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Triple-negative breast cancer (TNBC) typically has a worse outcome than other breast can-
cer subtypes, in part owing to a lack of approved therapeutic targets or prognostic markers. 
We have previously described an oncogenic pathway in basal-like TNBC cells, initiated 
by insulin-like growth factor binding protein-3 (IGFBP-3), in which the epidermal growth 
factor receptor (EGFR) is transactivated by sphingosine-1-phosphate (S1P) resulting from 
sphingosine kinase (SphK)-1 activation. Oncogenic IGFBP-3 signaling can be targeted by 
combination treatment with the S1P receptor modulator and SphK inhibitor, fingolimod, 
and the EGFR kinase inhibitor, gefitinib (F + G). However, the interaction of this treatment 
with chemotherapy has not been documented. Since we observed nuclear localization of 
IGFBP-3 in some TNBC tumors, this study aimed to evaluate the prognostic significance of 
nuclear IGFBP-3 in pre-clinical models of basal-like TNBC treated with F + G and doxorubi-
cin. Orthotopic xenograft tumors were grown in nude mice from the human basal-like TNBC 
cell lines MDA-MB-468 and HCC1806, and were treated with gefitinib, 25 mg/Kg, plus 
fingolimod, 5 mg/Kg, 3-times weekly. In some studies, doxorubicin was also administered 
once weekly for 6 weeks. Tumor tissue proteins were quantitated by immunohistochemistry 
(IHC). Interaction between doxorubicin and F + G was also studied in proliferation assays 
in  vitro. In both tumor models, tissue staining for IGFBP-3 was predominantly nuclear. 
Combination of F + G significantly enhanced mouse survival, decreased nuclear IGFBP-3 
and Ki67 staining, and increased apoptosis (cleaved caspase-3) staining. Kaplan–Meier 
survival analysis showed that a high tumor IGFBP-3 IHC score (>median), like a high Ki67 
score, was significantly associated with shorter survival time, whereas a high apoptosis 
score was associated with prolonged survival. Studied in vitro in both cell lines, low-dose 
doxorubicin that had little effect alone, strongly enhanced the cytostatic effect of low-dose 
F + G combination. However, in both in vivo models, doxorubicin at maximum-tolerated 
dose neither inhibited tumor growth when administered alone, nor enhanced the significant 
inhibitory effect of F + G. We conclude that doxorubicin may not add benefit to the inhibitory 
effect of F + G unless its dose-limiting toxicity can be overcome. Nuclear IGFBP-3 appears 
to have potential as a prognostic marker in TNBC and could be evaluated for clinical utility.

Keywords: insulin-like growth factor binding protein-3, basal-like, triple-negative, breast cancer, targeted therapy, 
chemotherapy
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inTrODUcTiOn

Breast cancer is recognized as a heterogeneous disease, com-
monly classified into subtypes on the basis of phenotypic and/or 
molecular characteristics (1, 2). Of the breast cancers with absent 
or very low estrogen receptor (ER) and progesterone recep-
tor (PR), and without overexpression of the human epidermal 
growth factor receptor-2, known as triple-negative breast cancers 
(TNBC), about 80% have a basal-like profile, in terms of both 
gene expression profile (3) and the display of established basal 
histology markers, such as cytokeratin 5/6 and the epidermal 
growth factor receptor (EGFR) (4). Triple-negative breast cell 
lines that display a basal-like phenotype and have high EGFR 
expression (5) include MDA-MB-468 (classified as basal-like 1) 
and HCC1806 (classified as basal-like 2) (3).

There are no established molecular targets or prognostic mark-
ers for TNBC, which typically has a worse outcome than other 
breast cancer subtypes (6). Immunotherapeutic approaches have 
recently shown some durable responses, and the development of 
tumor-specific neoantigens and other new therapeutic targets 
offers hope for the future (7). Our recent pre-clinical studies have 
revealed an unexpected immune modulator in a murine TNBC-
like model, with the demonstration that mammary tumors in mice 
null for insulin-like growth factor binding protein-3 (IGFBP-3) 
grow 50% smaller than those in wild-type mice and show increased 
accumulation of CD8+ lymphocytes (8). In wild-type mice, tumor 
IGFBP-3 gene expression was positively associated with tumor 
weight (8), consistent with some clinical studies showing that high 
IGFBP-3 abundance in breast tumor tissue is associated with high 
tumor grade (9) and poor prognosis (10, 11).

Insulin-like growth factor binding protein-3 is also known to 
drive an oncogenic pathway in human TNBC cell lines involving 
activation of the receptor tyrosine kinase, EGFR, and the lipid 
kinase, sphingosine kinase (SphK) (12, 13). We have shown that 
inhibitors of these two IGFBP-3-activated kinases, administered 
in combination, act synergistically to significantly inhibit TNBC 
cell growth in vitro and in xenograft tumors (5, 13). However, the 
importance of high tumor IGFBP-3 levels in the progression of 
many cancer types remains unclear because there are some cancers 
in which IGFBP3 appears to act as a tumor suppressor gene, with 
low IGFBP-3 levels associated with poor patient outcome (14).

Insulin-like growth factor binding protein-3, a secreted 
glycoprotein found in both the circulation and the pericellular/
intracellular environment, is known to translocate to the cell 
nucleus in some conditions, and its interaction with nuclear 
ligands, influencing both gene transcription and DNA damage 
repair, has been documented (15). Intriguingly, while nuclear 
interactions of IGFBP-3 have been associated with its induction 
of apoptotic death in prostate cancer cell lines (16, 17), a clinical 
study showed that high nuclear staining of IGFBP-3 in prostate 
cancer tissue was prognostic for earlier disease recurrence (18).

In breast cancer, the significance of nuclear IGFBP-3, both 
functionally and as a biomarker, is not fully understood. The pri-
mary goal of this study was to evaluate the prognostic significance 
of nuclear IGFBP-3 using pre-clinical models of basal-like TNBC 
treated with EGFR and SphK inhibitors. We also examined the 
relationship between nuclear IGFBP-3 and indicators of tumor 

proliferation and apoptosis. Our secondary goal was to compare 
combination kinase inhibition with the chemotherapeutic agent 
doxorubicin in vitro and in vivo, and to evaluate the effect of co-
administering the targeted drugs with chemotherapy.

MaTerials anD MeThODs

reagents
The EGFR kinase inhibitor gefitinib (ZD1838, Iressa), the SphK 
inhibitor and sphingosine-1-phosphate receptor modulator, fingo-
limod (FTY720, Gilenya), and the chemotherapy drug doxoru-
bicin (adriamycin), were purchased from MedChem Express, 
Princeton, NJ USA.

human TnBc cell lines
The human basal-like TNBC cell lines, MDA-MB-468 and 
HCC1806, were obtained from ATCC, Manassas, VA, USA and 
maintained under standard conditions in RPMI 1640 medium 
containing 5% FBS and 10 µg/mL bovine insulin. Stocks of these 
cells were frozen within 1 month of purchase, and fresh cultures 
for experimental use were established every 2–3 months. All cell 
lines were negative on mycoplasma testing.

Measurement of cell Proliferation
Cells (4 × 103/well for HCC1806; 8 × 103/well for MDA-MB-468) 
were dispensed into 96-well plates in complete medium and 
incubated overnight before changing to fresh medium containing 
5% FBS and inhibitors. The inhibitors tested were the targeted 
therapies fingolimod (1 µM) plus gefitinib (1 µM), doxorubicin 
(10 nM), or the targeted therapies plus doxorubicin. Plates were 
transferred to the IncuCyte live-cell imager (Essen BioScience, 
Ann Arbor, MI, USA), and incubated for 120  h, with images 
collected every 3 h.

Murine Models of human TnBc
All animal procedures were approved by the institutional Animal 
Ethics Committee (Protocols RESP/14/280 and RESP/15/103), 
and followed recently described protocols (5). In brief, xenograft 
tumors were grown from human basal-like TNBC cell lines, 
implanted into the fourth left mammary fat pad of 8-week-
old female BALB/c nude (immune-deficient) mice. For both 
MDA-MB-468 and HCC1806 tumors, 5 × 106 cells were implanted 
in a volume of 150  µL, which included 50  µL of Matrigel (BD 
Biosciences, Franklin Lakes, NJ, USA). Tumors were allowed to 
develop until they reached a volume of 100 mm3, as determined 
by Vernier caliper measurement. For each cell type, randomized 
groups of tumor-bearing mice were then started on 3-times 
weekly i.p. injections of a combination of fingolimod (5 mg/Kg)  
plus gefitinib (25 mg/Kg), or vehicle, for up to 12 weeks. We previ-
ously showed that this drug combination substantially increased 
survival time in mice bearing both of these tumor types (5). 
For both tumor models, some studies included two additional 
groups of mice bearing ~100  mm3 tumors, treated with doxo-
rubicin, 2 mg/Kg i.p., once weekly for 6 weeks, either alone or 
together with the fingolimod-gefitinib combination as described 
above (3-times weekly for up to 12 weeks). A higher doxorubicin 
dose (4 mg/Kg), or administration for more than 6 weeks, both 

https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive


FigUre 1 | The effect of combination (fingolimod + gefitinib) treatment on 
the survival of nude mice bearing human xenograft TNBC tumors.  
(a,B) Kaplan–Meier survival curves compare the effect of control (no 
treatment) or combination fingolimod + gefitinib (F + G) therapy on survival  
of mice bearing HCC1806 (a) or MDA-MB-468 (B) xenograft tumors. For 
ethical reasons mouse survival is defined as tumor size below 1,000 mm3. 
For HCC1806, control: n = 16; combination: n = 16. For MDA-MB-468, 
control: n = 10; combination: n = 10.

FigUre 2 | Insulin-like growth factor binding protein-3 (IGFBP-3) 
immunohistochemistry of HCC1806 and MDA-MB-468 tumors.  
(a,B) Representative IGFBP-3 staining of each tumor type from control mice, 
showing strong nuclear localization. (c,D) Representative IGFBP-3 staining 
of each tumor type from mice treated with fingolimod + gefitinib (F + G).  
(e,F) Negative control staining—non-immune rabbit serum at the same 
dilution as IGFBP-3 antiserum. Bar = 200 µm. Inset: higher magnification  
of HCC1806 section from control tumor. Bar = 50 µm.
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caused toxicity (weight loss and/or death) that exceeded our 
ethical guidelines. Each mouse was terminated when its tumor 
reached the ethically approved endpoint of 1,000 mm3, otherwise 
12 weeks after cell implantation.

immunohistochemistry (ihc) and Western 
Blotting
Immunohistochemistry staining for IGFBP-3, the prolifera-
tion marker Ki67, and the apoptosis marker cleaved caspase-3 
(CCasp-3), was carried out as described previously (5). In brief, 
4  µm sections of formalin-fixed paraffin-embedded tumor 
samples were incubated with antibodies against Ki67 (ab66155, 
1:600, Abcam, Melbourne, VIC, Australia), CCasp-3 (Asp175) 
(#9661, 1:200, Cell Signaling), IGFBP-3 (in-house antiserum 
R-100, 1:2,000), and isotyped-matched IgG antibodies or rab-
bit serum alone, with nuclear counterstaining using Mayer’s 
hematoxylin and Scott’s bluing solution. For all three markers, 
the percentage of positive cells was scored for each tumor fol-
lowing recommendations for Ki67 analysis (19), calculated from 
the five highest staining areas at 10× magnification for each slide. 
Nuclear IGFBP-3 immunoreactivity was detected by western 
blotting of solubilized nuclei isolated from cell cultures, after 
immunoprecipitation using R-100 anti-IGFBP-3 Fab fragment 
conjugated to agarose beads, as previously described (20).

statistical analysis
Kaplan–Meier survival analyses were undertaken using SPSS v.22 
for Mac (IBM Corp., Armonk, New York, NY, USA). IHC scores 
were coded as low (≤the median value) or high (>the median 
value). Mice with MDA-MB-468 tumors below the ethical end-
point of 1,000 mm3 at day 82 after cell implantation were regarded 
as survivors. For HCC1806 tumors, all mice had reached the 
ethical endpoint before 12 weeks (i.e., there were no survivors). 
Linear and non-linear (exponential) correlations between IHC 
scores were fitted using Deltagraph v.7 (Red Rock Software, Salt 
Lake City, UT, USA) with P values calculated by SPSS.

resUlTs

nuclear igFBP-3 is associated With Poor 
Outcome in TnBc Xenografts
As recently reported (5), the combination of SphK inhibition  
with fingolimod and EGFR kinase inhibition with gefitinib 
(F + G) was significantly inhibitory to the proliferation of both 
HCC1806 and MDA-MB-468 basal-like TNBC tumors. For 
HCC1806 tumors, mean mouse survival (measured for ethical 
reasons as the time for tumors to reach 1,000 mm3) was increased 
87% by treatment compared to untreated controls, from 
18.5 ± 2.8 to 34.6 ± 3.5 days (mean ± SEM, P = 0.001), while for 
MDA-MB-468 tumors, no tumors in treated mice had reached 
1,000 mm3 after 82 days, compared to 8/10 tumors in control mice 
(P < 0.001). Figures 1A,B shows Kaplan–Meier survival curves 
for combination-treated vs. control-treated mice for HCC1806 
and MDA-MB-468 tumors, respectively.

To evaluate the relationship between tumor IGFBP-3 immu-
nohistochemical staining and mouse survival, tumor tissues were 

stained for IGFBP-3 as well as the proliferation marker, Ki67 and 
the apoptosis marker, CCasp-3. Representative examples of stain-
ing patterns have been reported previously (5). Notably, IGFBP-3 
staining, using a high-titer, primate-specific antiserum that does 
not detect murine IGFBP-3, was predominantly nuclear in both 
tumor types, as shown in Figures  2A,B. For both cell types, 
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FigUre 4 | The relationship between tumor Ki67 and mouse survival.  
(a,B) Representative Ki67 staining of each tumor type from control mice 
and mice treated with fingolimod + gefitinib (F + G). (c,D) Quantitation of 
immunohistochemistry (IHC) scores for Ki67 in control and combination-
treated mice. For HCC1806 (c) and MDA-MB-468 (D) tumors, mean 
scores ± SEM are shown, numbers of mice in parentheses. Comparison 
with controls (2-sided t-test): (a) P < 0.001; (b) P = 0.001. Also shown are 
IgG isotype negative staining controls for both tumor types. (e,F) Nuclear 
insulin-like growth factor binding protein-3 scores are positively correlated 
with Ki67 scores for both HCC1806 (e) and MDA-MB-468 (F) tumors. 
Linear regression lines are shown with R2 and P values indicated.  
(g,h) Kaplan–Meier survival curves compare the effect of tumor Ki67 IHC 
scores > or ≤ the median value on survival of mice bearing HCC1806  
(g) or MDA-MB-468 (h) xenograft tumors. For ethical reasons mouse 
survival is defined as tumor size below 1,000 mm3. For HCC1806,  
n (>median) = 15; n (≤median) = 17. For MDA-MB-468, n (>median) = 9;  
n (≤median) = 11.

FigUre 3 | The relationship between tumor nuclear insulin-like growth 
factor binding protein-3 (IGFBP-3) and mouse survival. (a,B) Left: western 
blot of immunoreactive IGFBP-3 after immunoprecipitation from solubilized 
nuclei isolated from cultured cells; molecular weight markers in kDa are 
indicated by arrows. Right: quantitation of immunohistochemistry (IHC) 
scores for nuclear IGFBP-3 in control mice and mice treated with 
fingolimod + gefitinib (F + G). For HCC1806 (a) and MDA-MB-468  
(B) tumors, mean scores ± SEM are shown, numbers of mice in 
parentheses. Comparison with controls (2-sided t-test): (a) P < 0.001;  
(b) P = 0.001. (c,D) Kaplan–Meier survival curves compare the effect of 
tumor nuclear IGFBP-3 IHC scores > or ≤ the median value on survival of 
mice bearing HCC1806 (c) or MDA-MB-468 (D) xenograft tumors. For 
HCC1806, n (>median) = 16; n (≤median) = 16. For MDA-MB-468, n 
(>median) = 9; n (≤median) = 9.
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nuclear IGFBP-3 IHC staining in tumor sections was greatly 
decreased in combination-treated mice compared to controls 
(Figures 2C,D). Figures 2E,F shows negative staining controls 
for both tumor types.

Nuclear IGFBP-3, examined by western blotting of nuclear 
extracts from both HCC1806 and MDA-MB-468 cell lines, 
typically showed diffuse bands of approximately 40 kDa as well 
as immunoreactivity around 35 kDa which may represent par-
tially proteolyzed or underglycosylated IGFBP-3. The origin of 
diffuse IGFBP-3 immunoreactivity around 55 kDa is unknown 
(Figures 3A,B; left panels). Figures 3A,B (right panels) show 
mean IHC scores for IGFBP-3 from control and combination-
treated mice. For both HCC1806 (A) and MDA-MB-468 
(B) tumors, IGFBP-3 staining was significantly decreased. 
Kaplan–Meier survival analysis indicated a strong association 
between nuclear IGFBP-3 and mouse survival, IGFBP-3 IHC 
scores above the median value being associated with poor 
survival for both HCC1806 tumors (P = 0.009; Figure 3C) and 
MDA-MB-468 tumors (P = 0.001; Figure 3D).

To assess whether decreased nuclear IGFBP-3 was linked to 
changes in proliferation or apoptosis, we examined the effect of 
combination F + G treatment on Ki67 and CCasp-3. As previously 

reported (5), the combination treatment significantly decreased 
cell proliferation, as indicated by Ki67 staining (Figures 4A–D). 
Nuclear IGFBP-3 staining was positively correlated with nuclear 
Ki67, more strongly in HCC1806 tumors (Figure  4E) than 
MDA-MB-468 tumors (Figure  4F). This was reflected in the 
Kaplan–Meier survival curves, in which high Ki67 levels (above 
the median) were strongly associated with poor survival for 
HCC1806 tumors (Figure  4G), but not with MDA-MB-468 
tumors (Figure 4H).

Apoptosis, as indicated by caspase-3 cleavage, was also strongly 
induced by combination F + G treatment (Figures 5A–D). The 
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FigUre 5 | The relationship between tumor cleaved caspase-3 
(CCasp-3) and mouse survival. (a,B) Representative CCasp-3 staining  
of each tumor type from control mice and mice treated with 
fingolimod + gefitinib (F + G). (c,D) Quantitation of immunohistochemistry 
(IHC) scores for CCasp-3 in control and combination-treated mice. For 
HCC1806 (c) and MDA-MB-468 (D) tumors, mean scores ± SEM are 
shown, numbers of mice in parentheses. Comparison with controls 
(2-sided t-test): (a) P < 0.001; (c) P = 0.006. Also shown are IgG isotype 
negative staining controls for both tumor types. (e,F) Nuclear insulin-like 
growth factor binding protein-3 scores are negatively correlated with 
CCasp-3 scores for both HCC1806 (e) and MDA-MB-468 (F) tumors. 
Exponential regression lines are shown with R2 and P values indicated. 
(g,h) Kaplan–Meier survival curves compare the effect of tumor CCasp-3 
IHC scores > or ≤ the median value on survival of mice bearing HCC1806 
(g) or MDA-MB-468 (h) xenograft tumors. For ethical reasons mouse 
survival is defined as tumor size below 1,000 mm3. For HCC1806, n 
(>median) = 15; n (≤median) = 15. For MDA-MB-468, n (>median) = 9; n 
(≤median) = 10.

FigUre 6 | The effect of kinase inhibitors and doxorubicin on the 
proliferation of basal-like triple-negative breast cancer cells. (a,B) Cell  
culture studies using the IncuCyte live-cell imager. (a) HCC1806 cells;  
(B) MDA-MB-468 cells. Data are expressed as the change in percent 
confluence, corrected for confluence at time zero; mean values ± SEM at 
each time point, from triplicate wells for each treatment. Similar results were 
obtained in three replicate experiments for each cell line. Treatments are: 
control (blue); doxorubicin, 10 nM (red); fingolimod, 1 µM + gefitinib, 1 µM 
(F + G; orange); and F + G plus doxorubicin (green). (c,D) In vivo studies of 
orthotopic xenograft tumor growth in nude mice; mean values ± SEM, 
numbers in parentheses. (c) HCC1806 tumors. Repeated measures ANOVA 
up to day 26: overall effect of treatment, P = 0.003. Post hoc Tukey’s test: 
F + G vs. control, P = 0.036; F + G/dox vs. control, P = 0.004; F + G/dox 
vs. dox, P = 0.045. (D) MDA-MB-468 tumors. Repeated measures ANOVA 
up to day 47: overall effect of treatment, P < 0.001. Post hoc Tukey’s test: 
F + G vs. control, P = 0.001; F + G/dox vs. control, P < 0.001; F + G/dox 
vs. dox, P = 0.001. Treatments are: control (blue); doxorubicin, 2 mg/Kg 
(red); fingolimod, 5 mg/Kg + gefitinib, 25 mg/Kg (F + G; orange); and F + G 
plus doxorubicin (green). See Section “Materials and Methods” for further 
details.
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increased apoptosis was particularly notable in HCC1806 tumors, 
in which CCasp-3 staining increased over 25-fold. Nuclear 
IGFBP-3 was inversely correlated with CCasp-3 staining for both 
tumor types (Figures  5E,F), and survival analysis showed that 
CCasp-3 staining above the median level was significantly associ-
ated with improved mouse survival (Figures 5G,H). Collectively 
these data suggest that, in these xenograft models of human 
basal-like TNBC, a high nuclear IGFBP-3 level may be a poor 
prognostic feature, associated with high tumor proliferation and 
decreased apoptosis.

comparison Between combination 
Targeted Therapy and chemotherapy
In the absence of any approved targeted therapies for TNBC, 
cytotoxic chemotherapy is regarded as the front-line treatment 
(6). We, therefore, evaluated the efficacy of F  +  G therapy in 
combination with the widely used anthracycline chemotherapy 
drug, doxorubicin. We previously established concentrations 
of the two kinase inhibitors that showed a strongly synergistic 
cytostatic effect in  vitro in various TNBC cell lines (5). In this 
study, their concentrations were lowered to ensure that the drug 
combination, when used alone, would have minimal cytostatic 
effect, in order to examine the additional effect of doxorubicin. 
Figures  6A,B shows that 1  µM fingolimod  +  1  µM gefitinib 
had little cytostatic effect, measured by IncuCyte real-time 
imaging over 120  h, in either HCC1806 or MDA-MB-468 cell 
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FigUre 7 | Response of basal-like triple-negative breast cancer tumors 
to doxorubicin and combination therapy. Immunohistochemistry scores 
for nuclear insulin-like growth factor binding protein-3, Ki67, and 
cleaved caspase-3 in mice with HCC1806 tumors (a–c) or MDA-
MB-468 tumors (D–F) treated with vehicle alone (Con), doxorubicin 
(Dox), fingolimod + gefitinib (F + G), or Dox plus F + G (DFG). For both  
tumor types, data are mean values ± SEM, numbers in parentheses. 
Comparison with controls (one-way ANOVA, post hoc Tukey’s test):  
(a) p < 0.001; (b) p < 0.005; (c) p < 0.02. Comparison with Dox: *, 
P < 0.01.
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cultures. Similarly, doxorubicin was minimally cytostatic at 
10 nM. However, treatment with doxorubicin plus the targeted 
drug combination resulted in almost complete inhibition of cell 
proliferation in both cell lines, suggesting a synergistic effect 
between the kinase inhibitors with the chemotherapeutic agent 
(Figures 6A,B).

To evaluate this effect in  vivo, the two xenograft models of 
TNBC were treated with the combination F  +  G therapy plus 
doxorubicin. Doxorubicin was administered at the maximum 
tolerated dose (MTD) of 2 mg/Kg i.p. once weekly for 6 weeks, 
since a higher dose (4  mg/Kg) or longer duration resulted in 
drug-related toxicity in our BALB/c nude mouse model (data not 
shown). As shown in Figures 6C,D, doxorubicin at the highest 
tolerable dose of 2 mg/Kg had only a small inhibitory effect on the 
growth of either tumor type in vivo, not statistically significant, 
whereas the targeted combination was significantly inhibitory in 
both models as previously reported (5). Notably, and in contrast 
to the in vitro studies, treatment with both doxorubicin and the 
F + G combination did not significantly slow down the tumor 
growth rate in either model, beyond the effect seen with F + G 
alone. Immunohistochemical analysis of tumors for IGFBP-3, 
Ki67, and CCasp-3 showed that, at the doses tested in these 
experiments, doxorubicin had no significant effect either admin-
istered alone or in combination with F + G treatment, in either 
HCC1806 (Figures  7A–C) or MDA-MB-468 (Figures  7D–F) 
tumors.

DiscUssiOn

igFBP-3 as a Therapeutic Target and 
Biomarker
The first goal of this study was to evaluate tumor IGFBP-3 
abundance for potential value as a prognostic indicator in basal-
like triple-negative breast tumors, using as model systems, two 
basal-like TNBC cell lines grown as orthotopic xenograft tumors 
in nude mice. Our studies over several years have shown that 
IGFBP-3 stimulates an oncogenic pathway in which the activation 
of SphK 1, leading to increased sphingosine-1-phosphate genera-
tion, results in the transactivation of EGFR which drives tumor 
proliferation (12, 13). The importance of SphK/sphingosine-
1-phosphate in oncogenesis, and its potential as a therapeutic 
target in breast and other cancers, has been studied extensively 
(21, 22), and a recent study in a metastatic TNBC cell model 
(23) has confirmed our earlier observations that SphK inhibition 
decreases EGFR-dependent cell proliferation and survival.

Although IGFBP-3 itself, which is abundant in the circulation 
(14) and in ER-negative breast cancer tissue (24), is a challenging 
therapeutic target, we showed that IGFBP-3-dependent onco-
genic signaling can be successfully targeted by dual therapy with 
an EGFR kinase inhibitor and a SphK inhibitor, giving a highly 
synergistic inhibitory effect (5, 13). This may offer benefits over 
EGFR-directed therapies used alone, since both EGFR kinase 
inhibitors and monoclonal antibodies have failed to demonstrate 
consistent results in the treatment of TNBC (25). Since we found, 
using cell models, that IGFBP-3 downregulation attenuated the 
synergism between the EGFR and SphK inhibitors, we proposed 
that tumor IGFBP-3 levels might act as a biomarker for the effi-
cacy of the combination therapy (5).

As a key regulator of the bioavailability of circulating IGF-1 
and IGF-2, IGFBP-3 has major effects outside the cell (14), but its 
intracellular (including intranuclear) actions are also well docu-
mented (15, 26). IGFBP-3 has been identified in the cell nucleus 
in a variety of healthy and cancerous human tissues, including 
non-malignant colon (27), lung (28), articular cartilage (29), and 
bone (30), as well as malignant colon (27), liver (31), Barrett’s 
tissue associated with esophageal cancer (32), and prostate (18) 
[including reactive stroma (33)] tissue.

nuclear and cytoplasmic igFBP-3 in 
cancer
Although IGFBP3 is epigenetically suppressed in some cancers, 
with an apparent tumor suppressor role (34, 35), in other cancer 
types it shows high expression in association with high tumor 
grade and/or poor patient survival, although often the IGFBP-3 
protein is located predominantly in the cytoplasm. For example, 
IGFBP-3 is highly overexpressed in the cytoplasm of high-
grade clear cell renal cell carcinomas compared to low-grade 
or normal kidney (36). A similar finding was reported in brain 
tumors, with highest IGFBP-3 levels by both gene expression 
and IHC found in glioblastoma (grade IV) compared to normal 
brain and astrocytomas of lower grade (37). High IGFBP-3 
staining in glioblastoma patients was significantly associated 
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with shorter survival, and was described as “mostly confined 
to the cytoplasm” although some positive nuclei were also 
evident (37). In pancreatic endocrine (i.e., islet cell) neoplasms  
(38) and melanoma (39), high tumor IGFBP-3 levels by IHC are 
associated with increased metastasis, but again the staining is 
predominantly cytoplasmic. In head and neck squamous cell 
carcinoma, high IGFBP-3 staining was associated with higher 
clinical stage (40) and decreased time to progression (41), and 
was similarly mainly seen in the cytoplasm. In an IHC study 
of breast cancer tissue sections, in which high IGFBP-3 stain-
ing showed a trend (non-significant) of association with worse 
patient survival, “no clear evidence” of nuclear IGFBP-3 staining 
was reported (42).

In contrast, in a study of hepatocellular carcinoma Yan et al. (31) 
scored nuclear IGFBP-3 staining, finding an association between 
low nuclear IGFBP-3 and several markers of poor prognosis. 
Finally, Seligson et al. (18) observed increased IGFBP-3 staining 
in both the cytoplasm and nucleus of prostate cancers compared 
to benign tissue, but only the nuclear staining was significantly 
prognostic for cancer recurrence, being more highly predictive 
than baseline PSA or any other pathological marker. Therefore, 
both the subcellular localization and prognostic value of tumor 
IGFBP-3 staining appears to be highly dependent on tumor type.

We recently reported that human basal-like TNBC cells 
growing as xenograft tumors showed predominantly nuclear 
IGFBP-3 staining (5). We have now extended this observation 
by showing in two xenograft models that high levels of nuclear 
IGFBP-3 (i.e., above the median value), measured by IHC, are 
significantly associated with shorter mouse survival time. Mature 
human IGFBP-3 is a glycoprotein of 264 amino acids with a 
core molecular weight of 28.7 kDa, increased to approximately 
40 kDa by N-glycosylation on residues 89, 109, and 172. Variable 
glycosylation leads to the appearance of diffuse bands around 
40  kDa when analyzed by SDS-PAGE (43–45). The IGFBP-3 
structure may be viewed as three domains of approximately equal 
size: cysteine-rich amino- and carboxyterminal domains that 
bind IGF-1 and IGF-2 cooperatively (46), and a central or linker 
domain that is the major site for posttranslational modification. 
Limited proteolysis in the central domain may be involved in 
the release of IGFs from the high-affinity binding pocket, and 
accounts for frequently observed IGFBP-3 fragments in the 
circulation and tissues (26, 45).

Although nuclei were not isolated from xenograft tumors in 
this study, nuclear extracts of the corresponding cell lines showed 
IGFBP-3 immunoreactive bands of approximately 40  kDa that 
may represent glycosylated isoforms of the full-length protein, as 
well as larger (~55 kDa) and smaller (~35 kDa) bands that may 
represent glycosylation and/or proteolysis variants. Our studies 
do not indicate which of these bands are downregulated by drug 
treatment, or whether the size distribution of the variants changes 
on treatment. Nuclear IGFBP-3 IHC staining correlated positively 
with nuclear Ki67 and inversely with CCasp-3, consistent with the 
role of IGFBP-3 in promoting proliferation and survival in basal-
like TNBC cells. If extrapolated to TNBC tumors in patients, 
our findings suggest that a high nuclear IGFBP-3 score by IHC, 
complementing a high Ki67 score and a low CCasp-3 score, may 
be prognostic for poor patient survival in women with TNBC. 

Further refinement of such a prognostic test might be possible 
with more detailed analysis of the structure and size distribution 
of IGFBP-3 variants in tumors. Since treatment with combination 
fingolimod and gefitinib significantly prolonged survival in our 
mouse models, this combination therapy might be considered for 
evaluation in clinical trials.

effect of Doxorubicin in TnBc Models
Anthracycline drugs (e.g., doxorubicin and epirubicin) are a 
standard component of adjuvant chemotherapy for women 
with TNBC (47). The second goal of this study was to evaluate 
whether the SphK/EGFR inhibitor combination (F + G) might 
act cooperatively with doxorubicin as an effective treatment 
for TNBC. Since doxorubicin has well-documented toxicity 
toward the brain, liver, kidney, and notably the heart (48), 
lowering the dose by the addition of a targeted therapy might 
be clinically advantageous. In this pre-clinical study, the dose of 
doxorubicin, 2 mg/Kg i.p. weekly for 6 weeks was used to avoid 
toxicity seen at higher or more prolonged dosing schedules in 
the BALB/c nude mice. In the initial cell growth studies in vitro, 
a strong combination effect between F  +  G and doxorubicin 
was observed, in which sub-cytostatic doses of each caused 
almost complete cytostatsis when combined. However, this 
trend was not recapitulated in two xenograft tumor models in 
which doxorubicin, administered alone or in combination with 
the kinase inhibitors, showed no significant effect on tumor 
volume or on cellular markers of proliferation and apoptosis. 
Similarly, IGFBP-3 staining did not show a differential response 
to doxorubicin in our models. Although IGFBP3 is activated by 
wild-type p53 (49), and, therefore, expected to be induced by 
chemotherapy, we have previously shown that in some TNBC 
cell lines with gain-of-function p53 mutations, IGFBP-3 is para-
doxically downregulated by DNA-damaging chemotherapeutic 
drugs (50). Effective doxorubicin activity might, therefore, be 
expected to downregulate IGFBP-3 (as seen for the effective 
combination kinase inhibitor therapy), but this was not observed 
in our study.

While it is unclear why the in vivo experiments failed to show 
any significant beneficial effect of doxorubicin in these models, 
a likely limiting factor was the MTD of 2 mg/Kg i.p. weekly for 
6 weeks in our BALB/c nude mouse model. A similar doxorubicin 
dose for 3 weeks gave only a “minimum to partial response” in 
patient-derived TNBC xenograft tumors in NOD-SCID mice 
(51), whereas 1.5  mg/Kg weekly as an i.v. bolus significantly 
reduced the volume of MDA-MB-231 TNBC xenograft tumors in 
nude mice (52). In our study, the very small and non-significant 
effect of doxorubicin provided an opportunity to observe a coop-
erative inhibitory effect with F + G treatment, but no such effect 
was observed in the tumor models used. It is possible that by 
increasing doxorubicin tolerability through the use of liposomes 
or other nano-delivery systems (48), a tolerable dose may have 
been achieved at which doxorubicin would complement the 
effects of the kinase inhibitors. However, our study reinforces the 
conclusion (5) that, since both fingolimod (53) and gefitinib (54) 
are FDA-approved drugs (though not for breast cancer), inhibit-
ing IGFBP-3-dependent oncogenic signaling by F + G therapy is 
a plausible approach to targeting basal-like TNBC tumors.
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cOnclUsiOn

Insulin-like growth factor binding protein-3-dependent signal-
ing may be viewed as a controversial target for cancer therapy, 
since in some cancers IGFBP3 appears to act as a tumor suppres-
sor gene, but our data suggest the plausibility of this approach 
for women with TNBC. IGFBP-3 is highly expressed and a poor 
prognostic feature in ER-negative breast cancers, and initiates 
an oncogenic signaling cascade in both in vitro and in vivo pre-
clinical models of basal-like TNBC. Combined EGFR and SphK 
inhibition, to block IGFBP-3-dependent signaling, synergisti-
cally inhibits cell proliferation and this effect is attenuated by 
IGFBP-3 downregulation (5). This pre-clinical study has shown 
that combination of fingolimod  +  gefitinib-targeted therapy 
is more effective than doxorubicin at its MTD, in inhibiting 
the growth of basal-like TNBC xenograft tumors. IGFBP-3, 
detected predominantly in the cell nucleus in these tumors, 
is less abundant in more slowly growing tumors, and its high 
nuclear staining is similar to high Ki67 staining as a marker 
of decreased mouse survival. We, therefore, conclude that fin-
golimod + gefitinib combination therapy for basal-like TNBC 
tumors with high IGFBP-3 might be suitable for evaluation in 
a neoadjuvant setting as an effective alternative to cytotoxic 
chemotherapy.
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