AS-B634 stable clone increased TIC fre-
quency from 1:56,160 to 1:229 with faster engraftment than

Figure 2. Higher expression and phosphorylation of SH2-containing-50-inositol phosphatase-2 (SHIP2) in the breast cancer stem cell
(BCSC) subpopulation than non-BCSC isolated from xenografts of primary human breast cancer. (A, B): Fresh tumor cells were isolated
from xenografts of four primary human breast cancer specimens in nonobese diabetic/severe combined immunodeficient mice for
fluorescence-activated cell sorting analysis. The viable human cells (7-AAD2H-2Kd2) were gated to identify the BCSC subpopulations as
CD242CD441 or aldehyde dehydrogenase (ALDH1) cells. Diethylaminobenzaldehyde, the inhibitor of ALDH, was used to distinguish
ALDH1 (purple) from ALDH2 (green) cells. The expression of SHIP2 and phospho-SHIP2 (Tyr1135) in the subpopulations of CD242

CD441/hi or CD242CD442/low and ALDH1 or ALDH2 was determined by Western blot and presented as fold change. Abbreviations:
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; SHIP2, SH2-containing-50-inositol phosphatase-2; SSC, side scatter.
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Figure 3. SH2-containing-50-inositol phosphatase-2 (SHIP2) expression expands the subpopulation of aldehyde dehydrogenase (ALDH1) cells
and enhances mammosphere (MS) formation. (A): AS-B145, AS-B244, or AS-B634 cells were cultured in adherent monolayer or MS condition
as described in Materials and Methods section. The pictures were taken under microscope. Scale bar5 200 lm. (B, D): AS-B145 cells were
transduced with shRNAs to knock down SHIP2 (sh-S-1, 22). Sh-Ctrl was a negative control shRNA. Four days after transfection, the expression
of SHIP2 was determined by Western blot. Four days after transduction of AS-B145 or AS-B244 cells with lentiviral shRNAs targeting SHIP2, the
percentage of ALDH1 subpopulation was determined by flow cytometry and MS-forming efficiency (MFE) was calculated. Fluorescence-
activated cell sorting plots were representative of three independent experiments. (C): The expression level of SHIP2 in SHIP2-overexpressing
AS-B634 cells was shown, and their ALDH1 subpopulation was determined. (E): The expression level of SHIP2 in SHIP2-overexpressing stable
clone of AS-B634 was shown, and their MFE were determined. Data were shown as Mean6 SD. *, p< .05. Abbreviations: DEAB, diethylamino-
benzaldehyde; MFE, MS-forming efficiency; MS, mammosphere; SHIP2, SH2-containing-50-inositol phosphatase-2; shRNA, short hairpin RNA.
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vector control. These results indicated that SHIP2 contributed
to maintaining the properties of breast CSCs.

SHIP2 Phosphatase Activity Modulates ALDH1

Subpopulation and Mammosphere Formation In Vitro
and Tumorigenicity In Vivo

To delineate the role of phosphatase activity of SHIP2 in breast
CSCs, we analyzed the effects of a SHIP2-selective competitive
inhibitor, AS1938909, in SHIP2-overexpressing AS-B634 stable
clone. As shown in Figure 4A, treatment with SHIP2 inhibitor
for 4 days decreased cell viability to 70.066.5% or 47.36 4.4%
of dimethyl sulfoxide (DMSO) control at 25 lM, and
34.564.4% or 1.860.3% at 50 lM in SHIP2-overexpressing
AS-B634 or vector control cells, respectively. As expected,
SHIP2-overexpressing cells were less sensitive to the inhibitor
than the vector control cells. Furthermore, BCSC subpopulation
identified as ALDH1 cells in SHIP2-overexpressing AS-B634 was
reduced to 0.5-60.2-fold at 25 lM and 0.3-60.02-fold at 50
lM (Fig. 4B; Supporting Information Fig. S3), along with
decreased MFE of SHIP2-overexpressing AS-B634 from
3.360.3% (DMSO control) to 0.260.1% at 25 lM and 0% at
50 lM (Fig. 4C). Moreover, SHIP2 phosphatase inhibitor reduced
the tumor volume engrafted by SHIP2-overexpressing AS-B634
cells from 1.46 0.4 cm3 (DMSO) and 1.260.3 cm3 (untreated
control) to 0.560.3 cm3 in vivo (p5 .01, Fig. 4D). As showed
in Figure 4E, both SHIP2 shRNA knockdown and SHIP2 phospha-
tase inhibitor in SHIP2-overexpressing AS-B634 cells suppressed
p-AktSer473 levels. Furthermore, regulation of Ser473 and Thr308
phosphorylation on Akt by SHIP2 was also observed in breast
cancer cells not overexpressing SHIP2, such as AS-B634 (Sup-
porting Information Fig. S4). Next, we delivered the product of
SHIP2 phosphatase, PI(3,4)P2, to rescue SHIP2-overexpressing
AS-B634 cells from the effects of SHIP2 phosphatase inhibitor.
As showed in Figure 4E, addition of PI(3,4)P2 could partially res-
cue Akt phosphorylation from 0.6- to 0.8-fold and ALDH1 sub-
population from 0.46-60.05-fold to 0.72-6 0.04-fold in SHIP2-
overexpressing AS-B634 cells treated with SHIP2 phosphatase
inhibitor (p5 .03, Fig. 4F), whereas PI(3,4)P2 failed to reverse
the effects of SHIP2-silencing on Akt activation (Fig. 4E) and
ALDH1 subpopulation (Fig. 4G). These results demonstrated
that the oncogenic role of SHIP2 in breast cancer might be
attributed partially, but not entirely to its phosphatase activity.

SHIP2 Positively Regulates Vimentin Expression in
ER-Negative Breast Cancers

In light of our finding that SHIP2 significantly correlated with
metastasis, we investigated the possible involvement of SHIP2 in

epithelial–mesenchymal transition (EMT). As shown in Figure 5A,
the stable clone of SHIP2-overexpressing ASB634 cells harbored
significantly lower levels of E-cadherin, and higher levels of N-
cadherin, FN1, Slug, and VIM than control cells. On the other
hand, SHIP2 knockdown in MDA-MB-231 cells to 0.460.1 and
0.3-60.04-fold by sh-S-1 and sh-S-2, respectively, reduced the
expression of VIM to 0.5-60.03-fold (p5 .001) and 0.4-60.1-
fold (p5 .005) at mRNA level, and 0.6- and 0.4-fold at protein
level, respectively, although the expression of N-cadherin, Slug and
FN1 was not affected (Fig. 5B). Similarly, SHIP2 silencing in AS-
B145 and AS-B244 cells reduced the mRNA level of VIM to 0.6-
60.03-fold and 0.4-60.2-fold, respectively (Fig. 5C), and
decreased the protein level of VIM to 0.6-fold in AS-B145 cells
(Supporting Information Fig. S5A). Furthermore, treatment with
inhibitor of SHIP2 phosphatase at 50 lM diminished the expres-
sion of VIM from 2.32-60.16-fold to 0.81-60.03-fold increase in
SHIP2-overexpressing AS-B634 cells, as compared to vector control
cells (p< .001, Supporting Information Fig. S6). Since VIM expres-
sion was reported to be greater in breast cancer samples with
higher percentage (� 10%) of CD242/lowCD441 cells [31], we
examined the relationship between SHIP2 and VIM. In view of a
significant correlation of ER-negative status with higher SHIP2
expression in CD242CD441 cells than non-CD242CD441 cells, we
determined VIM expression in ER-negative and ER-positive breast
cancer cell lines. As shown in Figure 5D, ER-negative cell lines,
MCF10A, MDA-MB-231, or cells cultured from xenografts including
AS-B145, AS-B244 and AS-B634 expressed VIM, while no VIM
expression was detected in all ER-positive breast cancer cell lines
tested including T47D, ZR75-1, BT483, and MCF7. Moreover, VIM
expression in mammospheres of AS-B145 and AS-B634 cells was
1.6- to 3.5-fold greater than adherent monolayer cultures (Fig.
5E). On the other hand, BCSCs derived from mouse xenografts of
BC0145 and BC0244 had higher expression (4.4- to 6.3-fold) of
VIM proteins than paired non-BCSCs (Supporting Information Fig.
S5B). Hence, we determined whether VIM indeed contributed to
the maintenance of BCSCs. As shown in Figure 5F, knockdown of
VIM by shRNAs to 0.3-60.2-fold (sh-VIM-1) and 0.1-60.1-fold
(sh-VIM-2) in AS-B145 cells significantly reduced the ALDH1 sub-
population to 0.76-60.06-fold and 0.46-60.16-fold, and the
CD242CD441 subpopulation to 0.55-60.08-fold and 0.37-
60.04-fold, respectively. These findings suggested that the impor-
tance of SHIP2 in BCSCs of ER-negative breast cancers might in
part be attributed to its upregulation of VIM expression.

SHIP2 Induces Vimentin Expression Through JNK
Activation

To further investigate the molecular mechanism of SHIP2-
mediated VIM upregulation, we examined a potential candidate

Table 1. Tumorigenicity of cells after silencing or overexpressing SHIP2

Cell treatment Injected cell number TIC Frequency p

BC0145-CSC 1.5 3 105 3.0 3 104 3.0 3 103 0.005
sh-Ctrl 7/7 4/4 0/4 1:12,509
sh-S-2 6/7 0/4 0/4 1:104,672
BC0244-CSC 1.0 3 105 7.0 3 104 1.0 3 103 <<0.001
sh-Ctrl 11/11 3/3 1/4 1:3,477
sh-S-2 0/11 0/3 0/4 <1: 438,624
AS-B634 105 104 103 102 101 <<0.001
Vector 4/6 3/6 0/5 ND ND 1:56,160
SHIP2 6/6 6/6 5/6 4/6 2/6 1:229

The TIC frequency was calculated by ELDA software. ND, not determined.
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Figure 4. Inhibition of SH2-containing-50-inositol phosphatase-2 (SHIP2) phosphatase activity reduces aldehyde dehydrogenase (ALDH1)
population and mammosphere (MS) formation in vitro and impairs tumorigenicity in vivo. (A): The viability of AS-B634 cells (vector con-
trol and SHIP2-overexpressing groups) after treatment with SHIP2 inhibitor (S2-I) at the indicated concentration for 4 days was deter-
mined by AlamarBlue reagents. (B, C): After incubation with SHIP2 inhibitor, the percentage of ALDH1 population and MS-forming
efficiency (MFE) of ASB634 SHIP2-overexpressing stable clone were determined. #, no MS was observed. (D): The tumor volume of AS-
B634 SHIP2-overexpressing stable clone on day 28 after treatment with DMSO or 50 lM SHIP2 inhibitor (S2-I) or untreated control
(Mock) was determined as described in Materials and Methods section. (E): The protein levels of SHIP2, phospho-Akt, or Akt in SHIP2-
overexpressing AS-B634 stable clone were determined by Western blots 3 days after SHIP2 shRNA knockdown (S) or SHIP2 phosphatase
inhibition (S2-I) with or without the addition of 25 lM PI(3,4)P2 for the last 2 days, and (F, G) the percentage of their ALDH1 popula-
tion was determined. Representative fluorescence-activated cell sorting plots of two independent experiments were shown. Data were
shown as mean6 SD. *, p< .05. Abbreviations: DEAB, diethylaminobenzaldehyde; DMSO, dimethyl sulfoxide; MFE, mammosphere-
forming efficiency; NS, not significant; SHIP2, SH2-containing-50-inositol phosphatase-2; shRNA, short hairpin RNA; SSC, side scatter.



Figure 5. SH2-containing-50-inositol phosphatase-2 (SHIP2) positively regulates the expression of vimentin (VIM). (A): The mRNA and
protein expression of EMT-related genes in a SHIP2-overexpressing stable clone and vector control clone of AS-B634 cells was deter-
mined by quantitative polymerase chain reaction (qPCR) and Western blots, respectively. (B): Four days after SHIP2 knockdown, the
mRNA and protein expression of indicated genes in MDA-MB-231 cells was determined by qPCR and Western blots, respectively.
(C): The expression of VIM mRNA in AS-B145 and AS-B244 cells 4 days after SHIP2 knockdown was analyzed by qPCR. (D): The expres-
sion of SHIP2 and VIM proteins in the indicated cell lines was determined by Western blots. The protein level in each cell line was com-
pared with MCF10A and presented as relative fold. VIM “2”: VIM expression was undectable. (E): Adherent monolayer cells and
mammospheres (MSs) from AS-B145 or AS-B634 cells were harvested to analyze the expression of VIM by Western blots. (F): Four days
after silencing VIM with the shRNAs in AS-B145 cells, the expression of VIM mRNA was analyzed by qPCR and the population of alde-
hyde dehydrogenase (ALDH1) cells and CD242CD441 was examined by flow cytometry. Data were shown as mean6 SD. *, p< .05.
Abbreviations: FN1, fibronectin 1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; SHIP2, SH2-containing-50-inositol phosphatase-2;
shRNA, short hairpin RNA; VIM, vimentin; ER, estrogen receptor.



JNK, a kinase known to phosphorylate c-Jun which drove VIM
transcription [32]. We first delineated the role of JNK in BCSCs
by comparing the levels of phospho-JNK and JNK proteins in
BCSCs and non-BCSCs. As shown in Figure 6A, phospho-p54 JNK
was elevated by 2.4- and 2.1-fold in BCSCs sorted from BC0145
(CD242CD441) and BC0244 (ALDH1), as compared to their
respective non-BCSCs. The total JNK protein was also higher in
BCSCs of both xenografts, especially in BC0244 (up to 9.2-fold
for p54 JNK). Moreover, higher phospho-JNK levels (3.3- to 4.4-
fold) were observed in mammospheres of AS-B634 cells than
adherent monolayer culture, while SP600125, a chemical inhibi-
tor for JNK, suppressed the MFE of AS-B145 cells from
6.26 0.5% (DMSO) to 5.06 0.6% at 4 lM and 3.36 0.6% at 20
lM (Fig. 6B). We further demonstrated that a SHIP2-
overexpressing stable clone of AS-B634 cells displayed elevated
phospho-JNK expression, especially p54 JNK (fivefold). On the
other hand, SHIP2 silencing in AS-B145 cells impaired the activa-
tion of p54 and p46 JNK (0.5- and 0.4-fold) (Fig. 6C). We next
investigated the interrelationship among JNK, VIM, and SHIP2.
As shown in Figure 6D, upon silencing of JNK in AS-B634 cells by
shRNAs to 0.046 0.02 (sh-JNK1) and 0.3-6 0.03-fold (sh-JNK2)
of sh-Ctrl, the expression of VIM mRNAs decreased to 0.5-
6 0.04-fold and 0.6-6 0.07-fold, respectively. Similar results
were observed in JNK1- or JNK2-silenced SHIP2-overexpressing
stable clone of AS-B634 cells with reduced VIM mRNA expres-
sion to 0.2-6 0.1-fold and 0.1-6 0.03-fold, respectively (Fig.
6E). Moreover, shRNA silencing of JNK1, JNK2 or VIM in SHIP2-
overexpressing stable clone of AS-B634 cells dramatically
impaired the percentage of ALDH1 population to 0.36 0.004
(sh-JNK1), 0.096 0.03 (sh-JNK2), 0.2-6 0.09-fold (sh-VIM-1),
and 0.25-6 0.01-fold (sh-VIM-2) of control cells and reduced
the tumorigenicity in vivo with no tumors observed up to 2
months (Fig. 6F). Taken together, these results supported the
notion that JNK participated in SHIP2 regulation of VIM expres-
sion in ER-negative breast cancers and contributed to the main-
tenance of the properties of BCSCs. Since VIM has been
reported to be phosphorylated by Akt1 in soft-tissue sarcoma
cells [33], we investigated the interrelationship between Akt,
JNK, and VIM. As shown in Supporting Information Figure S7A,
treatment with Akt inhibitor at 10 lM significantly reduced
ALDH1 subpopulation in SHIP2-overexpressing AS-B634 cells
from 2.83-6 0.95-fold to 0.48-6 0.12-fold increase, as com-
pared to vector control cells. This is consistent with our previous
report that Akt activity is essential for the maintenance of fea-
tures of BCSCs [26], whereas, inhibition of Akt did not attenuate
the upregulation of VIM and phospho-JNK levels induced by
SHIP2 overexpression in AS-B634 cells (Supporting Information
Fig. S7B and C). In summary, SHIP2 is crucial for sustaining the
properties of ER-negative BCSCs through its activation of both
Akt and JNK with upregulation of VIM.

DISCUSSION

In this report, we assessed the expression of SHIP2 and the
percentage of BCSCs in freshly harvested clinical specimens by
flow cytometry, and demonstrated the novel functional role
of SHIP2 in maintaining the features of BCSCs, including their
capacity for mammosphere-formation in vitro and tumorige-
nicity in vivo and their ability to undergo EMT. Indeed, the
importance of SHIP2 in breast cancer was corroborated by

our analysis of clinical samples, which revealed significant cor-
relations of greater SHIP2 expression with higher percentage
of BCSCs, and of higher SHIP2 expression in BCSCs than non-
BCSCs with ER-negative status. While the prognostic signifi-
cance of SHIP2 in breast cancer was reported by Prasad et al.
using immunohistochemistry analysis of paraffin-embedded
tumor samples [12], our study is the first to demonstrate a
novel oncogenic function of SHIP2 for BCSCs.

The involvement of SHIP2 in EMT was supported by its
induction of several EMT markers including N-cadherin, FN1,
Slug, and VIM. Although VIM is well known marker for EMT,
our present study provided first evidence for its involvement
in the maintenance of BCSCs. Several transcription factors
have been reported to regulate VIM expression, including
Slug, SIP1/ZEB2, Sp1, and c-Jun [32, 34–36]. c-Jun was shown
to promote the invasiveness of ErbB2-induced breast cancer
and expansion of BCSC through stem cell factor (SCF) and
chemokine (C-C motif) ligand 5 (CCL5) [37]. C-Jun is activated
by phosphorylation via JNK. The latter is important for the
survival of CD1331Nestin1 glioma stem-like cells [38], but its
role in BCSCs has not been delineated. Our results revealed
that the levels of phospho-JNK and JNK proteins were higher
in BCSCs than non-BCSCs, and JNK inhibitor impaired
mammosphere-forming capacity of breast cancer, suggesting
its importance in BCSCs. We further demonstrated the activa-
tion of JNK by SHIP2 which in turns upregulated VIM expres-
sion. Although SHIP2 was reported to activate JNK through
interacting with JIP1, we could not detect JIP1 in the SHIP2
immunoprecipitate of AS-B145 and AS-B244 cells (Supporting
Information Fig. S8). Thus, the mechanism of SHIP2-induced
JNK activation in BCSCs awaits further investigation.

The role of SHIP2 in different cancer types is controversial.
It has been reported that overexpression of SHIP2 reduced
the growth of erythroleukemia cells [39] and promoted cell
cycle arrest in glioblastoma cells [40]. This is in line with
SHIP1, a homologue of SHIP2, which was reported to function
as a tumor suppressor in leukemia [41, 42]. In contrast, previ-
ous reports by Prasad et al. supported the notion that SHIP2
acted as an oncogene in breast cancer through positive regu-
lation of EGFR/Akt pathway [10, 11]. Consistent with this, we
also observed regulation of Akt phosphorylation by SHIP2.
Several lines of evidence have supported the importance of
Akt activation in maintaining CSC characteristics [43–45],
including our recent report that insulin-like growth factor-1
receptor (IGF-1R) is critical in maintaining the features of
BCSCs through its downstream PI3K/Akt/mTOR pathway [26].
Thus, it is possible that the upstream regulator/regulators of
SHIP2-mediated Akt activation may involve EGFR and/or IGF-
1R. In this study, we further documented that the oncogenic
role of SHIP2 in BCSCs also relied on JNK/VIM activation.
Taken together, our findings indicated that SHIP2 might serve
as a therapeutic target for eradication of BCSCs through
reducing its expression or inositol phosphatase activity. On
the other hand, the use of SHIP2 inhibitor for the inositol
phosphatase activity has been suggested to be a therapeutic
strategy for improving insulin sensitivity in type 2 diabetes
mellitus [46–50]. However, the role of SHIP1/2 enzymatic
activity for PI3K/Akt activation was contradictory in different
types of cells, it might be explained by the “two phosphatidyl-
inositol phosphates (PIP) hypothesis” which suggested that
the balance between PI(3,4,5)P3 and PI(3,4)P2 might regulate
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Figure 6. c-Jun N-terminal kinase (JNK) participates in the regulation of vimentin by SH2-containing-50-inositol phosphatase-2 (SHIP2).
(A): The breast cancer stem cells (BCSCs) (BC0145-CD242CD441 and BC0244-ALDH1) and non-BCSCs (BC0145-CD242CD442 and
BC0244-ALDH2) sorted from xenografts, and adherent monolayer cells or mammosphere (MS) from AS-B634 cells, were collected to
determine the amounts of JNK and its phosphoproteins by Western blot. (B): After incubation with SP600125 (4 lM, SP4; 20 lM, SP
20) for 2 days, AS-B145 cells were harvested to determine their MS-forming efficiency (MFE). (C): The expression of SHIP2, phospho-
JNK, and JNK proteins in SHIP2-overexpressing AS-B634 cells or in SHIP2-silenced AS-B145 cells, was determined by Western blot. (D, E):
JNK1 and JNK2 in AS-B634 cells or SHIP2-overexpressing AS-B634 cells (AS-B634 SHIP2-OE) were knocked down by specific shRNAs for 4
days, and the mRNA level of the indicated genes was determined by qPCR. Data were shown as mean6 SD from three independent
experiments. (F): The percentage of aldehyde dehydrogenase (ALDH1) population (upper and lower left panels) in SHIP2-overexpressing
stable clone of AS-B634 cells after silencing JNK1, JNK2, or vimentin (VIM), and their tumorigenicity (lower right panel) was evaluated.
n5 5/group. *, p< .05. Fluorescence-activated cell sorting plots were representative of two independent experiments. Abbreviations:
DEAB, diethylaminobenzaldehyde; DMSO, dimethyl sulfoxide; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; JNK, c-Jun N-terminal
kinase 1; SHIP2, SH2-containing-50-inositol phosphatase-2; MFE, mammosphere-forming efficiency; p-JNK, phospho-JNK; shRNA, short
hairpin RNA; VIM, vimentin.



Akt phosphorylation at Thr308 and Ser473, respectively, mod-
ulating cell survival [27, 51–56]. While SHIP2 is ubiquitously
expressed in hematopoietic lineage and non-hematopoietic
tissues including the heart, placenta and skeletal muscles [57,
58], SHIP2 knockout mice survived into adulthood beyond
their first year and appeared to grow slowly with resistance
to dietary obesity [59]. Hence, it will be worthwhile to
develop BCSC-directed therapeutic strategies for some sub-
types breast cancers such as ER-negative breast cancers by
targeting SHIP2 and its related pathway in the future.

CONCLUSION

Our study is the first to demonstrate that SHIP2 is crucial for
maintaining the properties of BCSCs. This was supported by a pos-
itive correlation of the percentage of SHIP21 cells with that of
BCSCs. Within ER-negative breast cancer, there was a significant
correlation of greater expression of SHIP2 in BCSCs than non-
BCSCs. By gene silencing and overexpression, we documented a
novel functional role of SHIP2 in enhancing mammosphere forma-
tion and ALDH1 subpopulation in vitro, promoting tumorigenicity
in vivo and inducing the expression of EMT markers including
VIM. The upregulation of VIM was mediated by JNK activation,
which was not mediated by SHIP2-induced Akt activation. Further-
more, the phosphatase activity of SHIP2 also contributed to its
role in BCSCs. In summary, our study has uncovered an oncogenic
role of SHIP2 in promoting BCSC features and its underlying
molecular mechanisms, providing the impetus for the design of
novel BCSC-directed therapeutics by targeting SHIP2.
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