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Abstract

Intrinsic or acquired resistance to the HER2-targeted therapy trastuzumab is a clinical concern in 

the treatment of patients with HER2-over-expressing metastatic breast cancers. We demonstrate 

here that multiple models of intrinsic and acquired resistance exhibit increased phosphorylation of 

p38 MAPK. Kinase inhibition of p38 rescued trastuzumab sensitivity in cells with acquired 

resistance. In addition, knockdown of p38 increased sensitivity to trastuzumab in an intrinsically 

resistant cell line. We previously reported that expression of growth differentiation factor 15 

(GDF15) is increased in trastuzumab-resistant HER2-overexpressing breast cancer cells. In this 

study, we found that exogenous GDF15 or stable overexpression of GDF15 stimulated p38 

phosphorylation in HER2-positive cells, suggesting a possible mechanism by which p38 is 

activated in resistant cells. GDF15 stable clones showed significantly increased invasiveness, 

which was rescued by p38 kinase inhibition, suggesting that p38 plays a role in the pro-invasive 

phenotype conferred by GDF15. Importantly, immunohistochemical analysis of a breast tumor 

tissue array indicated a significant (p=0.0053) correlation between HER2 and phosphorylated p38 

specifically in GDF15-positive tissues. Our results suggest that p38 signaling drives trastuzumab 

resistance and invasiveness in HER2-overexpressing breast cancer. Upstream growth factor 

signals that have previously been implicated in trastuzumab resistance, such as GDF15, may 

contribute to the increased phosphorylation of p38 found in resistant cells.
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INTRODUCTION

The HER2 (erbB2/neu) receptor kinase is overexpressed in approximately 15% to 20% of 

primary breast cancers due to gene amplification [1]. HER2-overexpressing breast cancers 

tend to be more aggressive and likely to metastasize. However, the introduction of specific 

HER2-targeted therapies has dramatically improved the course of this disease subtype. The 

first-line treatment for HER2-overexpressing breast cancers is the HER2 monoclonal 

antibody trastuzumab. Response rates, duration of response, and time to progression are all 

improved in patients treated with combined trastuzumab plus chemotherapy. However, 

response to single-agent trastuzumab ranges from 18% to 35% depending on whether 

trastuzumab is administered in a heavily pre-treated versus front-line setting [2]. 

Furthermore, despite an initial response to trastuzumab-based therapy, many patients 

eventually develop resistance.

Many molecular mechanisms have been proposed to cause resistance to trastuzumab. These 

mechanisms include changes at the level of the receptor. For example, drug-target 

interactions may be affected by increased expression of cell surface proteins, such as MUC4, 

which blocks the ability of trastuzumab to recognize and bind to its specific epitope on 

HER2. Additional mechanisms of resistance exist in the form of compensatory lateral 

signaling by other receptor kinases, such as MET or insulin-like growth factor-I receptor 

(IGF-IR). Mutations or hyper-activation of downstream signaling molecules also reduces 

sensitivity to trastuzumab. For example, PIK3CA mutations or PTEN deletion can result in 

hyper-activation of PI3K signaling and have been strongly correlated with resistance to 

trastuzumab by multiple investigators.

We previously showed that the cytokine growth differentiation factor 15 (GDF15) was over-

expressed in breast cancer cell lines that had acquired or intrinsic resistance to trastuzumab 

[3]. GDF15 shares sequence similarity with TGF-beta [4] and has been shown to activate 

phosphorylation of the TGF-beta receptor substrates, Smad2/3, in some cell lines [3, 5]. 

Thus, GDF15 is generally considered to be a member of the TGF-beta superfamily. 

However, a specific receptor has not yet been identified for circulating GDF15. We [3, 6] 

and others [7, 8] have shown that GDF15 induces phosphorylation of multiple signaling 

molecules, including human epidermal growth factor receptor 2 (HER2/erbB2), epidermal 

growth factor receptor (EGFR), Src, mitogen-activated kinases (MAPKs), and Akt. 

Pleiotropic biological activities have been shown to be activated by GDF15. For example, 

GDF15 mediates apoptosis in response to multiple anti-inflammatory and anti-cancer agents 

[9, 10], such that loss of GDF15 may reduce the efficacy of these agents. However, 

increased GDF15 levels have been detected in the sera or tumor tissues of patients with 

breast, prostate, ovarian, and colorectal cancers [11–15]. The current thought is that GDF15 

may promote apoptosis in pre-malignant stages of disease, but may activate cell survival and 
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anti-apoptotic pathways in advanced stages of disease, similar to what has been observed for 

TGF-beta.

In addition to observing an association between GDF15 and trastuzumab resistance in breast 

cancer, we found that a majority of ovarian tumor tissues expressed high levels of GDF15 

based on immunohistochemical staining results [6]. Furthermore, stimulation of breast or 

ovarian cancer cells with exogenous recombinant human GDF15 increased phosphorylation 

of p38 MAPK, p42/p44 MAPKs, and Akt [3, 6]. Interestingly, stable over-expression of 

GDF15 or exogenous stimulation with GDF15 significantly increased the invasiveness of 

ovarian cancer cells through matrigel-coated Boyden chambers in an mTOR-dependent 

manner [6]. However, the pro-invasive potential of GDF15 in HER2-positive breast cancer 

has not been examined. Furthermore, the biological consequences of p38 induction by 

GDF15 have not been fully examined, particularly in the context of trastuzumab resistance. 

In the current study, we provide evidence that p38 phosphorylation is increased in 

trastuzumab-resistant lines, and that p38 inhibition restores sensitivity. We also demonstrate 

that GDF15 induces p38 phosphorylation, resulting in increased invasiveness of HER2-

positive breast cancers. Finally, we show that phosphorylation of p38 and HER2 

overexpression significantly correlate in GDF15-positive breast cancers.

2 MATERIALS AND METHODS

Materials

Trastuzumab (Herceptin™, Genentech, South San Francisco, CA) was dissolved in sterile 

water, which was included in the box from the manufacturer, at a stock concentration of 20 

mg/mL, and was purchased from the Winship Cancer Institute pharmacy. Recombinant 

human GDF15 (rhGDF15; R&D Systems, Minneapolis, MN) was dissolved at a final stock 

concentration of 200 μg/mL in 4 mM HCl. SB203580 (Sigma-Aldrich; St. Louis, MO), a 

small-molecule inhibitor of the p38 MAPK isoforms alpha and beta [16], was dissolved in 

DMSO at a final concentration of 10 mM.

Cell culture

SKBR3, BT474, and MDA-MB-453 breast cancer cells over-express HER2/erbB2 and were 

maintained in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum 

(FBS) and 1% penicillin/streptomycin (P/S). The HCC1419 and HCC1954 breast cancer 

cells also over-express HER2 and were maintained in RPMI with 10% FBS and 1% P/S. 

MDA-MB-361 HER2-over-expressing cells were maintained in RPMI with 20% FBS and 

1% P/S. All cell lines were purchased from American Type Culture Collection, Manassas, 

VA. We created trastuzumab-resistant cells by maintaining SKBR3 and BT474 cells in 4 

μg/ml trastuzumab for three months [17, 18], at which point surviving pools or clones were 

selected. All of the acquired resistant cells were maintained on 4 μg/ml trastuzumab, but the 

drug was removed from culture for 24 hours prior to performing experiments. GDF15 stable 

clones were created by transfecting BT474 cells with 3 μg of pCMV empty vector or pCMV 

myc-GDF15, both from Origene (Rockville, MD), using Lipofectamine (Invitrogen, 

Carlsbad, CA) combined with DMSO shock and selecting cells in 200 μg/mL G418.
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Western blotting

Cells were lysed in RIPA buffer (Cell Signaling, Danvers, MA) supplemented with protease 

and phosphatase inhibitors. Total protein extracts were separated on SDS-PAGE and 

transferred onto nitrocellulose membrane. Blots were probed overnight with the desired 

antibodies at indicated dilutions as follows: p-p38 (Thr180/Tyr182), Cell Signaling, 4511s, 

1:1000; total p38, EMD Chemicals, 506123, 1:1000; actin mAb AC-15, Sigma, A5441, 

1:10,000. Appropriate secondary antibodies were used. Protein bands were detected with the 

Odyssey Imaging System (Li-Cor Biosciences, Lincoln, NE) and quantified with Image J. 

Blots were repeated at least three times.

Cell proliferation assays

Cells were plated at 3 × 103 per well in 96-well format and treated with vehicle control 

(DMSO), SB203580 (at indicated dose), trastuzumab (20 μg/mL), or a combination of 

trastuzumab and SB203580. DMSO concentration was maintained at the same level in all 

treatment groups. Each group was performed with six replicates, and experiments were 

repeated three times. MTS colorimetric assays (Promega, Madison, WI) were performed 

after 72 hours as directed by the manufacturer. Combination index (C.I.) values were 

determined with the commercial software package Calcusyn (Biosoft, Cambridge, United 

Kingdom) by the method of Chou and Talalay [19].

Transfection

Cells were transfected with 100 nM p38 siRNA or 100 nM control siRNA (Santa Cruz 

Biotechnology; Santa Cruz, CA) in antibiotic-free media using Lipofectamine 2000 

(Invitrogen). After 24 hours, cells were treated with 20 μg/mL trastuzumab for an additional 

72 hours; viable cells were then counted by trypan blue exclusion. Alternatively, after 48 

hours of transfection, protein lysates were analyzed by Western blotting for total p38.

Invasion chamber assays

BT474 control clone or stable GDF15-expressing cells (5×104 cells/chamber), were plated 

in serum-free media in Trevigen Culture Coat R 24-well Low-BME Cell Invasion 

Optimization assay chambers (Trevigen Inc., Gaithersburg, MD) with 0.75 mL of culture 

media containing 10% FBS as the chemoattractant. Depending on the experiment, p38 

MAPK inhibitor, SB203580 was added directly to upper chambers. After 48 hours, non-

invading cells were removed from the interior surface of the membrane by scrubbing gently 

with a dry cotton-tipped swab. Each insert was then transferred into 100% methanol for two 

minutes followed by staining. The chambers were incubated with hematoxylin for six 

minutes followed by acid alcohol and nuclear stain. Chambers were then incubated in eosin 

for two minutes to stain the cytoplasm. The chambers were washed in water and dehydrated 

by passing through alcohol grades. The membranes were dried completely, separated from 

the chambers, and mounted with Permount. Photographs were taken of 10 fields at 10× 

magnification per sample with triplicates per group. The total number of cells in 10 fields 

was calculated for each sample. Experiments were performed twice.
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Immunohistochemistry (IHC)

IHC was performed on a human breast tumor tissue microarray (TMA) (catalog # 

Z7020004, Biochain Institute; Hayward, CA) with a standard immunoperoxidase procedure 

as previously described [6]. The breast TMA consisted of 140 tumor tissues, including 83 

HER2-overexpressing samples. The tissue sections on glass slides were deparaffinized by 

heating at 60°C followed by passages through xylene and alcohol grades and ultimately to 

water. Antigen retrieval was performed by boiling the slides in 10mM citrate buffer, pH 6.0 

for 10 minutes followed by cooling in same buffer for 30 minutes. The endogenous 

peroxidase was quenched by incubating slides with 0.3% H2O2 in methanol for 15 minutes. 

Following washes with water and PBS/TBS, slides were incubated in 10% swine serum 

(Dako) for one hour to eliminate any non-specific background staining. Tissue sections were 

stained for human GDF15 (Cell Signaling #3249; dilution 1:100) or phosphorylated p38 

(Cell Signaling #4511; dilution 1:800) overnight at 4°C. Biotinylated anti-rabbit antibody 

(Dako) was used as secondary antibody, and positive staining was detected by incubation 

with 3, 3-diaminobenzidine solution (DAB+ chromogen, Dako) with hematoxylin as a 

counterstain. The slides were mounted with the permanent mounting medium, Permount 

(Fisher Scientific). The slides were completely dried and viewed under a light microscope; 

pictures were taken at 10×/20×.

Statistics

P-values were determined for experimental versus control treatments by two-tailed student’s 

t-test, *p<0.05, **p<0.005. For IHC experiments on the tumor array, the significance of 

each correlation was determined by the Chi-square (p-p38 and GDF15+/HER2+) or two-

tailed Fisher’s exact test (HER2 and GDF15, HER2 and p-p38); significance was viewed as 

p<0.05.

3. RESULTS

3.1 Increased p38 phosphorylation contributes to trastuzumab resistance

Total and phosphorylated p38 were examined in BT474 and SKBR3-derived clones with 

acquired trastuzumab resistance and intrinsically trastuzumab-resistant HCC1419, 

HCC1954, MDA-MB361, and MDA-MB 453 cells. Intrinsically resistant cells showed 1.5- 

to 2-fold increased p38 phosphorylation relative to parental BT474 and SKBR3 cell lines 

(Figure 1A). Similarly, acquired resistant cells exhibited 1.5- to 3-fold increased p38 

phosphorylation relative to the corresponding parental line (Figure 1B).

To determine if p38 phosphorylation directly contributes to resistance, we treated BT474 

parental (BT-par) and BT474-derived acquired resistant clone 3 (BT-c3) with increasing 

concentrations of p38 kinase inhibitor SB203580 in combination with a steady, clinically 

relevant dose of trastuzumab (20 μg/mL) (Figure 2A). Addition of SB203580 showed a 

slight benefit in combination with trastuzumab in parental cells, as there were statistically 

significant reductions in cell proliferation. As expected, trastuzumab alone did not affect the 

proliferation of trastuzumab-resistant BT-c3 cells. However, addition of SB203580 to 

trastuzumab inhibited proliferation of resistant cells by 50%.
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Next, we treated cells with two-fold serial dilutions of SB203580 and trastuzumab (Figure 

2B). Statistical analysis showed that the combination index values were less than 1.0 at 

specific dose-combinations in both parental and resistant cells (Table 1), indicating potential 

synergy between trastuzumab and SB203580. Finally, knockdown of total p38 with a small 

oligonucleotide resulted in a significantly increased sensitivity to trastuzumab in the 

intrinsically-resistant cell line HCC1954 (Figure 2C). These results suggest that p38 kinase 

inhibition may improve response to trastuzumab in HER2-positive cells, including those that 

have progressed on prior trastuzumab therapy.

3.2 GDF15 promotes trastuzumab resistance and invasiveness via p38 signaling

We [3, 6] and others [7, 8] have previously shown that GDF15 induces phosphorylation of 

multiple signaling molecules, including p38. Stimulation of parental BT474 and SKBR3 

cells with a physiologically relevant concentration (2 ng/mL) of recombinant human GDF15 

(rhGDF15) rapidly and transiently induced phosphorylation of p38 (Figure 3A). Stable 

GDF15 transfectants derived from BT474 also showed increased p38 phosphorylation 

(Figure 3B). To determine if p38 signaling drives trastuzumab resistance or invasiveness of 

GDF15-overexpressing cells, we treated GDF15 stable clones with the p38 kinase inhibitor 

SB203580. BT474 GDF15 stable transfectants were significantly more invasive than the 

corresponding empty vector control cells (Figure 4A). However, inhibition of p38 kinase 

with SB203580 significantly suppressed the invasiveness of GDF15 stable cells (Figure 4B). 

These data indicate that p38 contributes to the pro-invasive phenotype of GDF15-

overexpressing breast cancer cells.

3.3 GDF15 overexpression significantly correlates with phosphorylation of p38 in human 
breast tumor tissues

Immunohistochemistry was performed for GDF15 and phosphorylated p38 on a breast 

tumor tissue array (Figure 5). Among 140 tumor tissues, 98 (70%) showed increased GDF15 

staining, indicating that a high fraction of breast tumors express GDF15. Examining all 

tissues collectively, there was not a significant association between HER2 status alone and 

GDF15 (p=0.1432) and only a marginal association between HER2 status and p-p38 MAPK 

(p=0.0727) (Table 2). However, when GDF15-overexpressing tumors were examined 

independently from tissues that showed low or no GDF15 staining, HER2 was significantly 

associated with phosphorylation of p38 (p=0.0053). HER2-positive/GDF15-positive tumors 

were more likely to show phosphorylation of p38 in comparison to HER2-negative/GDF15-

positive tumors. Thus, cancers with high expression of both HER2 and GDF15 showed 

increased phosphorylation of p38MAPK. These data support an association between GDF15 

and p38 phosphorylation in HER2-positive breast tumors.

4. DISCUSSION

Trastuzumab is an important and fundamental treatment for HER2-positive breast cancer. 

However, some patients do not respond to trastuzumab, displaying so-called primary or 

intrinsic resistance. Among those who do respond, many will eventually demonstrate disease 

progression or acquired resistance to trastuzumab. Multiple mechanisms have been proposed 

to mediate the development of trastuzumab resistance, including hyper-activation of PI3K 
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signaling through PIK3CA mutation or PTEN deletion. Activation of growth factor signaling 

cross-talk through various receptor kinases, such as IGF-IR and MET, has also been 

demonstrated in several models of trastuzumab resistance. We previously reported that 

trastuzumab-resistant cell lines significantly overexpress the transcript, endogenous protein, 

and secreted form of the cytokine GDF15 [3]. Elevated serum levels of GDF15 were 

previously reported in 6 of 10 (60%) metastatic breast carcinomas [12]. We [3] and others 

[7, 8] previously reported that GDF15 induces phosphorylation of HER2. However, the 

biological effects stimulated by GDF15 and the mechanistic basis for these effects in HER2-

positive breast cancer cells remain unclear.

In the current study, we examined the role of p38MAPK in HER2-overexpressing breast 

cancer cells. We found that cells with intrinsic or acquired resistance to trastuzumab 

exhibited increased levels of phosphorylated p38. Resistance was overcome by genetic or 

pharmacological inhibition of p38MAPK, suggesting a direct contribution of p38 to the 

resistant phenotype (Figure 6). Thus, p38 activity may be elevated in trastuzumab-refractory 

HER2-positive disease and should be explored as a potential therapeutic target or predictive 

marker specifically within this setting. There are multiple isoforms of p38 expressed in 

breast epithelial cells, and we used reagents that affect or detect more than one isoform. 

SB203580 inhibits p38 alpha and beta isoforms [16], suggesting that one or both of these 

isoforms may be involved in the invasiveness and resistance mediated by p38 in our studies. 

Increased phosphorylation of p38 and p42/44 MAPKs has also been demonstrated in 

tamoxifen-resistant breast cancer [20]. Interestingly, the EGFR inhibitor gefitinib rescued 

tamoxifen resistance in association with reduced phosphorylation of p38. In a previous 

study, we performed IHC analysis for Ki-67, HER2, and phosphorylated p38 in 96 patients 

who received chemotherapy for node-positive breast cancer [21]. We found that 

progression-free survival was significantly reduced in patients whose tumors had increased 

staining for both Ki-67 and phosphorylated p38. However, this previous study failed to 

demonstrate a prognostic value for phosphorylated p38 specifically in HER2-positive 

tumors. These results may have been due to the relatively low sample size of 24 HER2-

overexpressing tumors. Importantly, Antoon et al. [22] demonstrated that p38 kinase 

inhibition suppressed the in vivo tumor growth of the ER+/HER2+ tamoxifen-resistant, 

trastuzumab-resistant MDA361 breast cancer cell line. These published studies suggest that 

p38 kinase activity may contribute to cancer cell growth and resistance, providing pre-

clinical rationale for studying p38 kinase inhibition as a potential therapeutic approach in 

breast cancer.

Activation of MAPKs, including p38, occurs downstream of multiple receptor kinases. 

Thus, the increased levels of phosphorylated p38 in resistant cells may be due to activation 

of multiple upstream signaling pathways. For example, similar to GDF15, IGF-I and HGF 

signaling have been implicated in trastuzumab resistance, which may be related to the 

abilities of IGF-I and HGF to induce phosphorylation of p38. Indeed, IGF-IR 

phosphorylation has been associated with increased p38 phosphorylation in tamoxifen-

resistant cells [20]. Thus, although we focus on the concept that GDF15-stimualted p38 

phosphorylation drives resistance and invasion, additional upstream stimuli that induce p38 

signaling may also contribute to the development of trastuzumab resistance.
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An important finding from this study was that pharmacological inhibition or knockdown of 

p38 rescued GDF15-driven invasiveness in HER2-overexpressing breast cancer cells (Figure 

6). These results provide a potential mechanism by which GDF15 promotes cellular invasion 

and suggest a possible targeted approach for inhibiting this process. The processes 

regulating invasiveness and resistance may differ; however, p38 appears to be essential for 

both processes, at least in the models examined in this study. Interestingly, we observed 

increased invasiveness in response to increased GDF15 not only in HER2-positive breast 

cancer cells and ovarian cells [6], but also in triple-negative MDA231 cells (Figure S1). 

Similar to our previous findings in ovarian tumors [6], we found significant correlations 

between MMP-2, a marker of invasiveness, and GDF15 positivity in HER2-positive cancers 

(Table S1). In addition, real-time PCR indicated that levels of MMPs and VEGF were 

elevated in trastuzumab-resistant cells, but that this was rescued by lentiviral knockdown of 

p38 (not shown). Although we did not over-express p38 in parental cells to determine if this 

increases invasiveness and leads directly to trastuzumab resistance, such studies would 

further strengthen the concept that p38 is a key mediator in these processes. In addition, in 

vivo analysis of the invasiveness and drug resistance of GDF15-overexpressing breast 

cancer cells will be important for validating GDF15 as a potential therapeutic target or 

mediator of breast cancer progression. Invasiveness and drug resistance both appear to be 

induced by GDF15 in a p38-mediated manner, which may ultimately result in disease 

progression. Overall, our results suggest roles for GDF15 and p38 signaling in the pro-

invasive phenotype of HER2-positive breast cancer cells, providing rationale for further 

analysis of these signaling molecules in metastatic or drug-resistant breast cancer.

Our IHC studies established a striking correlation between HER2 and phospho-p38 

specifically in GDF15-positive breast cancers. We found that GDF15 was expressed at high 

levels in 70% of breast tumors. In contrast, none of the “normal” breast fibroadenoma 

tissues stained positive for GDF15. Welsh et al. [15] previously reported that 60% (6 of 10) 

metastatic breast cancers showed increased staining for GDF15. Our findings together with 

those previously reported suggest that GDF15 is elevated in a majority of breast cancers. 

Approximately 74.7% of HER2-positive breast tumors showed increased expression of 

GDF15, which was slightly higher than all subsets considered together but not significantly 

different. We identified a strong and significant correlation between HER2 and 

phosphorylated p38 in 98 GDF15-positive tumors. Among the 98 GDF15-positive tumors 

identified on our tissue array, there was a trend (p=0.0727) correlating HER2 positivity and 

GDF15 positivity. Future studies will examine a larger set of tissues to determine whether 

this relationship reaches statistical significance. The breast tumor array used in this study is 

limited with respect to sample size and a lack of data regarding patient survival or response 

to treatment. Thus, further preclinical study of GDF15 in a larger set of breast tumor tissues 

with survival and response data is warranted to determine if GDF15 serves as a marker of 

disease progression. Based on our observations that GDF15 overexpression is found in 

resistant cell lines, a statistically significant correlation between GDF15 and HER2 may best 

be appreciated in advanced or treatment-refractory cases. Thus, future analysis of a larger set 

that includes early-stage and advanced treatment-refractory cases of HER2-positive breast 

cancer is being planned.
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In summary, we present data suggesting that GDF15 and p38 mediate invasion and 

trastuzumab resistance in HER2-overexpressing breast cancer. Future studies will further 

delineate the mechanisms by which GDF15-p38 signaling promotes breast cancer 

progression and will examine the suitability of targeting this molecular pathway in vivo.

Conclusion

HER2 overexpression occurs in a subset of metastatic breast cancers. The first-line therapy, 

trastuzumab, is effective but limited by the development of drug resistance. We previously 

found that GDF15 expression is increased in trastuzumab-resistant cells. In the current 

study, we provide novel data implicating GDF15-mediated p38 phosphorylation in increased 

invasiveness and trastuzumab resistance of HER2-overexpressing breast cancer cells.
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Figure 1. Trastuzumab-resistant cells exhibit increased phosphorylation of p38 MAPK
(A) Total protein lysates from BT474, SKBR3, MDA-MB-361, MDA-MB-453, HCC1419, 

and HCC1954 cells; (B) Total protein lysates from BT474 and SKBR3 parental and 

acquired trastuzumab-resistant cells derived from BT474 (c1, c2, c3) and SKBR3 (p2, c3). 

Lysates were Western blotted for phosphorylated and total p38. Representative blots are 

shown. Bands were quantified, and the average intensity of phosphorylated p38 normalized 

to total p38 is shown for (A) triplicate runs for each intrinsically resistant cell line relative to 

SKBR3 cells or (B) duplicate runs for acquired resistant lines relative to the corresponding 

parental line. Error bars represent standard deviations between duplicate experiments; 

*p<0.05, student’s t-test.
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Figure 2. p38 inhibition improves trastuzumab sensitivity
(A) BT474 parental and acquired trastuzumab-resistant clone 3 (BT-c3) cells were treated 

with vehicle control, 20 μg/mL trastuzumab, or a combination of 20 μg/mL trastuzumab plus 

p38 inhibitor SB203580 at either 2.5, 5, or 10 μM. After 72 hours, proliferation was 

measured by MTS assay. Values represent the average proliferation calculated as a 

percentage of vehicle control. Error bars represent the standard deviation between 6 

replicates per group; compared to trastuzumab alone, *p<0.05, **p<0.005, student’s t-test. 

(B) BT474 parental and acquired trastuzumab-resistant clone 3 (BT-c3) cells were treated 
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with vehicle control or two-fold serial dilutions of trastuzumab (20, 10, 5, 2.5 μg/mL tras), 

SB203580 (10, 5, 2.5, 1.25 μM SB), or a combination of SB + tras. After 72 hours, 

proliferation was measured by MTS assay. Values represent the average proliferation 

calculated as a percentage of vehicle control. Error bars represent the standard deviation 

between 6 replicates per group; compared to trastuzumab alone, **p<0.005, student’s t-test. 

(C) HCC1954 cells were transfected with 100 nM control siRNA (si-C) or p38 siRNA (si-

p38) for 48 hours and then untreated or treated with 20 μg/mL trastuzumab for an additional 

72 hours. Viable cells were counted by trypan blue exclusion and are shown relative to 

untreated cells transfected with control siRNA. Error bars represent standard deviations 

between triplicates; **p<0.005, student’s t-test. Inset, Western blot confirms knockdown of 

p38.
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Figure 3. GDF15 induces p38 phosphorylation in HER2-overexpressing breast cancer cells
(A) BT474 (left) were serum-starved overnight and then stimulated with vehicle control (C) 

or 2 ng/mL rhGDF15 for 15, 30, or 60 min; SKBR3 (right) were serum-starved overnight 

and then stimulated with vehicle control (C) or 2 ng/mL rhGDF15 for 2, 5, or 15 min. Total 

protein lysates were Western blotted for phosphorylated and total p38. Blots were performed 

three times. (B) Total protein lysates from BT474 empty vector control clone (C) and 

GDF15 stable clones (Gc2, Gc3, Gc5) were Western blotted for phosphorylated and total 

p38. The graph shows quantification of phosphorylated p38 normalized to total p38 for three 

blots relative to control clone; error bars represent standard deviation between three 

replicates of the blots. compared to empty vector control clone, *p<0.05, **p<0.005, 

student’s t-test

Donnelly et al. Page 15

Curr Med Chem. Author manuscript; available in PMC 2014 December 11.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. GDF15 increases invasiveness of HER2-overexpressing breast cancer cells via p38
(A) BT474 stable empty vector control clone or BT474 stable GDF15 clone were plated in 

Trevigen Culture Coat R 24-well Low-BME Cell Invasion Optimization assay chambers. 

After 48 hours, cells were stained, and images were taken at 10× magnification. The total 

number of invading cells was counted in ten random fields, and the average from triplicate 

cultures is shown for each group. The experiment was performed twice; Gc2 versus control 

was compared by student’s t-test, **p<0.005. (B) BT474-GDF15 stable clone 2 (BT474-

GDF15C2) cells (25,000) were plated in invasion chambers and treated with vehicle control 

(DMSO) or 10 μM p38 inhibitor SB203580 for 48 hours. Cells were then stained and 

imaged at 10× magnification. The total number of invading cells was counted in ten random 

fields, and the average is shown for triplicate cultures per group. The experiment was 

performed twice; **p<0.005, student’s t-test.
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Figure 5. IHC for GDF15 and phosphorylated p38 in human breast tumor tissues
Representative IHC images of GDF15 and phosphorylated p38 on a commercially purchased 

breast tumor tissue microarray. Tissue microarray slides were deparaffinized, hydrated, and 

incubated with primary antibody overnight. Following secondary antibody incubation for 

one hour, the slides were developed with DAB. Slides were then dehydrated with xylene 

grades and mounted. Images were taken at 10× and scored based on intensity of staining.
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Figure 6. Schematic for GDF15-p38-mediated resistance and invasiveness
Multiple cell line models of intrinsic and acquired trastuzumab resistance exhibited 

increased phosphorylation of p38. Kinase inhibition or knockdown of p38 improved 

trastuzumab sensitivity. We previously reported that expression of growth differentiation 

factor 15 (GDF15) was increased in trastuzumab-resistant HER2-overexpressing breast 

cancer cells and induced phosphorylation of HER2. In this study, we found that exogenous 

GDF15 or stable overexpression of GDF15 stimulated p38 phosphorylation, suggesting a 

possible upstream mechanism by which p38 is activated in resistant cells. GDF15 stable 

clones showed significantly increased invasiveness, which was rescued by p38 kinase 

inhibition, suggesting that p38 plays a role in the pro-invasive phenotype conferred by 

GDF15. We also found a significant correlation between HER2 and phosphorylated p38 

specifically in GDF15-positive breast tumor tissues. Our results suggest that p38 signaling 

drives trastuzumab resistance and invasiveness in HER2-overexpressing breast cancer. 

Upstream growth factor signals that have previously been implicated in trastuzumab 

resistance, such as GDF15, may contribute to the increased phosphorylation of p38 found in 

resistant cells.
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