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1. Introduction

ABSTRACT

Resistance to the anti-HER2 monoclonal antibody trastuzumab is a major problem in the treatment of
HER2-overexpressing metastatic breast cancer. Growth differentiation factor 15 (GDF15), which is
structurally similar to TGF beta, has been reported to stimulate phosphorylation of HER2. We tested the
hypothesis that GDF15-mediated phosphorylation of HER2 reduces the sensitivity of HER2-over-
expressing breast cancer cell lines to trastuzumab. Gene microarray analysis, real-time PCR, and ELISA
were used to assess GDF15 expression. Growth inhibition and proliferation assays in response to
pharmacologic inhibitors of HER2, TGF beta receptor, or Src were performed on cells stimulated with
recombinant human GDF15 or stable GDF15 transfectants. Western blotting was performed to determine
effects of GDF15 on HER2 signaling. Cells were infected with lentiviral GDF15 shRNA plasmid to
determine effects of GDF15 knockdown on cell survival in response to trastuzumab. Cells with acquired
or primary trastuzumab resistance showed increased GDF15 expression. Exposure of trastuzumab-
sensitive cells to recombinant human GDF15 or stable transfection of a GDF15 expression plasmid
inhibited trastuzumab-mediated growth inhibition. HER2 tyrosine kinase inhibition abrogated GDF15-
mediated Akt and Erk1/2 phosphorylation and blocked GDF15-mediated trastuzumab resistance.
Pharmacologic inhibition of TGF beta receptor blocked GDF15-mediated phosphorylation of Src. Further,
TGF beta receptor inhibition or Src inhibition blocked GDF15-mediated trastuzumab resistance. Finally,
lentiviral GDF15 shRNA increased trastuzumab sensitivity in cells with acquired or primary trastuzumab
resistance. These results support GDF15-mediated activation of TGF beta receptor-Src-HER2 signaling
crosstalk as a novel mechanism of trastuzumab resistance.

© 2011 Elsevier Inc. All rights reserved.

up to 81% when combined with chemotherapy [4,5]. The median
duration of response to trastuzumab given as a single agent or in

Human epidermal growth factor receptor 2 (HER2/erbB2) is
overexpressed in approximately 20-30% of metastatic breast
cancers, and is associated with poor prognosis [1]. Trastuzumab
(Herceptin™; Genentech, South San Francisco, CA) is a recombi-
nant humanized monoclonal antibody directed against an
extracellular region of the HER2 protein. Initial clinical trials of
single-agent trastuzumab demonstrated overall response rates
ranging from 11% to 21% in patients with HER2-overexpressing
metastatic breast cancer [2,3]. Thus, almost two-thirds of patients
demonstrated intrinsic resistance to trastuzumab in these initial
single agent trials, although response rates dramatically improved
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combination with taxanes was less than one year [2-5], indicating
that acquired trastuzumab resistance is a major clinical concern.
We previously reported that acquired resistance to trastuzumab
does not appear to be due to changes in the drug target, as loss of
HER2 overexpression and HER2 gene mutation were not observed
[6]. Published reports have implicated increased phosphatidyli-
nositol-3 kinase (PI3K) signaling as a potential mechanism of
trastuzumab resistance [7,8]. Indeed, we and others have reported
that pharmacologic inhibition of PI3K improves trastuzumab
sensitivity in cells that have acquired resistance [7,9]. While PI3K
activation may occur by hyper-activating mutations in the
catalytic subunit of PIK3CA or down-regulation of the PI3K
phosphatase PTEN [7,8], additional studies have demonstrated a
role for increased growth factor signaling as a mechanism of
trastuzumab resistance [10,11].

Growth differentiation factor 15 (GDF15, also called MIC-1,
NAG-1, PTGF-beta, and PDF) is a distant member of the
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transforming growth factor (TGF) beta superfamily of cytokines
based on structural similarity [12]. Increased circulating levels of
GDF15 have been associated clinically with disease progression
and resistance to chemotherapy in breast, prostate, ovarian, and
colorectal cancer [13-17], suggesting that GDF15 may serve as a
biomarker of advanced disease or predictor of therapeutic
resistance. GDF15 is expressed in the cytoplasm as a precursor
35-kDa protein that is cleaved to produce a mature 17-kDa
secreted cytokine [12]. Functionally, GDF15 appears to mediate
pleiotropic effects [13], resulting in apoptosis in pre-malignant
stages and activating cell survival and anti-apoptotic pathways in
advanced disease, similar to what is reported for TGF beta.
Knockdown of GDF15 in malignant gliomas reduced cell prolifera-
tion in vitro and tumorigenesis in vivo [15], suggesting that GDF15
contributes to cancer progression and may serve as a novel
molecular target in advanced malignancies. GDF15 was previously
reported to induce Src-dependent phosphorylation of HER2
[18,19]. However, the role of TGF beta receptor and the biological
effect of GDF15-mediated HER2 phosphorylation on sensitivity to
HER2-targeted drugs have never been examined. Thus, in the
current study, we tested the hypothesis that GDF15-mediated
HER2 phosphorylation reduces sensitivity to trastuzumab in a TGF
beta receptor-dependent manner.

2. Materials and methods
2.1. Materials

Trastuzumab (Herceptin™, Genentech, South San Francisco,
CA) was purchased from the Winship Cancer Institute pharmacy
and dissolved in sterile water at a stock concentration of 20 mg/
mL. Recombinant human GDF15 (rhGDF15; R&D Systems,
Minneapolis, MN) was dissolved to a final stock concentration of
200 pg/mL in 4 mM HCI containing 0.1% BSA vehicle. HER2 kinase
inhibitor AG879 (Sigma-Aldrich, St. Louis, MO) was dissolved in
DMSO at a stock concentration of 10 mM. Lapatinib (Santa Cruz,
Biotech, Santa Cruz, CA) was dissolved in DMSO at a stock
concentration of 10 mM. SB431542 (Sigma-Aldrich, St. Louis, MO)
was dissolved in DMSO at a stock concentration of 10 mM.

2.2. Cell culture

SKBR3, BT474, and MDA-MB-453 HER2-overexpressing breast
cancer cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (P/S). HCC1419 and HCC1954 HER2-over-
expressing breast cancer cells were maintained in RPMI with 10%
FBS and 1% P/S. MDA-MB-361 was maintained in RPMI with 20%
FBS and 1% P/S. All cell lines were purchased from American Type
Culture Collection, Manassas, VA. As previously reported [6,20],
trastuzumab-resistant cells were derived from SKBR3 and BT474
by maintaining cells in 4 pg/mL trastuzumab for 3 months, at
which point surviving pools and clones were selected; all SKBR3-
and BT474-derived resistant cells were routinely maintained on
4 pg/mL trastuzumab, and trastuzumab was removed from
cultures for 24 h prior to performing experiments.

2.2.1. Stable transfection

SKBR3 and BT474 cells were transfected with 3 g of plasmid
DNA (pCMV empty vector or p>CMVmyc-GDF15, both from Origene,
Rockville, MD) using Lipofectamine (Invitrogen, Carlsbad, CA) and
DMSO shock. After 24-36 h, cells were maintained in 200 pLg/mL
G418 to select successfully transfected cells. After approximately
2-3 weeks, surviving clones were isolated and tested by real-time
PCR for GDF15 expression.

2.2.2. Lentiviral shRNA infection

Lentiviral shRNA construct for GDF15 and lentiviral control
shRNA in pLKO1 vector were purchased from Open Biosystems
(RHS4078) (Huntsville, AL). Lentiviral helper plasmids (pCMV-
dR8.2 dvpr and pCMV-VSV-G) were obtained from Addgene (8455
and 8454) (Cambridge, MA). Transient lentivirus stocks were
prepared following the manufacturer’s protocol. Briefly, 2.5 x 10°
293T cells were plated in 10 cm dishes. Cells were co-transfected
with shRNA construct (3 pg) together with 3 g pCMV-dR8.2 dvpr
and 0.3 pwg pCMV-VSV-G helper constructs. Culture medium
containing virus was harvested and breast cancer cells were
infected with virus-containing media.

2.3. Microarray analysis

Total RNA was extracted from triplicate cultures of each cell line
(RNeasy; Qiagen, Germantown, MD). RNA was then taken to the
Emory University Microarray Core Facility where RNA integrity
was confirmed using an Agilent 2100 Bioanalyzer. RNA was labeled
using TotalPrep RNA (Ambion, Austin, TX), and hybridized onto
[llumina Human Ref-8 v3 Expression BeadChip for analysis of
approximately 24,500 well-annotated transcripts. Triplicate cul-
tures were run for each cell line in order to assess the
reproducibility of microarray results; for each set of triplicates,
% =0.99, confirming reproducibility of results. Transcripts that
were differentially expressed in each resistant pool versus parental
cell line were determined using significance analysis of micro-
arrays (SAM) [21], with false discovery rate (FDR) < 1%.

2.4. ELISA

To quantify the amount of GDF15 released into the media from
cells, human GDF15 immunoassay (R&D Systems, Minneapolis, MN)
was used according to the manufacturer’s directions. Briefly, sample
media was incubated in GDF15 antibody-coated microplate for 2 h
which was washed 4x and then incubated with GDF15 antibody
conjugated to horseradish peroxidase for 1 h. After washing 4 x the
wells were incubated with color reagent (hydrogen peroxide-
chromogen mix) for 30 min, at which point the stop solution was
added. Optical density of each well was determined using a
microplate reader set to 450 nm. The concentrations were calculated
according to the standards supplied with the kit by creating a four
parameter logistic curve-fit.

2.5. Real-time PCR analysis

Parental and trastuzumab-resistant clones from BT474 and
SKBR3 were grown in standard culture conditions. Cells were
seeded and allowed to grow until ~85% confluent. Total RNA was
then extracted using the RNeasy purification kit (Qiagen, German-
town, MD) and DNase treated (Invitrogen, Carlsbad, CA). cDNA was
then prepared from total RNA using random primers and the
Superscript III first strand synthesis Kit (Invitrogen, Carlsbad, CA).
Relative levels of mRNA were determined by real-time quantita-
tive PCR using an Applied Biosystems cycler and the TagMan
Universal PCR master Mix (4304437; Applied Biosystems, Carls-
bad, CA); RPLPO mRNA levels were used for normalization. Primers
for GDF15 (Hs00171132_m1) and RPLPO (Hs99999902_m1) were
obtained from Applied Biosystems (TagMan Gene Expression
Assays) (Carlsbad, CA). After amplification, the data was normal-
ized with RPLPO levels and analyzed by deltaCt method.

2.6. Growth inhibition and proliferation assays

For growth inhibition assays, cells were plated at 3 x 10 per well
in 12-well plate format and treated with GDF15 +/— trastuzumab,
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AG879, lapatinib, SB431542, or PP2 for an additional 48 or 72 h.
Control cultures were treated with vehicle control for rhGDF15 +/—
DMSO (solvent for AG879 and lapatinib). Cell count was measured
by trypan blue exclusion assay. For proliferation assays, cells were
plated at 3000 cells per well in 96-well format and treated with
lapatinib for 48 h. MTS colorimetric assays (Promega, Madison, WI)
were then performed according to manufacturer protocol.

2.7. Western blotting

Cells were lysed in RIPA buffer (Cell Signaling, Danvers, MA)
supplemented with protease and phosphatase inhibitors (Cell
Signaling, Danvers, MA). Total protein extracts were run on SDS-
PAGE and blotted onto nitrocellulose. Blots were probed overnight
using the following antibodies at indicated dilutions. Total HER2
(1:1000) from Abcam (Cambridge, MA); from Cell Signaling
(Danvers, MA), p-S473 Akt-XP used at 1:1000, and polyclonal
antibodies against Akt (1:1000), p-Thr202/Tyr204 p42/p44 Erk1/2
(1:1000), total p42/p44 Erk1/2 (1:1000); from Santa Cruz
Biotechnology (Santa Cruz, CA), polyclonal p-Tyr1248 HER2
(1:1000); and P-actin monoclonal AC-15 (Sigma-Aldrich, St.
Louis, MO) at 1:10,000. Appropriate secondary antibodies were
used. Protein bands were detected using the Odyssey Imaging
System (Li-Cor Biosciences, Lincoln, NE).

2.8. Statistics

P-values were determined for experimental versus control
treatments by Student’s t-test; p < 0.05, "p < 0.005.

3. Results

3.1. Trastuzumab-resistant breast cancer cell lines show increased
GDF15 expression

Gene microarray analysis was performed on parental SKBR3 and
BT474 HER2-overexpressing breast cancer cell lines, a trastuzumab-
resistant pool of cells derived from SKBR3, and a trastuzumab-
resistant pool of cells derived from BT474. Total RNA was isolated
from each cell line in triplicate to ensure reproducibility. For each set
of triplicates, r?=0.99, confirming reproducibility of results.
Samples were hybridized onto Illumina Human Ref-8 v3 Expression
BeadChip containing approximately 24,500 well-annotated tran-
scripts. Differentially expressed transcripts in each resistant pool
versus the corresponding parental line were identified using SAM
[21] with a false discovery rate less than 1%. For BT474 resistant pool
versus BT474 parental, 1903 genes were differentially regulated (up
or down) by 1.5-fold or more; in SKBR3 resistant cells versus SKBR3
parental, 3207 genes were differentially regulated by 1.5-fold or
more. There were 690 genes that were up-regulated by 1.5-fold or
more in BT474 resistant cells versus parental cells, and 1417 genes
up-regulated in SKBR3 resistant versus parental cells. Among these
up-regulated genes, only 218 were up-regulated by 1.5-fold or more
in both SKBR3 resistant and BT474 resistant versus parental cells.
Genes that were up-regulated by 4-fold or more in both SKBR3 and
BT474 resistant cells versus parental cells are listed (Table 1). The
most highly over-expressed transcript in the resistant pools was
PPP1R1B/Darpp-32, which was previously shown to be over-
expressed in trastuzumab-resistant cells [22]. The second most
highly over-expressed transcript in resistant cells versus parental
cells was GDF15 (also called macrophage inhibitory cytokine 1, or
MIC-1), which was over-expressed an average of 26-fold in resistant
versus parental cells.

To confirm microarray data, we performed real-time PCR
analysis of GDF15 transcript levels in BT474 and SKBR3 acquired
trastuzumab-resistant cells versus their parental counterparts

Table 1
Transcripts up-regulated on gene microarray in cells with acquired trastuzumab
resistance versus parental cell lines.

Gene Fold up-regulation
PPP1R1B 30.51597422
GDF15 26.24737319
SCGB2A2 11.30935665
CYP1A1 9.814828986
TNFSF10 8.460664911
SLC2A10 6.012329038
BEX2 4.937933164
ETV5 4.638589618
SCGB2A1 4.555765328
SH3PXD2A 4.410699182
HS.579631 4.359287911
RORC 4.223554895
NUPR1 4.12469436
P8 4.096969749
UNC5A 4.083438983
LAMP3 4.029105703
TCEAL8 3.999739961

Total RNA was collected from SK-par, SK-HRp2, BT-par, and BT-HRp3 cells, converted
to cDNA and hybridized onto [llumina Human Ref-8 Expression BeadChip. Triplicate
cultures were run for each line, and 1?=0.99 for all sets of triplicates, confirming high
degree of reproducibility. Differentially regulated genes were determined by
significance analysis of microarrays (SAM) [21]; false discovery rate < 1%. There
were 218 genes up-regulated > 1.5-fold in both SKBR3 resistant and BT474 resistant
versus parental cells. Genes that were up-regulated by 4-fold or higher in resistant
cells versus parental cells are listed. Values reflect the average fold up-regulation in
SKBR3 and BT474 resistant cell line samples versus parental cell lines.

(Fig. 1A). These results were consistent with microarray data,
showing increased GDF15 transcript expression in cells with
acquired resistance versus the parental, sensitive cell lines. Since
GDF15 is believed to be bioactive as a secreted cytokine, we
performed ELISAs for both the endogenous and secreted forms of
GDF15 protein in parental and trastuzumab-resistant cells. GDF15-
specific ELISA (R&D Systems, Inc., Minneapolis, MN) performed on
whole cell protein lysates (excluding media) showed that endoge-
nous GDF15 expression was elevated in BT474 resistant cells by 3-
20-fold versus BT474 parental cells (depending on the resistant
clone), and 50-400-fold in SKBR3 resistant clones versus SKBR3
parental cells (Fig. 1B). In addition, media collected from cells
showed that the concentration of secreted GDF15 was 4-fold higher
in BT474 resistant clones versus BT474 parental and 76-172-fold
higher in SKBR3 resistant cells versus SKBR3 parental (Fig. 1C). Thus,
both the secreted and endogenous forms of GDF15 protein were
increased in trastuzumab-resistant cells versus trastuzumab-
sensitive parental cells. In addition to models of acquired
trastuzumab resistance, we examined GDF15 secretion by ELISA
in HER2-overexpressing cell lines that have primary (intrinsic)
resistance to trastuzumab. The level of secreted GDF15 in the cell
culture media from primary trastuzumab-resistant HCC1419,
HCC1954, MDA453, and MDA361 cell lines was significantly higher
than the level of secreted GDF15 in SKBR3 and BT474 cells (Fig. 1D).
Thus, multiple human cell line models of acquired and primary
trastuzumab resistance showed increased expression of GDF15
relative to trastuzumab-sensitive breast cancer cell lines.

3.2. GDF15 reduces response of HER2-overexpressing breast cancer
cells to trastuzumab

Next, we examined whether increased GDF15 expression
results in reduced sensitivity to trastuzumab. Exposure of HER2-
overexpressing SKBR3 or BT474 breast cancer cells to a physiolog-
ically relevant concentration of recombinant human GDF15
(10 ng/mL) blocked growth inhibition of a clinically relevant
concentration of trastuzumab (20 pg/mL) (Fig. 2A). In addition, we
developed stable GDF15-overexpressing clones from the SKBR3
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Fig. 1. HER2-overexpressing trastuzumab-resistant breast cancer cells express increased levels of GDF15. (A) Total RNA was extracted from BT474 parental (Par), resistant clone 2 (c2)
and clone 3 (c3), and SKBR3 parental (Par) and resistant clone 3 (c3) cells. RNA was converted to cDNA and analyzed by real-time PCR for GDF15 transcript level. Results are reported as
fold increase in GDF15 transcript level versus parental counterpart. Values were normalized to RPLPO housekeeping ribosomal gene transcript levels as internal control. Each sample
was run in triplicate per experiment, and 3 independent experiments were performed on separate occasions to ensure reproducibility. Values represent the average of the 3 separate
experiments; error bars represent standard error between the triplicate experiments. P-values were calculated by student’s t-test for each resistant line versus the parental line;
‘p < 0.05, "p < 0.005. GDF15 levels were also determined by (B) ELISA using total protein lysates excluding media, or (C) ELISA using cell culture media only. Error bars represent
standard deviation between triplicates. P-values were calculated by student’s t-test for each resistant line versus the parental line; p < 0.05, "p < 0.005. Results were confirmed on
three separate occasions. Acquired resistant cells showed statistically significant increase in both the endogenous and secreted forms of GDF15 versus sensitive lines. (D) Secreted
GDF15 was measured by ELISA in the cell culture media of HCC1419, HCC1954, MDA-MB-453, and MDA-MB-361 cells, which have primary resistance to trastuzumab, versus BT474
and SKBR3 trastuzumab-sensitive cells. Error bars represent standard deviation between triplicates. P-values were calculated by student’s t-test for each resistant line versus BT474;
“p < 0.005. Results were confirmed on three separate occasions. Cells with primary trastuzumab resistance showed higher levels of secreted GDF15 versus trastuzumab-sensitive cells.
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Fig. 2. Increased GDF15 expression reduces trastuzumab-mediated growth inhibition. (A) SKBR3 and BT474 cells were treated with vehicle control (C), 20 pg/mL
trastuzumab (T), or pre-treated with 10 ng/mL GDF15 for 48 h followed by 20 p.g/mL trastuzumab plus 10 ng/mL GDF15 for an additional 72 h (G + T); media plus treatments
were changed each day. Cells were counted by trypan blue exclusion; cell count is shown as a percentage of the control group per cell line. Each sample was run in triplicate
cultures per experiment; experiments were performed on 3 independent occasions for reproducibility. Error bars represent standard error between the 3 independent
experiments. P-values were determined by student’s t-test for GDF15 plus trastuzumab (G + T) group versus trastuzumab alone (T); ‘p < 0.05. Stimulation with recombinant
human GDF15 significantly reduced trastuzumab-mediated growth inhibition. (B) SKBR3 and BT474 clones stably transfected with pCMV empty vector control or pCMV-
myc-GDF15 were analyzed by real-time PCR for GDF15 transcript level. Results are reported as fold increase in GDF15 transcript level versus stable control clone per line.
Values were normalized to RPLPO housekeeping ribosomal gene transcript levels as internal control. Error bars represent standard deviation between triplicates. (C) Stable
clones were treated with 20 pwg/mL trastuzumab (Tr) for 72 h. Cells were counted by trypan blue exclusion; cell count is shown as a percentage of control untreated cells (C)
per clone. Error bars represent standard error between duplicate experiments, each run in triplicate. P-values were determined by student’s t-test for trastuzumab-treated
cells versus untreated cells per clone; p < 0.05. Trastuzumab significantly reduced growth of stable control clones; no significant response to trastuzumab was measured in
stable GDF15-overexpressing SKBR3 clones. Stable GDF15 BT474 clone 3 showed statistically significant reduction in growth, but less than control BT474 clone cells.

and BT474 cell lines. Real-time PCR confirmed increased expres-
sion of GDF15 in stable clones versus empty vector control clones
in both SKBR3 and BT474 cells (Fig. 2B). To determine if stable
GDF15 over-expression reduced response to trastuzumab, we
treated GDF15 stable clones or control empty vector clones with
20 pg/mL trastuzumab for 72 h. Control SKBR3 and BT474 clones
showed significant reduction in growth upon treatment with
trastuzumab (Fig. 2C). In contrast, GDF15 stable clones showed
reduced sensitivity to trastuzumab. These results suggest that
increased exposure to exogenous GDF15 or increased expression of
endogenous GDF15 reduces the sensitivity of HER2-overexpres-
sing breast cancer cells to trastuzumab.

3.3. GDF15-mediated phosphorylation of HER2 reduces trastuzumab
sensitivity

GDF15/MIC-1 has been shown to stimulate phosphorylation of
HER2 in SKBR3 HER2-overexpressing breast cancer cells [18,19].

Stimulation of BT474 cells with recombinant human GDF15
induced phosphorylation of HER2 and downstream Akt and rapid,
but transient phosphorylation of Erk1/2 (Fig. 3A). Tyrosine kinase
inhibition of HER2 using tyrphostin AG879 reduced GDF15-
mediated phosphorylation of HER2, Akt, and Erk1/2 (Fig. 3B).
Similarly, the dual EGFR/HER2 kinase inhibitor lapatinib blocked
GDF15-mediated phosphorylation of Akt and Erk1/2 (Fig. 3C).
These results suggest that GDF15-mediated activation of Akt and
Erk1/2 occurs downstream of HER2 activation.

We next determined if phosphorylation of HER2 is the
mechanism by which GDF15 promotes trastuzumab resistance.
BT474 cells were treated with trastuzumab in the absence or
presence of recombinant human GDF15. Again, GDF15 blocked the
ability of trastuzumab to inhibit growth (Fig. 3D). Inhibition of
HER2 kinase using AG879 restored trastuzumab sensitivity to
GDF15-stimulated cells. Further, the dual EGFR/HER2 kinase
inhibitor lapatinib inhibited survival of BT474 cells even in the
presence of GDF15 stimulation (Fig. 3E). Co-treatment with
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Fig. 3. GDF15-mediated activation of HER2 signaling reduces trastuzumab sensitivity. (A) upper panel: BT474 cells were treated with 2 ng/mL recombinant human GDF15 for
10, 30, or 60 min or with the corresponding volume of vehicle control for 60 min. Total protein lysates were Western blotted for phosphorylated and total HER2, Akt, and Erk1/
2. lower panel: BT474 cells were treated with 2 ng/mL vehicle control for 0, 10, 30, or 60 min, or with 2 ng/mL recombinant human GDF15 for 0, 10, 30, or 60 min. Total protein
lysates were Western blotted for phosphorylated and total Erk1/2. (B) BT474 cells were treated with vehicle control (HCI-BSA plus DMSO), 2 ng/mL GDF15 for 10 or 30 min, or
2 ng/mL GDF15 plus 5 wM AG879 for 30 min. Total protein lysates were Western blotted for phosphorylated and total HER2, Akt, and Erk1/2. (C) BT474 cells were treated with
vehicle control (HCI-BSA plus DMSO), 2 ng/mL GDF15 for 10 or 30 min, or 2 ng/mL GDF15 plus 1 wM lapatinib for 30 min. Total protein lysates were Western blotted for
phosphorylated and total Akt and Erk1/2. (D) BT474 cells were treated with vehicle control (C), 20 pg/mL trastuzumab (T), pre-treated with 2 ng/mL GDF15 for 48 h followed
by 20 wg/mL trastuzumab plus 2 ng/mL GDF15 for an additional 72 h (GDF + T), or pre-treated with 2 ng/mL GDF15 for 48 h followed by 20 pg/mL trastuzumab plus 2 ng/mL
GDF15 plus 5 wM AG879 for an additional 72 h (GDF + T + AG); media plus treatments were changed each day. Cells were counted by trypan blue exclusion; cell count is
shown as a percentage of the control group per cell line. Error bars represent standard error between duplicate experiments, each run in triplicate. P-values were determined
by student’s t-test for GDF + T versus T alone, and for GDF + T + AG versus GDF + T; 'p < 0.05, p < 0.005. (E) BT474 cells were treated with vehicle control (C), 20 wg/mL
trastuzumab (T), 1 wM lapatinib (L), pre-treated with 2 ng/mL GDF15 for 48 h followed by 20 pg/mL trastuzumab plus 2 ng/mL GDF15 for an additional 72 h (G + T), pre-
treated with 2 ng/mL GDF15 for 48 h followed by 1 wM lapatinib plus 2 ng/mL GDF15 for an additional 72 h (G + L), or pre-treated with 2 ng/mL GDF15 for 48 h followed by
20 pg/mL trastuzumab plus 1 wM lapatinib plus 2 ng/mL GDF15 for an additional 72 h (G + T + L); media plus treatments were changed each day. Cells were counted by
trypan blue exclusion; cell count is shown as a percentage of the control group per cell line. Error bars represent standard deviation between triplicates. P-values were
determined by student’s t-test for G + T + Lversus G + T; p < 0.05. (F) Stable SKBR3 control and GDF15 clones were treated with 100 nM lapatinib (Lap) or corresponding dose
of DMSO control (C) for 48 h. Proliferation was measured by MTS assay, and is shown as a percentage of control per clone. Error bars represent standard error between
duplicate experiments, each run in triplicate. P-values were determined by student’s t-test for lapatinib-treated cells versus control per clone; ‘p < 0.05, "p < 0.005. Stable
GDF15-overexpressing clones retained sensitivity to lapatinib.

lapatinib plus trastuzumab blocked survival of HER2-overexpres- 3.4. TGF beta receptor-dependent Src phosphorylation contributes to
sing breast cancer cells exposed to GDF15. Similarly, lapatinib GDF15-mediated resistance

inhibited proliferation of stable GDF15-overexpressing SKBR3

clones at a level comparable to control clone cells (Fig. 3F). GDF15 was previously shown to induce Src-dependent
Collectively, these results indicate that GDF15-mediated trastu- phosphorylation of HER2 [19]. In addition GDF15 shares structural
zumab resistance is dependent upon phosphorylation of HER2, as homology with TGF beta [12]. Thus, we examined whether TGF
HER2 kinase inhibition overcomes GDF15-mediated resistance. beta receptor and Src signaling are required for GDF15-mediated
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trastuzumab resistance. Stimulation of BT474 cells with recombi-
nant human GDF15 induced phosphorylation of Smad2 (Fig. 4A).
Inhibition of TGF beta receptor type Il using SB431542 resulted in
reduced GDF15-mediated Smad2 phosphorylation. Thus, GDF15
activated TGF beta receptor signaling in HER2-overexpressing
breast cancer cells. GDF15 also induced phosphorylation of Src in
BT474 cells (Fig. 4B). Addition of trastuzumab reduced GDF15-
mediated Src phosphorylation (Fig. 4B and C). Inhibition of TGF
beta receptor with SB431542 further reduced GDF15-mediated Src
phosphorylation (Fig. 4B). However, lapatinib did not block
GDF15-mediated Src phosphorylation (Fig. 4C), suggesting that
GDF15-mediated HER2 phosphorylation does not regulate Src
phosphorylation. These results indicate that GDF15 activates TGF
beta receptor signaling, which in turn induces Src phosphorylation.

Next, we examined survival of BT474 control and GDF15 stable
clones in response to trastuzumab combined with TGF beta receptor
inhibitor SB431542 or Src inhibitor PP2. Trastuzumab-mediated
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Fig. 4. TGF beta receptor-dependent Src phosphorylation contributes to GDF15-
mediated resistance. (A) BT474 cells were treated with vehicle control (HCI-BSA
plus DMSO), 2 ng/mL GDF15 for 10 or 30 min, or 2 ng/mL GDF15 plus 5 uM
SB431542 for 30min. Total protein lysates were Western blotted for
phosphorylated and total Smad2. (B) BT474 cells were treated with vehicle
control (C) (HCI-BSA plus DMSO), 20 pg/mL trastuzumab (T), 2 ng/mL GDF15 (G),
trastuzumab plus GDF15 (TG), 5 wM SB431542 (S), trastuzumab plus SB431542
(TS), or trastuzumab plus GDF15 plus SB431542 (TGS) for 30 min. Total protein
lysates were Western blotted for phosphorylated and total Src. (C) BT474 cells were
treated with vehicle control (C) (HCI-BSA plus DMSO), 20 pg/mL trastuzumab (T),
2 ng/mL GDF15 (G), trastuzumab plus GDF15 (TG), 1 M lapatinib (L), trastuzumab
plus lapatinib (TL), or trastuzumab plus GDF15 plus lapatinib (TGL) for 30 min. Total
protein lysates were Western blotted for phosphorylated and total Src. (D) BT474
control and GDF15 stable clones 2 and 3 were treated with vehicle control (C) (HCI-
BSA plus DMSO), 20 pg/mL trastuzumab (T), 5 M SB431542 (S), trastuzumab plus
SB431542 (TS), 1 wM PP2 (P), or trastuzumab plus PP2 (TP) for 72 h; media plus
treatments were changed each day. Cells were counted by trypan blue exclusion;
cell count is shown as a percentage of the control group per cell line. Error bars
represent standard deviation between triplicates. P-values were determined by
student’s t-test for each group versus T alone; p < 0.05.

growth inhibition of BT474 control clone cells was not affected by
TGF beta receptor inhibition or Src inhibition (Fig. 4D). In contrast,
trastuzumab sensitivity was increased in GDF15-overexpressing
stable clone cells when co-treated with SB431542 or PP2. These
results suggest that TGF beta receptor and Src signaling are involved
in GDF15-mediated trastuzumab resistance, as pharmacologic
inhibition of TGF beta receptor or Src abrogated GDF15-mediated
resistance.

3.5. GDF15 knockdown increases trastuzumab sensitivity

To determine whether inhibition of GDF15 improves trastuzu-
mab sensitivity, we knocked down GDF15 expression and
measured response to trastuzumab in resistant cells. BT474
parental and trastuzumab-resistant clone 3 (BT-HRc3) cells and
SKBR3 parental and trastuzumab-resistant clone 3 (SK-HRc3) cells
were infected with GDF15-specific ShRNA in a lentiviral backbone
or with corresponding control shRNA in the same lentiviral vector
backbone. After 72 h, cells were either untreated or treated with
trastuzumab for an additional 72 h. GDF15-specific ELISA per-
formed on cell culture media showed 60-90% knockdown of
GDF15 in infected cells compared to non-infected cells (Fig. 5A);
GDF15 knockdown was maintained in the presence of trastuzu-
mab. Knockdown of GDF15 alone reduced growth of SK-HRc3 by
20% and BT-HRc3 cells by 50% (Fig. 5B). In SK-HRc3 cells, GDF15
knockdown significantly increased trastuzumab sensitivity, with
growth inhibition increasing from 20% with trastuzumab alone to
50% when combined with shGDF15. Similarly, BT-HRc3 cells
showed significantly reduced cell survival with combination
shGDF15 and trastuzumab versus trastuzumab alone; the majority
of growth inhibition in BT-HRc3 cells appeared to be due to
knockdown of GDF15. These experiments suggest that inhibition of
GDF15 expression reduces cell survival and improves trastuzumab
sensitivity in cells that have acquired trastuzumab resistance. In
addition, HCC1419 cells, which show primary resistance to
trastuzumab and secrete high levels of GDF15, showed improved
sensitivity to trastuzumab with knockdown of GDF15 versus
control shRNA (Fig. 5C). Hence, GDF15 knockdown is a potential
strategy for improving response to trastuzumab in HER2-over-
expressing breast cancer cells that have acquired resistance to
trastuzumab or are trastuzumab-naive but fail to respond to single
agent trastuzumab.

4. Discussion

We present novel data showing that trastuzumab-resistant cell
lines express increased levels of GDF15. Further, increased
exposure to recombinant human GDF15 or stable over-expression
of GDF15 reduced the sensitivity of HER2-overexpressing breast
cancer cells to trastuzumab. GDF15-mediated trastuzumab resis-
tance required phosphorylation of HER2, as pharmacologic
inhibition of HER2 overcame the resistance conferred by GDF15.
TGF beta receptor signaling was activated by GDF15, which
induced phosphorylation of Src. GDF15-mediated phosphorylation
of HER2 has previously been shown to be Src-dependent [19].
Inhibition of TGF beta receptor or Src overcame GDF15-mediated
trastuzumab resistance. Finally, knockdown of GDF15 improved
sensitivity to trastuzumab in models of acquired trastuzumab
resistance. These results support GDF15-mediated activation of
TGF beta receptor-Src-HER2 signaling crosstalk as a novel
mechanism of trastuzumab resistance (Fig. 6).

We found that expression of GDF15 was increased in HER2-
overexpressing breast cancer cells that displayed either acquired
or primary resistance. This was a fairly generalized finding, as
resistant cells showed higher levels of endogenous and secreted
GDF15 versus SKBR3 and BT474 trastuzumab-sensitive cells,



J.P. Joshi et al./Biochemical Pharmacology 82 (2011) 1090-1099 1097

A 15
© 1.4
é 1.2
£10
$0.8
c
©
506
o
© 04
('8
0.2
0
shC  + + - - + o - -
ShGDF - - + + S
Tras -+ -+ S BT
BT-HRc3 SK-HRc3
sk
B 120 * 120 i
100 =y e 100 [T ++
= E 80 - ﬁ 80
§ 5 5 e
S5 60 ; 8 8 60 ==
& o i T %6
O o
& 40 ® 40
20 20
0 0
shC + o+ - - + o+ - - shC L ] = * e e =
ShGDF - - + + - -+ ShGDF - - + + - -+
Tras S A “ 4 & ® Tras -+ - 4 -+ -+
SK-par SK-HRc3 BT-par BT-HRc3
HCC1419
c ., HCC1419 140 .
o , 120 ' =
£ EE 80 | I
® 0.6/ | | 25
2 4|> 2 o 60!
@ )
5 0.4| O 40— i
k=l | S g
£ | 20! rl—‘
shC shGDF she " i o -
shGDF - - + +
Tras - + = +

Fig. 5. GDF15 knockdown increases trastuzumab sensitivity in cells with acquired or primary trastuzumab resistance. (A) BT-HRc3 and SK-HRc3 cells were infected with
lentiviral control shRNA (shC) or GDF15 shRNA (shGDF). After 72 h, 20 pg/mL trastuzumab (Tras) was added to cultures for an additional 72 h or cells were left untreated. Cell
culture media was examined using GDF15-specific ELISA to confirm knockdown of GDF15. Error bars represent standard deviation between triplicates. (B) BT-parental, BT-
HRc3, SK-parental, and SK-HRc3 cells were infected with lentiviral control shRNA (shC) or GDF15 shRNA (shGDF). After 72 h, 20 pg/mL trastuzumab (Tras) was added to
cultures for an additional 72 h or cells were left untreated. Cells were then counted by trypan blue exclusion; growth is shown as a percentage of shC-infected cells per line.
Treatments were done in triplicate, with error bars representing standard deviation between replicates. Results were confirmed in duplicate experiments. P-values were
determined by student’s t-test; 'p < 0.05, "p < 0.005. (C) HCC1419 cells were infected with lentiviral control shRNA (shC) or GDF15 shRNA (shGDF); knockdown of GDF15 was
confirmed by real-time PCR. Results are reported as fold change in GDF15 transcript level versus control shRNA. Values were normalized to RPLPO housekeeping ribosomal
gene transcript levels as internal control. Error bars represent standard deviation between triplicates. Cells were infected with control shRNA or GDF15 shRNA, and after 72 h,
treated with 20 pg/mL trastuzumab (Tras) for an additional 72 h or left untreated. Cells were counted by trypan blue exclusion; growth is shown as a percentage of shC-

infected cells. Treatments were done in triplicate, with error bars representing standard deviation between replicates. Results were confirmed in duplicate experiments. P-
values were determined by student’s t-test; p < 0.05, p < 0.005.

although levels varied from clone to clone. Real-time PCR [26]. Further studies examining regulators of GDF15 transcription
confirmed that GDF15 transcript levels were increased, suggesting and GDF15 mRNA stability in trastuzumab-resistant cancer are
that GDF15 is up-regulated in resistant cancers at the transcrip- warranted in order to determine the mechanisms by which GDF15
tional level or possibly that GDF15 mRNA stability is altered in expression is increased. In addition to being regulated by
resistant cancers. Multiple transcription factor binding sites are transcription factors, GDF15 expression can be modulated by
present in the GDF15 promoter, including response elements for signaling molecules including Erk1/2 [27] and PI3K/Akt/GSK-3
AP-1, Sp1 [23], p53 [24], and EGR [25]. Cell lines used in this study beta [28], indicating the presence of positive feedback signaling
are p53 mutant, suggesting that the mechanism of GDF15 up- loops since GDF15 activates these same signaling pathways that
regulation is likely to be p53-independent. However, other potentially regulate its expression. Thus, if future work demon-
members of the p53 family may contribute to GDF15 transcription strates that increased PI3K/MAPK signaling induces GDF15
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Fig. 6. Proposed mechanism of GDF15-mediated trastuzumab resistance. We
propose that GDF15 activates TGF beta receptor-Src-HER2 signaling crosstalk as a
novel mechanism of trastuzumab resistance. GDF15 appears to activate TGF beta
receptor, as measured by phosphorylation of the TGF beta receptor substrate
Smad2. GDF15 activates Src in a TGF beta receptor-dependent manner, which
subsequently induces phosphorylation of HER2 and abrogates the growth
inhibitory effects of the HER2-targeted antibody trastuzumab. Inhibition of the
HER2 kinase by lapatinib restores sensitivity to trastuzumab in models of GDF15-
mediated trastuzumab resistance.

expression in trastuzumab resistance, pharmacologic inhibitors
against these pathways may partially reduce GDF15 expression
and reduce GDF15-mediated resistance. In addition, increased
GDF15 may serve as a marker of heightened PI3K/MAPK signaling
in resistant cells. However, HCC1419 cells have wild-type PIK3CA
[29] and do not show hyperactive Akt signaling (not shown), yet
showed increased GDF15; conversely, the BT474 cell line, which
has hyper-activating mutation K111N in PIK3CA [29], showed low
expression of GDF15. Thus, elevated GDF15 is not a reflection of
baseline PI3K signaling in these cell lines, although acquired
resistant clones derived from BT474 and SKBR3 showed increased
GDF15 expression and increased PI3K signaling.

In our study, trastuzumab-sensitive cells stimulated with
GDF15 or stably transfected with a GDF15 expression construct
showed reduced response to trastuzumab, suggesting that GDF15
directly contributes to the development of trastuzumab resistance.
Stimulation with recombinant human GDF15 partially reduced
trastuzumab sensitivity, while endogenous GDF15 over-expres-
sion (stable transfection) appeared to induce a stronger (almost
complete) resistance phenotype. The recombinant cytokine is a
purified form of the secreted form of GDF15, whereas stable
transfection incorporates the endogenous full-length precursor
which can then be cleaved into the secreted form. Thus, it is
possible that the precursor form possess additional activity beyond
that of the secreted form, and that increased transcription of
GDF15, not just increased release of the secreted form, promotes
resistance. This would be consistent with our findings that GDF15
is increased at the transcript level in cells with acquired or primary
trastuzumab resistance. Additional studies addressing the func-
tional differences between full-length intracellular GDF15 versus
secreted GDF15 will allow us to determine the exact mechanism of
GDF15-mediated resistance.

Further, knockdown of GDF15 restored trastuzumab sensitivity
to SKBR3-derived resistant cells, and reduced survival of BT474-
derived trastuzumab-resistant cells. Interestingly, attempts to
develop stable GDF15 shRNA clones were unsuccessful, as long-
term GDF15 knockdown killed trastuzumab-resistant cells in
culture. These data indicate that long-term knockdown of GDF15 is
incompatible with survival of acquired trastuzumab-resistant
cells, suggesting that resistant cells may have developed depen-
dence upon GDF15. Thus, inhibition of GDF15 is a potential
strategy for treating breast cancers that have progressed on
trastuzumab-based therapy.

Our data indicated that the mechanism by which GDF15
promotes trastuzumab resistance involves activation of HER2
signaling. In our study, GDF15 stimulated phosphorylation of

HER2, Akt, and Erk1/2. Pharmacologic inhibition of HER2 kinase
blocked GDF15-stimulated Akt and Erk1/2 signaling, indicating
that GDF15-mediated PI3K and MAPK activation occur down-
stream of HER2 activation. However, since the major induction of
Erk1/2 phosphorylation preceded Her2 phosphorylation, it is likely
that there is also a HER2-independent mechanism contributing to
GDF15-mediated Erk1/2 phosphorylation. Since GDF15 is struc-
turally similar to TGF beta, we also examined whether GDF15
stimulated phosphorylation of the TGF beta receptor substrate
Smad2, and whether TGF beta receptor signaling contributes to
GDF15-mediated trastuzumab resistance. Pharmacologic inhibi-
tion of TGF beta receptor type Il blocked GDF15-mediated Smad2
phosphorylation and reduced GDF15-mediated trastuzumab
resistance. Finally, since GDF15-mediated phosphorylation of
HER2 was shown to involve Src [19], we examined the role of
Src in GDF15-mediated resistance. GDF15-mediated Src phos-
phorylation in HER2-overexpressing cells was blocked by TGF beta
receptor inhibition but not by HER2 kinase inhibition. Thus, GDF15
appears to activate TGF beta receptor, which in turn activates Src,
which induces phosphorylation of HER2, abrogating the growth
inhibitory effects of HER2-targeted trastuzumab.

In summary, we propose that GDF15 should be studied further
as a potential biological predictor of trastuzumab response and
putative new therapeutic target in trastuzumab-resistant breast
cancer. Clinical correlative studies are needed to address whether
GDF15 levels are associated with reduced response to trastuzu-
mab. Ultimately, such studies may lead to development of a serum-
based assay to measure circulating GDF15 levels as a predictor of
resistance to trastuzumab. The significance of GDF15 in trastuzu-
mab resistance is highlighted by our data showing that knockdown
of GDF15 increased trastuzumab sensitivity of cells with primary
or acquired resistance. Ongoing experiments are examining
whether pharmacologic inhibition of GDF15 restores trastuzumab
sensitivity to trastuzumab-resistant breast cancers. Ultimately,
this work may lead to the development of drugs that target GDF15
as a new molecular target for improving response to trastuzumab.
Increased serum levels of GDF15 have been reported in multiple
solid tumor types and have been associated with progression of
disease [13-17]. Our study is consistent with the concept that
increased GDF15 expression is associated with advanced, drug-
resistant cancer. Breast cancers that overexpress HER2 carry a
particularly poor prognosis [1], and primary or acquired resistance
to trastuzumab occurs in many patients. Understanding the
mechanistic basis for progression of HER2-overexpressing breast
cancer will allow more effective targeted treatment options to be
developed. Our work suggests that elevated levels of GDF15 may
contribute to trastuzumab resistance, and supports further
development of GDF15 as a novel therapeutic target in HER2-
overexpressing breast cancers that have progressed on trastuzu-
mab treatment.
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