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Fibrous sheath interacting protein 1 (FSIP1), a spermatogenesis-
related testicular antigen, is expressed in abundance in breast
cancers, particularly in those overexpressing human epidermal
growth factor receptor 2 (HER2); however, little is known about its
role in regulating the growth and metastasis of breast cancer cells.
We and others have shown previously that FSIP1 expression in
breast cancer correlates positively with HER2-positivity, recur-
rence, and metastases and negatively with survival. Here, using
coimmunoprecipitation and microscale thermophoresis, we find
that FSIP1 binds to the intracellular domain of HER2 directly. We
further show that shRNA-induced FSIP1 knockdown in SKBR3 and
MCF-7 breast cancer cells inhibits proliferation, stimulates apopto-
sis, attenuates epithelial–mesenchymal transition, and impairs mi-
gration and invasiveness. Consistent with reduced proliferation and
enhanced apoptosis, xenotransplantation of SKBR3 cells stably trans-
fected with sh-FSIP1 into nu/numice results in reduced tumor volumes
compared with sh-NC transplants. Furthermore, Gene Ontology and
Kyoto Encyclopedia of Genes and Genomes (KEGG) mapping using
sh-FSIP1 gene signature yielded associations with extracellular matrix
protein pathways, and a reduction in SNAI2 protein expression was
confirmed onWestern blot analysis. Complementarily, interrogation of
the Connectivity Map using the same gene signature yielded, as top
hits, chemicals known to inhibit epithelial–mesenchymal transition, in-
cluding rapamycin, 17-N-allylamino-17-demethoxygeldanamycin,
and LY294002. These compounds phenocopy the effects of sh-FSIP1
on SKBR3 cell viability. Thus, FSIP1 suppression limits oncogenesis
and invasiveness in breast cancer cells and, considering its absence
in most other tissues, including normal breast, may become a po-
tential target for breast cancer therapy.
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Therapy for breast cancer has evolved considerably over the
past decade through the use of chemotherapy, radiation and

endocrine therapy, and targeted therapies, such as trastusumab
(Herceptin) for human epidermal growth factor receptor 2
(HER2)-positive cancers (1). Nonetheless, some patients fail tar-
geted therapy and/or experience recurrence, prompting the con-
tinuing search for new prognostic markers (2). Confirming previous
data (3), our group recently documented that the testicular antigen
fibrous sheath interacting protein 1 (FSIP1) was expressed abun-
dantly in breast cancer tissues (4), and that its abundance is cor-
related positively with HER2 expression and tumor invasiveness
and negatively with disease-specific survival (5).
A component of the fibrous sheath of sperm flagellum, FSIP1

is known to assemble AKAP4, an A-kinase protein that binds the
regulatory subunit of protein kinase A (PKA) (6, 7). Whereas the
function of FSIP1 in tumorigenesis is poorly understood, AKAP4
is known to be expressed in several cancers, including multiple

myeloma and prostate and breast cancers (6, 8). PKA activation
also has been shown to confer resistance to trastuzumab (9).
More recent studies have implicated FSIP1, together with some
other spermatogenesis-associated genes, in the regulation of
chromosome segregation (4). The depletion of FSIP1 thus re-
sults in abnormal mitosis, which includes the enhancement of
multipolar spindles and mitotic transit time (4). FSIP1 is also a
known target for steroid receptor coactivator-3 (SRC-3), an
oncogene associated with breast cancer and a coactivator for
nuclear receptors, such as estrogen receptor (ER) α (10).
Several key findings implicate FSIP1 not only as a marker of

breast cancer severity, but also as a potential therapeutic target.
First, FSIP1 expression correlates with the abundance of HER2
in breast cancers. HER2-overexpressing SKBR3 cells thus dis-
play higher FSIP1 levels than MCF-7 cells (5). Second, FSIP1
expression is notably higher in breast cancer tissue with high
Ki67 expression, indicating a correlation with cell proliferation
(5). Third, FSIP1 is detectable in the serum of breast cancer
patients, and high serum FSIP1 is associated with worse post-
operative disease-specific survival (5). Finally, with the exception
of the testes and pituitary, FSIP1 displays limited expression in
noncancerous tissues, including normal breast (https://gtexportal.
org/home/gene/FSIP1).
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Consequently, we were prompted to investigate whether this
spermatogenesis-associated protein could serve as a potential tar-
get for breast cancer therapy. In the present study, we found that
FSIP1 binds directly to HER2. We also explored the effect of
inhibiting FSIP1 expression in two breast cancer cell lines, SKBR3 and
MCF-7. Short hairpin (sh) RNA-induced FSIP1 knockdown was
found to inhibit tumor cell proliferation and migration, wound heal-
ing, and epithelial–mesenchymal transition, and to induce cell cycle
arrest and apoptosis. It also reduced tumor volume when SKBR3 cells
were transplanted into nu/nu mice. Finally, the FSIP1 inhibition gene
signature mapped to extracellular matrix component genes in both
Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) mapping, and on Connectivity Mapping (CMAP)
computation yielded chemicals that phenocopied the survival
inhibitory effect of sh-FSIP1.

Results
Clinical data show that 45% of HER2+ and 24% of HER2−
breast tissues immunolabel for FSIP1. We confirmed that ER−;
PR−; HER2high SKBR3 cells express higher levels of FSIP1
protein compared with ER+; PR+; HER2low MCF-7 and ER−;
PR−; HER2low MDA-MB-231 cells (Fig. 1A). Furthermore,
FSIP1 was present in both the cytosol and nuclear compartments
(Fig. 1B). Considering that high FSIP1 was also found to cor-
relate with a poor prognosis in HER2+ breast cancer patients
(5), we tested whether FSIP1 directly interacts with HER2.
Coimmunoprecipitation using an antibody to FSIP1 and immu-
noblotting with an anti-HER2 antibody revealed a bound product
(Fig. 1C). In contrast, no bound products with FSIP1 were seen on
immunolabeling for AKAP3, acid phosphatase, prostate (ACPP),
ERα, ERβ, and surprisingly, AKAP4 (Fig. 1A) (6, 7).
To study FSIP1-HER2 binding further, we used a microscale

thermophoresis assay (NanoTemper) in which biomolecular in-
teractions are quantitated by examining the motion of the mol-
ecules along a microscopic temperature gradient induced by an
infrared laser. Changes in the molecular hydration shell, charge,
or size are measured using a fluorescent probe (NT-647) bound
covalently to one of the binding partners, in our case the extra-
cellular (B1) or intracellular (B2) domain of HER2. We studied
the binding of three recombinant FSIP1 fragments—FSIP11-350

(A1), FSIP1351-581 (A2) and FSIP1191-581 (A3)—and found that
none bound to the extracellular B1 domain of HER2. However,
we did note concentration-dependent binding between the in-
tracellular B2 domain of HER2 and all three FSIP1 fragments,
with the best binding noted with the C-terminal A2 fragment
(FSIP1351–581) (Kd = 0.25 ± 0.06 μM) (Fig. 1D). Although the
submicromolar affinity between HER2 and FSIP1 may be the
result of our testing of recombinant proteins in a cell-free system,
these Kd values may indeed reflect relatively weak (albeit func-
tionally relevant) interaction between the two molecules in vivo.
We tested the effect of inhibiting FSIP1 expression, for which

we designed three shRNA constructs: 31740, 31741, and 31743
(Genechem). Of these, 31743 (hereafter referred as sh-FSIP1)
elicited a highly significant decrease in FSIP1 mRNA (quanti-
tative PCR) and protein (Western immunoblot) in SKBR3 cells
(Fig. 2A), and was used for inhibition in further experiments,
together with sh-NC (scrambled shRNA control). SKBR3 and
MCF-7 cells, seeded on six-well culture plates, were transfected
at 40–50% confluence with sh-FSIP1 or sh-NC (TurboFect;
Fermentas), and proliferation was measured using the CCK-8
Cell Counting assay (Sigma-Aldrich). FSIP1 depletion signifi-
cantly decreased proliferation at 48 h in both cell lines, with the
greatest effect an ∼45% reduction by 72 h in SKBR3 cells
(P values shown; Fig. 2B).
We also assessed the effects of reduced FSIP1 expression on

the survival of SKBR3 and MCF-7 cells using the Annexin V/7-
AAD apoptosis assay (KeyGen Biotech). Double-stained cells
were subject to flow cytometry (FACSAria III; BD Biosciences).
Cells in early apoptosis were defined as Annexin V+:7-AAD−

(Q2-4), and those in late apoptosis as double-positive (Q2-2)
(Fig. 2C). The total percentage of apoptotic cells was signifi-
cantly higher in sh-FSIP1 transfectants than in sh-NC in both
SKBR3 and MCF-7 cells (P = 0.01 and 0.03, respectively), with
increases noted in early and late apoptosis, respectively (Fig. 2 C
and D). Consistent with the apoptosis, there was a significant
increase in G1/G0 of sh-FSIP1 transfected SKBR3 cells com-
pared with sh-NC cells (P = 0.0015) (Fig. 2E). There were also
lesser cells in the S and G2/M phases of the SKBR3 transfectants
(P = 0.0015 and 0.00015, respectively). No difference in MCF-7 cells
was noted (Fig. 2E).

Fig. 1. The intracellular domain of HER2 binds FSIP1.
(A) Western blots showing greater expression of FSIP1
protein in extracts of SKBR3 cells, compared with
MCF-7 and MDA-MB-231 cells. Densitometry of blots
is shown (mean ± SEM, n = 3 biological replicates).
(B) Western blots using cytosolic and nuclear frac-
tions extracted from SKBR3 or MCF-7 cells, showing
FSIP1 localization to both cellular compartments.
(C ) Immunoprecipitation using resin coated with
FSIP1 antibody or IgG, following immunoblotting
of the complex by antibodies against HER2, AKAP3,
AKAP4, ERβ, ACPP, and Erα. (D) Microscale thermo-
phoresis assay (NanoTemper) in which biomolecular
interactions are quantitated by examining the mo-
tion of the molecules along a microscopic temperature
gradient induced by an infrared laser. Changes in the
molecular hydration shell, charge, or size are mea-
sured using a fluorescent probe (NT-647) bound
covalently to the extracellular (B1) or intracellular
(B2) domain of HER2. Binding of three recombinant
FSIP1 fragments—FSIP11-350 (A1), FSIP1351-581 (A2),
and FSIP1191-581 (A3)—were studied. There was a
concentration-dependent binding between the in-
tracellular B2 (but not B1) domain of HER2 and all
three FSIP1 fragments, with the best binding noted
with the C-terminal A2 fragment (FSIP1351-581). Also
shown are dissociation constants (Kd).
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We directly studied in vitro migration and invasiveness in 24-
well plates inserted with 8.0-mm-pore transwells (EMD Milli-
pore). FBS-free medium containing ∼25,000 cells was placed in
the top chamber of the insert, with complete medium (10% FBS)
with or without placental growth factor (PlGF) in the lower
chamber. After a 6-h incubation, migrated cells adhering to the
underside of the membrane were methanol-fixed and stained
with crystal violet. The in vitro invasion assay was performed
similarly, except that the membranes were coated with Matrigel
and prehydrated in serum-free medium, and cells were incubated
for 36 h before fixation and staining. Highly significant decreases
in both migration and invasiveness were noted in sh-FSIP1–

transfected cells compared with untreated or sh-NC cell groups
(Fig. 3A).
Complementarily, migration was assessed using the in vitro

scratch assay, which involves creating a “scratch” in a cell mono-
layer, followed by image capture at regular intervals to evaluate
cell migration to close the scratch (11). MCF-7 and SKBR3 cells
at 90–100% confluence were plated uniformly in 18 wells
and subjected to the scratch test. Measurement of rate using
Image J revealed that although the scratch closed progressively
over 24 and 48 h with untreated and sh-NC cells, this closure
was markedly attenuated at both time points with sh-FSIP1
cells (Fig. 3B).
For proof-of-concept that reduced FSIP1 expression inhibits

tumor growth in vivo, we xenotransplanted HER2high SKBR3
cells stably transfected with either sh-FSIP1 or sh-NC into
BALB/c nu/nu mice (12). Sequential measurements of tumor
volume by calipers over a 27-d period showed reduced growth of
sh-FSIP1–transfected tumors compared with sh-NC-transfected
tumors (Fig. 4A). No effects on body weight were noted (Fig.
4B). These data are also shown as Waterfall plots at 27 d (Fig.
4C). This effect was associated with reduced Ki67 immunos-
taining, indicative of reduced cell proliferation in vivo (Fig. 4D).
These actions of FSIP1 on tumor growth are likely coupled with
reduced tumor invasiveness. Although we have not measured
invasiveness (or metastasis) directly in vivo, our data showing the
effect of FSIP1 inhibition on tumor migration and invasiveness
in three in vitro assays would suggest a strong effect on tumor
metastasis in vivo. Thus, collectively our data show that shRNA-
mediated reduction of FSIP1 expression attenuates breast cell
proliferation, migration, and invasiveness and increases apoptosis,

Fig. 2. Inhibition of FSIP1 expression reduces cell proliferation and induces
apoptosis in breast cancer cells. (A) Short hairpin RNA-mediated knockdown
of FSIP1 (sh-FSIP1) in SKBR3 cells, showing reduced mRNA (qPCR) and protein
(Western blot) expression (sh-NC: scrambled control; 3 technical replicates
for qPCR). (B) CCK-8 Assay (Sigma-Aldrich) used to determine viable SKBR3 or
MCF-7 cells following transfection with sh-NC or sh-FSIP1 (mean ± SEM, n =
3 biological replicates; P values against sh-NC shown). SKBR3 or MCF-7 cells
transfected with sh-NC or sh-FSIP1 double-stained for Annexin V and 7-AAD
and analyzed by FACS (FACSAria III, BD Bioscience). Cells in early and late
apoptosis were defined as Annexin V+:7-AAD− (Q2-4) or double-positive
(Q2-2) cells, respectively. (C and D) Representative FACS plots (C) and
mean ± SEM for apoptotic cells in Q2-4 (early), Q2-2 (late) or both quadrants
(total) (D) are shown (repeated three times; *P ≤ 0.05; **P ≤ 0.01). (E) Cell
cycle FACS analysis shows that sh-FSIP1 transfection results in greater num-
ber of cells in the G0/G1 phase, and none in G2, compared with sh-NC
transfectants. No differences were noted in MCF-7 cells. Mean ± SEM, n =
3 biological replicates; two-tailed Student’s t test, **P ≤ 0.01.

Fig. 3. FSIP1 inhibition attenuates breast cancer cell migration and in-
vasiveness. (A) For the migration assay, top and bottom chambers of 24-well
plates inserted with 8.0-mm-pore transwells (Millipore) contained, re-
spectively, FBS-free or complete medium (10% FBS). For the invasion assay,
the above membranes were coated with Matrigel and prehydrated in serum-
free medium (Materials and Methods). Crystal violet-stained cells adhering
to the underside of the membranes are shown. Highly significant decreases
in both migration and invasiveness were noted upon sh-FSIP1 transfection
compared with untreated (blank) or sh-NC cells. (B) Migration was also
assessed using the scratch assay, wherein SKBR3 or MCF-7 cells plated at 90–
100% confluence were subjected to the scratch test. Image J was used to
measure the closure rate over 24 and 48 h following sh-NC or sh-FSIP1
transfection (Materials and Methods). Mean ± SEM; n = 10 samples per
treatment for the migration assay and three replicates for each time point
for the invasion assay; two-tailed Student’s t test, **P ≤ 0.01, ***P ≤ 0.001.
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with a prominent net reduction in tumor growth in vivo noted in
HER2high SKBR3 cells.
We further explored the mechanism underlying the antitumor

actions of FSIP1 inhibition. Affymetrix microarray profiling of
gene expression in MCF-7 cells transfected with sh-FSIP1 or sh-
NC showed up-regulation of 106 probe sets and down-regulation
of 138 probe sets (Fig. 5A and Dataset S1). The gene set was
used to probe GO, using biological processes, cellular compo-
nents, and molecular function as GO terms. This yielded top hits
of extracellular matrix organization, extracellular matrix, and
integrin binding with P values of 6.86 × 10−6, 1.43 × 10−5, and
2.66 × 10−4, respectively (Fig. 5 B–D). To further validate this
bioinformatic output, we probed KEGG with the same gene set
for pathway analysis. Once again, the top hit for FSIP1 inhibition
was ECM–receptor interactions (P = 1.74 × 10−3) (Fig. 5E).
In view of the potential role of extracellular matrix compo-

nents, and effects on migration and invasiveness, we chose to
focus on proteins involved in epithelial–mesenchymal transition.
Western blot analysis showed an increase in keratin 18 (KRT18),
with no change in E-cadherin (CDH1), in sh-FSIP1 transfectants,
but with a reduction in the epithelial marker SNAI2, consistent
with reduced epithelial–mesenchymal transition and cell migration
(Fig. 5F).
With the sh-FSIP1 gene signature at hand, we used CMAP to

discover other chemicals that could mimic the FSIP1 inhibition
pathway. CMAP provides a unique strategy for unraveling new
actions of drugs currently used for other medical conditions (13–
15). The approach uses a gene signature to query the CMAP for
gene expression profiles (https://portals.broadinstitute.org/cmap/).
Nonparametric, rank-based pattern matching using the Kolmo-
gorov–Smirnov statistic is used to examine shared mechanisms of
action to reveal both mimics and antimimics of any biological
intervention (15). We have previously used this strategy to unravel
an action of the commonly used class of drugs for osteoporosis
and skeletal metastasis—the bisphosphonates—on the EGFR
family of tyrosine kinase receptors (14).
A global gene expression profile from a transforming growth

factor-β (TGFβ)-induced epithelial–mesenchymal transition model
was previously used to identify potential modulators, including
rapamycin, 17-N-allylamino-17-demethoxygeldanamycin (17-AAG),

and LY294002. The same three chemicals appeared within the
first five hits with our sh-FSIP1 gene signature, with P values
of ≤6 × 10−5, indicating that they likely modulate epithelial–
mesenchymal transition (Table S1), although this has not been
tested by us directly. Nonetheless, we found that the three com-
pounds reduced the viability of SKBR3 cells (Fig. 5G).

Discussion
We and others have shown previously that the testicular,
spermatogenesis-related antigen FSIP1 is expressed in abun-
dance in various cancers, including multiple myeloma, prostate
cancer, and breast cancer (4–6, 8), whereas it is clear from ex-
tensive RNA-sequencing studies that only normal testes and
pituitary express FSIP1 (https://gtexportal.org/home/gene/FSIP1).
In fact, normal breast tissue surrounding the cancer does not ex-
press FSIP1 to any appreciable extent (5). In breast cancer tissue,
however, FSIP1 expression correlates with HER2-positivity and
Ki67 expression (5). Serum FSIP1 levels are also high in ER+ and
PR+ breast cancers, and FSIP1-positivity in HER2− and ER+

cancers signals poor postoperative disease-specific survival (5).
Here we report that FSIP1 binds HER2 directly, and that

inhibition of FSIP1 expression in HER2-positive breast cancer
cells results in reduced cell proliferation, increased apoptosis,
and attenuated cell migration and invasiveness. The binding of
FSIP1 to HER2, a pleiotropic signaling receptor tyrosine kinase,
represents a previously unreported association. Of note is that
HER2 activation has diverse effects on signaling pathways in-
volved in breast cancer pathogenesis through as-yet unclear
mechanisms. In this context, our identification of an important
signaling partner to HER2 that is not directly related to its ki-
nase activity could help explain the pleiotropic signaling capa-
bility of HER2. Another implication is that FSIP1 may be not
only a prognostic marker for invasive breast cancer, but also a
potentially druggable target. We know that the combination of
two agents targeting HER2 provides better efficacy compared
with a single HER2 modulator; thus, it is possible that FSIP1
inhibition might reflect yet another therapeutic mechanism,
possibly through the inhibition of epithelial–mesenchymal transition
and cell migration, as noted below.
Indeed, inhibition of FSIP1 expression reduced cell migration

and invasiveness, an effect mediated through the suppression of
extracellular matrix proteins evident on GO and KEGG map-
ping and confirmed on Western blot analysis. Notably, SNAI2
was down-regulated, KRT18 was up-regulated, and CDH1
showed no change. The reduction in SNAI2 is consistent with
reduced epithelial–mesenchymal transition. However, whereas
SNAI2 is known to repress CHD1 by binding to the E-box on
its promoter (16, 17), sh-FSIP1 transfectants did not display in-
creases in CDH1. In contrast, KRT18, a member of the filament
gene family, was elevated on FSIP1 inhibition. In its role in
regulating translocation of proteins to cell membranes, KRT18 is
normally repressed during epithelial–mesenchymal transition
(18). We remain uncertain as to why vimentin, a regulator of
motor proteins (19), is regulated reciprocally in SKBR3 and
MCF-7 cells. With that said, it is clear from our studies that
FSIP1 inhibition not only induces apoptosis and inhibits
proliferation to reduce overall cancer cell burden, as noted
in vivo, but also attenuates cell migration through an action on
proteins responsible for epithelial–mesenchymal transition (Fig.
5H). Studies using in vivo assays for migration and invasiveness
should shed further light on the possibility that FSIP1 inhibition
also reduces metastasis.
Finally, we used our sh-FSIP1 gene signature to interrogate

CMAP, a database of interacting genes, diseases, and drugs, to
identify candidate compounds that might trigger similar in-
tracellular mechanisms. CMAP permits the repurposing of
existing, often Food and Drug Administration-approved drugs
and chemicals, for other uses. For example, CMAP has been
used to identify topiramate, an antipsychotic, for potential use in
inflammatory bowel disease (20). Likewise, we have found that
bisphosphonates, a drug class extensively used for the therapy of

Fig. 4. Breast cancer cells stably transfected with sh-FSIP1 display reduced
growth when xenotransplanted in nude mice. SKBR3 cells stably transfected
with sh-FSIP1 or sh-NC were injected into the flanks of BALB/c nu/nu mice
and tumor volume measured by calipers for 27 d, after which the mice were
killed. (A–C ) Change (Δ) in tumor volume (A) and biweekly body weight
(B) measurements, are shown together with Waterfall plot comparing
Δ tumor volume in individual mice (C ). (D) Ki67 staining of tissues.
Mean ± SEM; n = 5 and 6 mice injected with sh-FSIP1 and sh-NC trans-
fectants, respectively. Two-tailed Student’s t test, *P ≤ 0.05, **P ≤ 0.01.
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Fig. 5. FSIP1 inhibition tracks with extracellular matrix components. (A) Microarray analysis (Affymetrix) of mRNA extracted from MCF-7 cells transfected
with sh-NC or sh-FSIP1 for 24, 48 and 72 h, shown as a heat map of regulated genes (gene clusters noted;Materials and Methods). (B–E) A gene signature was
derived from this dataset (Dataset S1), which was used to interrogate the GO (B–D) or KEGG (E) databases. The GO terms included biological processes,
cellular components, and molecular functions. Note that the top hit in both GO and KEGG related to extracellular matrix proteins. (F) Western immunoblot
confirmation of the expression of extracellular matrix interacting gene products involved in epithelial–mesenchymal transition, namely KRT18, CDH1, SNAI2,
and vimentin (VIM) (GAPDH as loading control), in SKBR3 and MCF-7 cells transfected with sh-NC or sh-FSIP1 . (G) Effect of the top three hits obtained on
CMAP interrogation (Table S1)—rapamycin, 17-AAG, and LY294002—on cell viability after treatment for 3 d (MTT assay). (H) Schematic showing that
FSIP1 induces epithelial–mesenchymal transition, accelerates proliferation, and inhibits apoptosis, accounting for the increased aggressiveness of FSIP1-
positive breast cancers noted in humans (5).
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osteoporosis and skeletal metastasis, has the potential for ad-
junctive use in EGFR-driven lung, breast, and other cancers (12,
14). Two antihelminthic agents and a β-blocker similarly track on
CMAP with a Gaucher disease gene signature (13).
We were intrigued to find that the CMAP output of FSIP1 in-

hibition was remarkably similar to that seen with a TGFβ1 cellular
model of epithelial–mesenchymal transition (21). Three drugs—
rapamycin, 17-AAG, and LY294002, which inhibit mechanistic
target of rapamycin (mTOR), heat shock protein 90 (HSP90), and
phosphatidylinositide 3-kinase (PI3K), respectively—displayed
P values of ≤10−5 with our sh-FSP1 gene signature. All three
compounds have been shown to inhibit epithelial–mesenchymal
transition, as well as cellular migration and invasion in non–small-
cell lung cancer (A549) cells (21), and, in our hands, to reduce the
viability of SKBR3 cells. The three drugs have also been shown to
inhibit TGFβ1-induced up-regulation of N-cadherin (CDH2) in
H358 lung cancer cells, and to induce cell migration and invasion
(21). This is not unexpected given the cross-talk between PI3K and
mTOR pathways, as well as the effect of HSP90 on stabilizing the
TGFβ receptor.
Despite these associations, the mechanism through which FSIP1

inhibition mimics the anti–epithelial–mesenchymal transition
triggered by TGFβ1 remains unclear. It is unlikely that this occurs
through the inhibition of PKA activation and the subsequent
reduction of PI3K activity and mTOR phosphorylation (22),
considering that FSIP1 does not bind AKAP4 in our hands.
Notwithstanding the absence of a putative mechanism, what is
clear from our studies is the potential for targeting FSIP1 with
small molecules, particularly for cancers that overexpress
FSIP1 and HER2.

Materials and Methods
Human breast carcinoma MCF-7 (luminal, ER+; PR+; HER2−), SK-BR3 (ER−; PR−;
HER2+), and MDA-MB-231 (basal-like, ER−; PR−; HER2−) cell lines were
obtained from American Type Culture Collection. Anti-FSIP1 (ab87570), anti-
HER2 (ab16826), anti-ERα (ab75635), anti-ERβ (ab92306), and anti-ACPP
(ab108984) antibodies were purchased from Abcam. Anti-AKAP3 (13907–1-
AP) and anti-AKAP4 (24986–1-AP) antibodies were purchased from Pro-
teintech. For coimmunoprecipitation, SKBR3 cell lysates were incubated with
resins (Pierce 26149; Thermo Fisher Scientific) immobilized with either anti-
FSIP1 antibody or IgG. After washing, eluates were immunoblotted using
the indicated antibodies.

For thermophoresis assays, recombinant proteins of the extracellular (B1)
and intracellular (B2) domains were N-hydroxysuccinimide (NHS) ester-
modified and fluorescently labeled with NT-647. B1 and B2 were in-
cubated with 10 μM–5 nM recombinant FSIP1 fragments (A1, A2, or A3) in
PBS. Microscale thermophoresis measurements were performed with a

NanoTemper Monolith NT.115. FSIP1 shRNA (31743; sh-FSIP1) and scrambled
control shRNA (sh-NC) were designed, synthesized, and cloned into pGPU6/
GFP/Neo plasmid (GenePharma) to generate sh-FSIP1 and sh-NC, re-
spectively. These shRNAs were then stably transfected into the respective
cancer cells.

Proliferation studies were performed using a Sigma-Aldrich CCK-8 Cell
Counting Kit. For apoptosis measurements, cells were cultured at 80%
confluence and stained with Annexin V-APC and 7-AAD (Nanjing KeyGen
Biotech). Apoptotic cells were identified by flow cytometry (FACSAria III; BD
Biosciences). The impact of FSIP1 knockdown on cell migration and invasion
was assessed by Transwell migration and invasion assays, respectively. In
brief, for the migration assay, stably transfected MCF-7 and SKBR3 cells
(25,000 cells/well) were cultured in triplicate in FBS-free medium in the top
chambers of 24-well 8.0-mm-pore Transwell plates (EMDMillipore). After 6 h
of culture, cells on the top surface of the membrane were removed with a
cotton swab. The migrated cells on the bottom surface of the membrane
were fixed with methanol, stained with crystal violet solution, and counted
in 10 random fields (blinded). Likewise, for the invasion assay, cells were
cultured in triplicate in the top chambers, which had been coated with
Matrigel for 36 h, to determine the numbers of invading cells.

For the wound healing assay, the stable transfectants were cultured in
triplicate in 24-well plates. On reaching 90% confluence, the monolayer of
each well was scraped in a straight line using a p200 pipet tip. After washing,
the cells were cultured in 10% FBS medium for 24 and 48 h. The migrated
areas of cells in individual wells were determined using ImageJ.

The protocol for the xenograft studies was approved by the Animal Re-
search and Care Committee of Dalian Medial University. Six-week-old female
BALB/c nu/nu mice were obtained from Silaike Laboratory Animal and
housed in a specific pathogen-free facility with free access to autoclaved
water and food. Individual mice were randomized and injected with 1 × 106

SKBR3 transfectants into their flanks (n = 5–6 per group). The growth of
implanted tumors was monitored for 27 d, and the volumes were measured
with calipers. Body weight was measured twice per week. Ki67 staining was
carried out using standard immunocytochemical protocols.

The impact of FSIP1 silencing on global gene expression was determined
using GeneChip Human Transcriptome Array 2.0 (902162; Affymetrix). Data
were quantile-normalized and analyzed using GeneSpring 13.1 (Agilent
Technologies). Fold changes in single values were transformed to log2.
Differentially expressed genes were analyzed by GO analyses using the da-
tabase for annotation, visualization, and integrated discovery. The potential
function and pathways of the differentially expressed genes were also an-
alyzed by KEGG mapping using online tools. The FSIP1 gene signature was
subjected to CMAP interrogation, and the top three hits were evaluated for
effects on SKBR3 viability using the MTT assay.
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