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Abstract

Purpose: Increased glycolysis and glucose dependence is a hallmark of malignancy that enables
tumors to maximize cell proliferation. In HER2* cancers, an increase in glycolytic capacity is
associated with trastuzumab resistance. IGF-1R activation and t-Darpp over-expression both
confer trastuzumab resistance in breast cancer. We therefore investigated a role for IGF-1R and t-
Darpp in regulating glycolytic capacity in HER2* breast cancers.

Experimental design: We examined the relationship between t-Darpp and IGF-1R expression
in breast tumors and their respective relationships with patient survival. To assess t-Darpp’s
metabolic effects, we used the Seahorse flux analyzer to measure glucose metabolism in
trastuzumab-resistant SK-BR-3 cells (SK.HerR) that have high endogenous t-Darpp levels and
SK.tDrp cells that stably over-express exogenous t-Darpp. To investigate t-Darpp’s mechanism of
action, we evaluated t-Darpp:IGF-1R complexes by co-immunoprecipitation and proximity
ligation assays. We used pathway-specific inhibitors to study the dependence of t-Darpp effects on
IGF-1R signaling. We used siRNA knockdown to determine if glucose reliance in SK.HerR cells
was mediated by t-Darpp.

Results: In breast tumors, PPP1R1B mRNA levels were inversely correlated with IGF-1R
MRNA levels and directly associated with shorter overall survival. t-Darpp over-expression was
sufficient to increase glucose metabolism in SK.tDrp cells and essential for the glycolytic
phenotype of SK.HerR cells. Recombinant t-Darpp stimulated glucose uptake, glycolysis and
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IGF-1R-Akt signaling in SK-BR-3 cells. Finally, t-Darpp stimulated IGF-1R heterodimerization
with ErbB receptors and required IGF-1R signaling to confer its metabolic effects.
Conclusions: t-Darpp activates IGF-1R signaling through heterodimerization with EGFR and

HER2 to stimulate glycolysis and confer trastuzumab resistance.
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INTRODUCTION

Breast cancer is the most common malignancy worldwide and the second leading cause of
cancer death in women in the developed world. Breast cancers in which the human
epidermal growth factor receptor 2 (HERZ2) is amplified account for about 20% of all U.S.
cases of the disease. HER2-positive (HER2*) breast cancers are characterized by rapid
growth and lower survival rates, but they are also responsive to therapies that target the
HER2 receptor itself, most notably the humanized monoclonal antibody trastuzumab (1,2).

We and others identified transcripts of the PPP1R1B gene, which encodes the dopamine-
and cAMP-regulated neuronal phosphoprotein 32 (Darpp-32) and a truncated isoform (t-
Darpp), as being up-regulated in trastuzumab-resistant HER2™" breast cancer. High levels of
t-Darpp, in particular, are observed in HER2* breast cancer cell lines selected for
trastuzumab resistance and t-Darpp over-expression is sufficient to confer trastuzumab
resistance, promote cell growth, and inhibit apoptosis (3-7). Elevated t-Darpp levels have
also been demonstrated in human prostate cancers, as well as in gastric and esophageal
cancer samples, where t-Darpp is also associated with trastuzumab resistance (8-10).
Moreover, t-Darpp over-expression can confer resistance to a variety of anti-proliferative
agents besides trastuzumab (11), suggesting that it promotes a growth advantage through
HER2-independent mechanisms that have not yet been identified. Cells over-expressing t-
Darpp are able to maintain activation of the PI3K/Akt signaling pathway in the presence of
cytostatic agents, such as trastuzumab, and they are more resistant to apoptosis induced by
cytotoxic drugs (4,6,7,9,11-13).

Most evidence to date suggests that t-Darpp activates alternative signaling pathways to
compensate for direct inhibition of HER2 signaling by trastuzumab. These include the
protein kinase A (PKA) and the epidermal growth factor receptor (EGFR) pathways, acting
mostly via sustained PI3K/Akt signaling (11-14). Signaling through the type 1 insulin-like
growth factor receptor (IGF-1R) has also been associated with tumor cell proliferation and
trastuzumab resistance (15-17). Activation of IGF-1R and its downstream mitogen-activated
protein kinase (MAPK) and PI3K/Akt signaling pathways contributes to increased
proliferation, migration and invasion in several types of cancer including breast, prostate,
pancreatic and colon cancer (18-20). In cells selected for trastuzumab resistance, IGF-1R
was shown to dimerize with the HER2 receptor (17). Although both IGF-1R and t-Darpp
have been independently associated with trastuzumab resistance, a possible connection
between t-Darpp and IGF-1R has not previously been reported. Moreover, although
dysregulated IGF-1R signaling has been implicated in acquired chemoresistance, the
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mechanisms by which IGF-1R signaling is activated in chemoresistant cancers are not
completely understood (21).

Activation of the IGF-1R signaling pathway results in increased glucose uptake and
glycolysis that is subject to feedback regulation under normal growth factor-dependent cell
growth. However, uncontrolled glycolysis is a metabolic signature of cancer cells first
described by Otto Warburg (22) that supports the malignant phenotype (23). Most highly
proliferative cells, including cancer cells, take up more glucose than non-proliferating cells,
but only a small fraction of the glucose undergoes complete catabolism in the mitochondria
despite adequate oxygen required for oxidative phosphorylation (24). Instead, the
breakdown of glucose via aerobic glycolysis allows for rapid ATP synthesis and generates
metabolic intermediates required for biosynthesis of nucleotides, lipids and protein to
support cell proliferation (25,26). Although the molecular mechanisms underlying the
Warburg effect are not completely clear, this metabolic reprogramming confers a growth
advantage to tumor cells and is associated with acquired drug resistance in some forms of
cancer including HER2+ breast and gastric cancers (27,28).

In this study, we provide evidence for a novel link between t-Darpp, IGF-1R stimulation and
increased glycolysis in the mechanism of trastuzumab resistance. We show that PPP1R1B
expression in breast tumors is inversely correlated with IGF-1R expression and that the
magnitude of PPP1R1B over-expression is associated with reduced overall survival of
patients. We also demonstrate that t-Darpp over-expression is sufficient to confer a
glycolytic phenotype mimicking that seen in cells selected for trastuzumab resistance.
Conversely, knocking down t-Darpp expression in trastuzumab-resistant cells reverses their
glucose reliance, indicating t-Darpp is essential for the glycolytic phenotype of these cells.
Additionally, pharmacological inhibition and genetic IGF-1R knockdown phenocopies the
effects of t-Darpp inhibition in trastuzumab resistant cells. We describe a molecular
mechanism in which t-Darpp interacts directly with IGF-1R to promote heterodimerization
with EGFR and HERZ2, resulting in activation of the downstream signaling pathway and
increased glycolysis.

MATERIALS AND METHODS

Cell Culture.

SK-BR-3 cells were maintained in McCoy’s medium containing 10% fetal bovine serum
(FBS) supplemented with Glutamax (Gibco). For SK-BR-3 cells expressing a control vector
(SK.empty) and SK-BR-3 cell over-expressing t-Darpp (SK.tDrp) , G418 at a concentration
of 0.5mg/ml was added to maintain expression of the transfected vectors. Trastuzumab
resistant SK-Br-3 cells (SK.HerR) were maintained in McCoy’s supplemented with 4ug/ml
trastuzumab in addition to Glutamax and 10% FBS. Expression knockdown was performed
using validated siRNA: IGF-1R (Ambion IGF1R Silencer validated AM51331, ID:74),
INSR (AM51331, ID:29) and PPP1R1B (Santa Cruz Biotechnology, sc-35173) and
transfected using RNAIMAX (Invitrogen, Lipofectamine RNAIMAX, 13778-075),
according to the manufacturer’s protocol.
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Metabolic phenotype analysis.

All experiments were performed using the XF®24 Flux analyzer (Seahorse Bioscience). SK-
BR-3 and derived cell lines were plated at 20,000 cell/well in McCoy’s medium
supplemented with 10% FBS and Glutamax. The following day, the cells were washed three
times in DMEM base medium supplemented with 12mM glucose, 2mM glutamine and 2mM
pyruvate, then incubated with the same medium for 1 hour in a CO»-free incubator. Cellular
metabolism was analyzed in the SeahorseXF€24 flux analyzer using Mitostress and
Glycolysis stress kits (Seahorse Bioscience). Briefly, basal oxygen consumption rates (OCR)
and extracellular acidification rates (ECAR) were measured for three cycles followed by
successive delivery via port injection of recombinant t-Darpp protein (or medium), the ATP
synthase inhibitor oligomycin (2uM) (ATP-coupled OCR), the mitochondrial uncoupler
FCCP (4uM) (maximal OCR), and then a combination of rotenone and antimycin A (1uM)
(non-mitochondrial oxidation). For glycolysis assays base media was supplemented with
2mM L-glutamine and basal ECAR was measured prior to injection of 16mM glucose.
Maximal glucose was assessed after injection of 2uM oligomycin and non-glycolytic
acidification was assessed by measuring ECAR in the presence of 100mM 2-Deoxy-D-
glucose (2-DG).

Cellular ATP content.

Cells were plated in clear-bottom 96-well plates (Costar 3610) at 5,000 cells/well. The
following day the cells were washed with PBS and fresh medium containing treatment
(2.5uM trastuzumab, 50 mM 2-DG or t-Darpp) was added to the plate. Cells were incubated
at 37°C with 5% CO, for the desired time. Cellular ATP levels were than measured using
Luminescent ATP Detection Assay Kit (Abcam), as described in the instruction manual.
Briefly, 50ul cell lysis buffer was added to 100pl of medium and incubated for 5 minutes at
room temperature with agitation. 50ul of reaction buffer was then added to each well and
incubated for 5 minutes at room temperature with agitation, in the dark. Luminescence was
measured using a Wallac 1420 multilabel counter (Perkin Elmer).

Purification of recombinant t-Darpp.

t-Darpp cDNA was cloned into the pET28a bacterial expression vector (Novagen) with an
in-frame 6X-His tag at the C-terminus and transformed into ClearColi (BL21 DE3). The
detailed purification protocols used to prepare recombinant t-Darpp for use in experiments
are provided in supplementary methods.

Co-immunoprecipitation.

Cell lines were grown to 80% confluence in T75 cell culture flasks, cells were washed with
PBS, treated with 0.5% trypsin and pelleted at 500xg for 3 minutes. 500ul of modified RIPA
buffer (50mM Tris, 1%NP-40, 150mM NaCl, 0.5mM EDTA, pH 8.0) was added to the
pellet, incubated at 4°C for 30 minutes and centrifuged at 8000xg for 15 minutes to remove
cell debris. Lysates (500pg) were pre-cleared by incubation with 50ul protein A agarose
(Cell Signaling Technology) for 1 hour and spun for 1 minute at 1000xg. The supernatant
was transferred to a fresh tube and incubated with the appropriate antibody overnight at 4°C
(Cell Signaling Technology #2306 for t-Darpp and #3027 for IGF-1R). Protein A agarose
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(50ul) of was added and the binding reactions were incubated for 1 hour. The tubes were
centrifuged at 1000xg for 1 minute and supernatant was collected as unbound proteins.
Pellets were washed three times with modified RIPA and bound proteins were eluted by
boiling in Laemmli sample buffer. Eluted proteins were separated by SDS-PAGE, transferred
to a nitrocellulose membrane and blocked for 1 hour in 5% skim-milk. The membranes were
incubated overnight with primary antibody diluted 1:1000 in skim milk at 4°C (Cell
Signaling Technology #2306 for t-Darpp and #3027 for IGF-1R). The following day
membranes incubated for 1 hour with secondary antibody at room temperature and
developed using Pierce ECL Plus (Thermo Scientific).

Proximity ligation assay.

The assay was performed as described by the manufacturer for 96-well Duolink (Sigma-
Aldrich) assay with modifications for per-cell data normalization. Briefly, SK-BR-3 and
derived cells were seeded on a black clear-bottom 96-well plate (Corning) at 10,000 cells/
well. In parallel, triplicates of serial dilutions of the same cell type were seeded at 2,500—
20,000 cells/well. The cells were washed, fixed with 4% paraformaldehyde prior to
performing the Duolink assay. The cells were then incubated for 5 minutes with 1pg/ml
DAPI in PBS, and washed 3 times for 5 minutes in PBS. The fluorescent signal was
quantified using a fluorescent plate reader (Tecan infinite M1000) for both the Duolink and
the DAPI channels and the seeded serial dilutions were used to generate a standard curve
that transformed the fluorescence value to cell number. The Duolink fluorescence was then
divided by the number of cells measured in each well to produce a normalized value of
interaction per cell.

Cell proliferation assay.

Cells were seeded on 6 well plates at 100,000 cells/well. The following day media was then
replaced with serum free media (SFM) supplemented with trastuzumab (2.5uM), NVP-AEW
(2uM) or the combination of both. The cells were incubated for 3 days with the drugs, then
the media was replaced with SFM supplemented with 1X WST-1 and incubated for 1 hour.
Absorbance was measured at 440nM with a reference wavelength at 690nM. absorbance
measurements in treated conditions were normalized to the mean absorbance of cells treated
with SFM alone.

Clinical data analysis.

All data sets used for analysis were obtained from cBioPortal (29) and KM-Plot (30) and
includes patients with all cancer stages and treatments. Mutual exclusivity analysis was
performed using the cBioPortal server. Overall survival (OS) analysis was performed using
Prism (Prism 7 for Windows, GraphPad software) using anonymized patient ID, gene
expression and OS data downloaded from cBioPortal and KM-Plot.

Statistical analysis.

All statistical analysis was performed in Prism V6.01 (GraphPad). p-values were calculated
using unpaired, two-sided t-tests or two-way ANOVA. A Kaplan-Meier plot was created to
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calculate hazard ratios (HR) and 95% confidence interval ranges from breast cancer patient
data acquired from CBioPortal.

RESULTS

2.1. PPP1R1B expression inversely correlates with IGF-1R expression in breast tumors
and PPP1R1B over-expression is associated with reduced survival

Both IGF-1R activation and t-Darpp over-expression have been shown to play important
roles in the development of trastuzumab resistance in HER2+ tumors. To determine the
possible connection between t-Darpp and IGF-1R in clinical breast cancers, we examined
their relative expression in the METABRIC dataset (n=2369 patients) using cBioPortal (29).
The major mMRNA species transcribed by the PPP1R1B gene, Darpp-32 and t-Darpp, are not
distinguished in the dataset, so our analysis necessarily reflects both transcripts. First, we
looked at tumors that over-express and under-express the PPPIRIB and /GF1R genes (+/-
two S.D. away from their respective means). A co-occurrence analysis showed that
PPPIR1Band /IGF1R genes are rarely over-expressed at the same time in breast tumors
(p<0.001; log odds ratio <—1.75). Moreover, an inverse correlation in expression levels
exists between PPP1R1B and IGF-1R transcripts. Increased PPP1R1B expression is
significantly more likely in tumors with low IGF-1R transcript levels (p<0.001; log odds
ratio=1.63) and high IGF-1R expression is more frequently observed in tumors with low
PPP1R1B transcript levels (p=0.01; log odds ratio=1.016) (Table S1). At the protein level,
an analysis of the Breast Invasive Carcinoma dataset showed a similar inverse relationship
between Darpp-32/t-Darpp and IGF-1R expression (Figure S1).

We next examined the relationship between PPP1R1B and IGF-1R and 25 years overall
survival (OS) in breast cancer patients, using the METABRIC database. We observed a
significant direct relationship between low IGF-1R levels and shorter OS (HR=0.8352;
p<0.001) and a inverse relationship between high PPP1R1B levels and shorter OS. The
effect of PPP1R1B was more pronounced with PPP1R1B over-expression =1.5 S.D. above
the mean (HR=0.675-0.881; p<0.001) (Figure 1A and Table S2).

Since PPP1R1B s on the same amplicon as the £r6B2 (HER?2) gene, we examined whether
the relationship between PPP1R1B transcript over-expression and OS was related to HER2
expression status. We performed Kaplan-Meier analysis for OS of patients with HER2* and
HER2-minus (HER2™) tumors, with and without over-expression of PPP1R1B, and
compared the hazard ratios (HR) of the groups. Within the HER2* group (n=278), PPP1R1B
over-expression was associated with shorter survival but the result did not achieve statistical
significance (HR=0.7959; Log rank p=0.087 Gehan-Breslow-Wilcoxon p=0.1681). In the
HER2™ group (n=1701), PPP1R1B over-expression was significantly associated with shorter
survival (HR=0.5805; Log rank p=0.130 Gehan-Breslow-Wilcoxon p=0.0139) (Figure 1B).
To examine further the relationship between PPP1R1B and IGF-1R expression and patient
prognosis we used the dataset created by Gyroffy et al. (30) and determined the relationship
between PPP1R1B and IGF-1R expression and 5-year overall survival (OS) in breast cancer
patients (n=1764). We found PPP1R1B to be significantly associated with shorter OS
(HR=0.544; Log rank p=0.0017 Gehan-Breslow-Wilcoxon p=0.0007) and IGF-1R to be
associated with longer OS (HR=2.465; p<0.0001 for both tests) (Figure 1C). In light of the
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significant but inverse prognostic value of each gene, we examined the prognostic value of
an index comprised of the mean PPP1R1B expression level and the mean inverse of IGF-1R
expression. We found this index to be strongly predictive of disease free survival
(HR=0.4698 p<0.0001; Figure 1D). Finally, we used multivariate analysis of PPP1R1B and
IGF-1R and found both to contribute significantly to 5-year OS, independent of HER2 status
(Table S3).

2.2. Cells over-expressing t-Darpp have increased glycolytic capacity

We and others have shown that t-Darpp over-expression confers trastuzumab resistance and
that trastuzumab resistance is associated with increased glycolytic capacity (4-6,9,14,27,28).
In light of the genetic interaction described between the expression of PPPIR1Band IGFIR
genes we set out to examine whether t-Darpp might act through IGF-1R to confer resistance
to trastuzumab by promoting a metabolic switch towards glycolysis. To begin to examine the
role of t-Darpp in the metabolic phenotype of trastuzumab-resistant cells, we used the XF€24
flux analyzer to compare the metabolic characteristics of HER2+ SK-BR-3 cells selected for
trastuzumab resistance (SK.HerR), which are known to over-express endogenous t-Darpp
(4-6), and SK-BR-3 cells that stably over-express exogenous t-Darpp (SK.tDrp), which
confers resistance to trastuzumab (4,5). The parental SK-BR-3 cells or SK.empty cells,
transfected with an empty expression vector, were used as controls, respectively. The basal
glycolysis rate was measured as the extracellular acidification rate (ECAR) following
addition of glucose, and mitochondrial oxygen consumption rate (OCR) was analyzed in
parallel. We observed no significant differences in basal OCR or respiration coupled to ATP
synthesis (+oligomycin) among the SK-BR-3, SK.HerR, SK.empty and SK.tDrp cells
(Figure S2). However, both SK.HerR and SK.tDrp cells exhibited increased basal glycolysis
and maximal glycolytic capacity (+oligomycin) compared to SK-BR-3 and SK.empty cells
(Figure 2A and 2B).

To assess whether the increased glycolytic characteristics of SK.HerR and SK.tDrp cells
would result in increased dependence on glycolysis to meet energy needs, we measured
changes in ATP levels following inhibition of glycolysis with 2-deoxy-D-glucose (2-DG).
Since 2-DG and trastuzumab have a synergistic effect on breast cancer cell growth (28), we
also examined the effect of trastuzumab + 2-DG on the energetic state of our cells. ATP
levels were significantly lower in both SK.HerR and SK.tDrp cells, compared to their
respective controls, after exposure to 2-DG (Figure 2C and 2D). In addition, trastuzumab
appeared to sensitize SK.HerR and SK.tDrp cells to 2-DG. This effect was not observed in
SK-BR-3 and SK.empty cells (Figure 2C and 2D). These results suggest that t-Darpp over-
expression in SK.tDrp cells is sufficient to increase reliance on glycolysis, similar to the
metabolic switch observed in trastuzumab-resistant SK.HerR cells.

2.3. t-Darpp and IGF-1R are required for the glycolytic phenotype of SK.HerR cells

Based on our observation that t-Darpp over-expression is sufficient to increase glycolytic
capacity and dependency in SK.tDrp cells, we tested whether t-Darpp is essential for the
enhanced glycolytic phenotype observed in SK.HerR cells. We knocked down t-Darpp
expression using siRNA and analyzed glycolytic capacity and dependency. Following t-
Darpp knockdown, the glycolysis rate in SK.HerR cells was significantly reduced to levels
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equivalent to SK-BR-3 cells (Figure 3A). However, the sensitivity to inhibition of glycolysis
by 2-DG alone, or in combination with trastuzumab, was essentially unchanged in response
to t-Darpp knockdown (Figure 3B). Taken together, these data suggest that t-Darpp is
required for the increased glycolytic capacity but not the increased glycolytic dependency in
SK.HerR cells.

In light of the observed relationship between PPP1R1B and IGF-1R in clinical samples and
the role for IGF-1R and Insulin receptor (IR) in the regulation of glycolysis, we examined
the effect of IGF-1R and IR knock-down on the glycolytic phenotype of SK.HerR cells
(Figure 3C and Figure S3). We observed a significant decrease in both glycolysis and
glycolytic capacity of SK.HerR cells following knock-down of IGF-1R. Knock-down of IR
resulted in a more modest decrease in glycolysis that was not statistically significant (Figure
3C). Since IR expression is lower than IGF-1R expression in our cell lines, the extent of
siRNA mediated knockdown and the modest effects on glycolysis following IR knockdown
might be expected but does not completely exclude a role for IR. Nevertheless, the data
support that IGF-1R is an important mediator of the glycolytic phenotype in trastuzumab
resistant cells.

To further evaluate the role for IGF-1R in t-Darpp’s ability to confer resistance to
trastuzumab, we incubated SK-BR-3, SK.tDrp and SK.HerR cell lines with serum free media
(SFM) complemented with either trastuzumab (2.5uM), NVP-AEW (2 uM), a potent
IGF-1R/IR small molecule inhibitor, or the combination of both. We then examined the
relative cell number of treated wells compared to controls incubated with SFM alone. We
found that trastuzumab reduced cell number in SK-BR-3 cells by ~20% compared to SFM
alone (p<0.0001) while SK.tDrp and SK.HerR were unaffected. Treatment with NVP-AEW
alone inhibited growth to varying degree with SK.HerR showing the greatest (~85%
inhibition p<0.0001) and SK.tDrp the least sensitivity (~45% inhibition p<0.0001). The
combination treatment resulted in a significant growth inhibition in all 3 cell lines, compared
to untreated and to either compound alone (Figure 3D). In agreement, acute NVP-AEW
treatment significantly reduced intracellular ATP levels only in SK.HerR cells (-33%,
p<0.05) but not in parental SK-BR-3 (—16%, n.s.); whereas combined treatment of NVP-
AEW and trastuzumab reduced cellular ATP content in both SK.tDrp and SK.HerR cells
(Figure 3E).

t-Darpp mediates glycolytic effects through IGF-1R

One of the mechanisms involved in acquired trastuzumab resistance is enhanced signaling
through IGF-1R and the heterodimerization of IGF-1R with EGFR and HER2, which
activates signaling downstream of the receptors (17,18,21,31-34). We therefore asked if t-
Darpp’s mechanism of action in promoting glycolysis might be mediated through interaction
with IGF-1R or activation of IGF-1R signaling.

To determine if t-Darpp regulates IGF-1R signaling directly via the receptor complex, we
tested the effects of purified, recombinant t-Darpp on glycolysis in SK-BR-3 cells. Similar
to cells with t-Darpp over-expression, the addition of recombinant t-Darpp to SK-BR-3 cells
led to an acute increase in glycolysis and glycolytic capacity (Figure 4A), with no effect on
OCR (Figure S4). Pre-treatment with NVP-AEW for 1 hour abolished the increase in ECAR
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(p<0.01; Figure 4B). Next, we examined whether t-Darpp activated the IGF-1R pathway by
detecting phosphorylation of IGF-1R and the downstream Akt kinase in SK-BR-3 cells. We
found that treatment with recombinant t-Darpp stimulated a dose dependent increase in
IGF-1R and Akt phosphorylation that was abolished by pre-treatment with IGF-1R inhibitor
(Figure 4C).

To validate the role for IGF-1R in t-Darpp-mediated Akt activation, we treated SK-BR-3
cells with t-Darpp (400nM) along with an inhibitory monoclonal antibody targeting IGF-1R.
In the absence of the inhibitory antibody, recombinant t-Darpp resulted in nearly3-fold
increase in p-AKT, while co-treatment with the inhibitory antibody mostly abolished the
effect (Figure 4D).

To examine the generality of metabolic regulation by t-Darpp, we tested a panel of breast
cancer cell lines representing the main subtypes of the disease (triple-negative: MD-
MBA-231 and HCC1143; HER2*: SK-BR-3 and BT474; luminal: MCF7 and T47D). The
addition of recombinant t-Darpp to the culture medium increased glycolysis in all but one of
the examined cell lines (Figure 4E). The increase in ECAR ranged from 10% (MCF7 and
SK-BR-3) to 60% (BT474), whereas MDA-MB-231 cells showed no significant response to
t-Darpp. Notably, MD-MBA-231 cells have very low levels of IGF-1R cell surface
expression (33). In addition, we examined the effects of acute treatment with recombinant t-
Darpp on IGF-1R and Akt activity in L6 myotubes, a non-tumorigenic IGF-1-responsive cell
type (Figure S5). Phosphorylation of both Akt and IGF-1R was increased in a dose and time
dependent manner in the myotubes. Similar to the effects observed in SK-BR-3 cells,
treatment with NVP-AEW abolished IGF-1R pathway activation by t-Darpp.

2.5. t-Darpp promotes heterodimerization of IGF-1R with ErbB receptors

IGF-1R and HER2 have been reported to heterodimerize in trastuzumab-resistant cells (17).
Based on our findings that t-Darpp enhances the glycolytic phenotype in SK.HerR and
SK.tDrp cells via IGF-1R, we wanted to determine more directly if t-Darpp was also
involved in heterodimerization between IGF-1R and HER2. First, we used a proximity
ligation assay (PLA) to confirm the observation that IGF-1R forms dimers with ErbB
receptors in cells selected for trastuzumab resistance. We examined the proportions of
IGF-1R/EGFR, IGF-1R/HER? or IGF-1R/Her3 complexes in SK-BR-3 parental cells and
SK.HerR cells. We observed 2.0- to 2.5-fold more of each heterodimeric interaction per cell
in SK.HerR cells than in parental SK-BR-3 cells (Figure 5A). We also detected significantly
more IGF-1R/EGFR and IGF-1R/HER2 heterodimers, but not IGF-1R/Her3 heterodimers,
in SK.tDrp cells than in SK.empty cells (Figure 5B).

Next, based on the ability of recombinant t-Darpp to turn on IGF-1R signaling, we asked if
t-Darpp might directly bind to IGF-1R to confer its effects. Using a co-immunoprecipitation
approach, we found that immunoprecipitation with anti-IGF-1R antibody pulled down t-
Darpp and the reciprocal immunoprecipitation with anti-Darpp antibody pulled down
IGF-1R (Figure 5C). We then incubated immobilized recombinant t-Darpp with lysates from
SK-BR-3 and BT474 cell lines and used MS/MS to examine protein-protein interactions.
Both IGF-1R and HER2 were seen to interact with t-Darpp in both cell lines (Table S4).
Moreover, addition of recombinant t-Darpp to the growth medium of parental SK-BR-3 cells
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stimulated heterodimerization of IGF-1R with ErbB receptors. Specifically the interaction
between IGF-1R and HER2 was significantly increased following the addition of 100nM t-
Darpp (Figure 5D). IGF-1R/EGFR complexes were modestly increased in response to t-
Darpp, but the effect was not statistically significant, and the IGF-1R/Her3 interaction was
not affected by recombinant t-Darpp. A higher concentration of t-Darpp (800nM) resulted in
decreased dimerization of IGF-1R with all three ErbB receptors (Figure 5D). These data
suggest that t-Darpp can promote IGF-1R dimerization with HER2, consistent with earlier
reports of IGF-1R/HER2 complexes in trastuzumab-resistant cells (17) . At higher
concentrations, t-Darpp appears to be inhibitory, possibly due to receptor saturation as
characterized for ligands binding to IGF-1R (35,36).

DISCUSSION

We provide evidence that suggests for the first time that t-Darpp, a protein over-expressed by
several cancer types, confers a metabolic advantage not only when over-expressed in
transfected or selected cells but also when added to cells extracellularly as a recombinant
protein. We also show that reversing the over-expression of t-Darpp in cells selected for
trastuzumab resistance abolishes most of their glycolytic phenotype. This effect appears to
be mediated by binding of t-Darpp to IGF-1R to promote heterodimerization with HER2 and
possibly EGFR. This represents a new function for t-Darpp and a previously unknown
mechanism for activation of IGF-1R signaling, which is commonly up-regulated in breast
cancer. It could also be a key mechanism by which resistance develops to drugs that target
specific tyrosine kinase receptors (e.g. trastuzumab) (15-17,37). Moreover, recent studies
have shown that metabolic reprogramming, which causes cells to become more reliant on
glucose, is a component of the chemoresistance phenotype in many cancers (28,38,39).
Given that t-Darpp over-expression is capable of conferring trastuzumab resistance (4-6,11),
the activation of glycolysis characterized herein may relate to the mechanism by which t-
Darpp promotes resistance. Thus, this work has relevance to well-described phenotypes of
several cancer types, including the HER2* breast cancer model used in this study.

t-Darpp confers a metabolic advantage in trastuzumab-resistant cells.

We have shown that t-Darpp is both sufficient and necessary to confer a shift in the
metabolic phenotype of SK-BR-3 cells in culture. There are striking similarities in maximal
ECAR and 2-DG sensitivity between cells that over-express exogenous t-Darpp (SK.tDrp)
and cells selected for trastuzumab resistance (SK.HerR) in which endogenous t-Darpp
expression is up-regulated. The reversal of the glycolytic capacity back to wild-type levels
after t-Darpp knockdown in SK.HerR cells indicates that t-Darpp is required for this
phenotype. The glycolytic phenotype driven by t-Darpp is sufficient to confer sensitivity to
inhibitors of glycolysis, resulting in reduced ATP and growth restriction, similar to SK.HerR
cells, suggesting that the magnitude of t-Darpp effects are biologically relevant.
Trastuzumab has been shown to inhibit glycolysis in breast cancer (28), and increased
glycolysis and glycolytic capacity have been associated with reduced sensitivity to anti-
cancer therapies (for a review see (40). It is therefore reasonable to conclude that
trastuzumab resistance mediated by t-Darpp over-expression can be attributed, at least in
part, to the increase in glycolytic capacity described in this report.
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A novel mechanism of IGF-1R activation by t-Darpp.

Tumors with acquired trastuzumab resistance commonly exhibit activation of IGF-1R
signaling and heterodimerization of IGF-1R with ErbB receptors (17,21,32,34). Since ErbB
receptors are not natural dimerization partners for IGF-1R and since IGF-1R is a ligand-
dependent receptor, the heterodimerization patterns described here and elsewhere cannot be
attributed solely to increased expression of IGF-1R. In fact, although IGF-1R/ErbB
dimerization levels in SK.HerR cells are increased, relative to SK-BR-3 cells, the total
IGF-1R, EGFR, HER2 and HER3 protein levels are similar in the two cell lines (Figure S6).
Our experiments with recombinant t-Darpp and the co-immunoprecipitation data suggest a
mechanism in which t-Darpp interacts directly with IGF-1R and facilitates
heterodimerization with one or more ErbB receptor. The differential response to
recombinant t-Darpp exhibited by the different breast cancer cell lines (Figure 4E) indicates
that IGF-1R expression levels alone are not sufficient to predict the magnitude response to t-
Darpp. High levels of IGF-1R have been reported for both MCF-7 and T47D, yet the
response of T47D to treatment with t-Darpp was considerably greater than that observed in
MCEF-7 cells. Moreover, while MDA-MB-231 cells have been reported to express similar
IGF-1R levels as SK-BR-3 and BT474 cells, they were not responsive to t-Darpp (41,42). It
is possible that a combination of cell surface availability and post-translational modifications
of IGF-1R influence t-Darpp’s ability to activate glycolysis in various cell types. More
likely, as suggested by our data, t-Darpp may promote IGF-1R dimerization with HER2 and
HERS3 and mediate its signaling and metabolic effects via these hybrid receptors (Figure 6).
t-Darpp has no known enzymatic activity and is mostly an unstructured protein, suggesting
that it might act as a scaffold for IGF-1R/ErbB dimerization. Further clarification of the
molecular nature of the interaction of t-Darpp with IGF-1R and the mechanism behind t-
Darpp stimulated IGF-1R/ErbB heterodimerization could help shed light on receptor
dynamics and choice of dimerization partners. One possible model would be that t-Darpp
physically interacts with both dimerization partners, thus bringing the two receptors
together. Alternatively, the interaction between t-Darpp and IGF-1R may confer a
conformational change that allows IGF-1R to dimerize with non-natural partners such as the
ErbB receptors.

Clinical association between expression of IGF1R and PPP1R1B genes.

We have determined that in all sub-types of breast cancer, the over-expression of PPP1R1B
transcript is mutually exclusive from the over-expression of IGF-1R and PPP1R1B is
enriched in tumors that under-express IGF-1R. However, this observation is not unique to
breast cancers. In the TGCA prostate cancer dataset of 491 tumors, there are 20 tumors that
over-express PPP1R1B and 20 tumors that over-express IGF-1R (=2 S.D. above the mean)
with no overlap between the groups. Indeed, regardless of the cancer type or data acquisition
method, the mutually exclusive nature of PPP1R1B and IGF-1R over-expression holds true
(Table S5). This intriguing observation could be attributed to a shared regulatory network in
which the factors responsible for the up-regulation of t-Darpp in malignancy may have an
inhibitory effect on the expression of IGF-1R. /n vitro selection for trastuzumab resistance
results in over-expression of t-Darpp in BT474 and SK-BR-3 cell lines, yet changes in the
IGF-1R levels were observed only in BT474 cells ((17,43) and Figure S6), indicating that
the rise in t-Darpp expression under these conditions was not necessarily linked to
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suppressed IGF-1R expression. An alternative explanation for the inverse correlation
between IGF-1R and PPP1R1B in tumors could be functional. We have shown that t-Darpp
confers its glycolytic advantage through activation of IGF-1R. It is therefore likely that in
tumors that over-express IGF-1R, the positive impact of PPP1R1B expression on tumor
fitness would be less advantageous or completely redundant. This hypothesis could also
explain the enrichment for PPP1R1B over-expression in tumors with low IGF-1R
expression, since activation of the receptor in these tumors would be expected to have a
greater impact on proliferation and drug resistance. We have also shown that PPP1R1B over-
expression is significantly associated with shorter survival time in breast cancer patients and
that the effect is more pronounced with higher levels of expression. Interestingly, the
relationship between PPP1R1B expression and OS is independent of HER2 status of the
tumors. IGF-1R expression levels have had inconsistent prognostic value in previous studies
(44,45). Our results show that while the correlation of IGF-1R expression with increased OS
in breast cancer patients is weak, an index value comprised of PPP1R1B expression levels
and inverse IGF-1R expression levels has powerful predictive value of overall survival and
may have valuable prognostic implications .

Summary of findings.

In this study we provide a molecular mechanism of action through which t-Darpp can
directly bind and promote the dimerization and activation of IGF-1R. IGF-1R activation by
t-Darpp results in increased glycolysis and glycolytic capacity that may contribute to drug
resistance (28,38,39). We also show that the exogenous over-expression of t-Darpp, known
to confer trastuzumab resistance (3-5), results in a metabolic shift towards increased
dependency on glycolysis for energetic homeostasis. The same metabolic characteristics are
observed in cells selected for trastuzumab resistance, which express high levels of
endogenous t-Darpp. siRNA-mediated knockdown of t-Darpp in the selected cells resulted
in a reversal of the glycolytic phenotype, indicating that the phenotype in selected cells
(SK.HerR) and transfected cells (SK.tDrp) is likely due to a direct effect of t-Darpp on

glycolysis.
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Refer to Web version on PubMed Central for supplementary material.
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Translational relevance

Most patients with HER2* breast cancer treated with trastuzumab acquire resistance
within the first year of therapy. Resistance is attributed to activation of alternative
signaling pathways and persistent HER2 signaling despite the presence of trastuzumab.
One of the signaling pathways involved in trastuzumab resistance is the IGF-1R pathway
involving unique heterodimerization between IGF-1R and EGFR or HER?2 in resistant
cells. Here we describe a mechanism in which t-Darpp directly interacts with IGF-1R and
stimulates heterodimer formation. This activates IGF-1R signaling, which in turn results
in increased glycolytic capacity and confers sensitivity to glycolytic inhibitors. Our
findings demonstrate t-Darpp as a potential therapeutic target to inhibit IGF-1R signaling
in trastuzumab-resistant cancers and thereby reverse metabolic reprogramming required
for the resistance phenotype.
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(A) Forest plots of the hazard ratios for 20 year OS, associated with expression of /GF-1R
(top) and PPP1R1B (bottom). (B) Kaplan-Meier survival curves for patients with HER2+
(top) and HER2- (bottom) tumors, comparing tumors with PPP1R1B over-expression
(PPP1R1BN9N to tumors with normal PPPIR1B (PPP1R1B!OW) levels. (C) Kaplan-Meier
survival curves for the effect of PPP1R1B (left) and IGF-1R (right) on 5-year OS in breast
cancer patients. (D) Kaplan-Meier survival curve using an index value comprised of the
mean expression of PPPIR1B and the inverse expression of IGF-1R (PPP1R1B expression +
(-1) * IGF-1R expression). HR=hazard ratio; all p-values displayed are log rank values,
*p<0.05, **p<0.01, ****p<0.0001.
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Figure 2. SK.tDrp and SK.HerR cells share similar metabolic characteristics.
(A and B) Seahorse analysis of the metabolic phenotype of SK-BR-3 cells compared to

SK.HerR cells (A) and SK.empty cells compared to SK.tDrp cells (B). Assays were
performed on the XF®24 flux analyzer. A change in ECAR following injection of glucose
indicates glycolysis and a change in ECAR following oligomycin A injection indicates
maximal glycolytic capacity. (C and D) Cellular ATP levels were measured in untreated
(UT) cells and in cells following 30 min exposure to 2.54M trastuzumab, 50mM 2-DG, or
the combination. Mean values (+S.D.) normalized to UT (=1.0) are reported for SK-BR-3
compared to SK.HerR cells (C) and SK.empty compared to SK.tDrp cells (D). *p<0.05,
***p<0.001, ****p<0.0001
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Figure 3. t-Darpp knockdown rever sesthe glycolytic phenotype of SK HerRcells.
(A) Seahorse flux analysis comparing glycolysis and glycolytic capacity between cells

transfected with t-Darpp siRNA (si-tDrp) and control siRNA (si-Scrambled). (B) ATP levels
in untreated (UT) cells and in cells following 30 min exposure t02.5uM trastuzumab, 50mM
2-DG, or both, in cells transfected with t-Darpp/PPP1R1B (si-tDrp) siRNA or control
siRNA (si-Scrambled). (C) Fold change in glycolysis in SK.HerR cells following siRNA
knock-down of IGF-1R or IR compared to a scrambled siRNA control, with corresponding
Western blots of the receptors. (D) Growth inhibition of SK-BR-3 derived cell lines by
trastuzumab, NVP-AEW or combined treatment. SK-BR-3, SK.tDrp and SK.HerR were
incubated for 3 days in SFM only (untreated, UT) or in the presence of either trastuzumab,
NVP-AEW or both. Cell number was measured by WST-1 and normalized to untreated
wells. (E) Cellular ATP levels were measured in untreated (UT) cells and in cells following
30 min exposure to 2.5uM trastuzumab, 2uM NVP-AEW, or the combination. Mean values
(xS.D.) normalized to UT (=1.0) are reported for SK-BR-3 versus SK.HerR cells (left) and
SK.empty versus SK.tDrp cells (right). ***p<0.001 ****p<0.0001

Clin Cancer Res. Author manuscript; available in PMC 2020 February 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lenz et al. Page 20

Oligomycin A 30
- Medium

-= t-Darpp Oligomycin A =+ (-) NVP-AEW
-+ (+) NVP-AEW

t-Darpp/
Medium

|

ECAR (mpH/min)

ECAR (mpH/min)
5]

40

50 Tt 150
30 Time (Minutes)
Time (Minutes) -10
C
nM 0 250 500 NVP-AEW - _ _ _ i i
t-Darpp - - + + + + t-Darpp - = + + + +
o R p— . 4 - — o
P - mp—IGF—IR = 1 = &5 S B kT
1 1.53 1.89 1 2.6 1.2
— ————— —| 0\ KT G S B S Sl S | AKT
1 1.85 2.11

IS G G SN S S | -tubulin

D E

100
IGF-1R Ab - + - + *okk ok

o oty S o | KT

SK-BR-3 BT474  T47D MCF7 HCC1837

Percent change in ECAR

MDA-MB-231

50

Figure 4. Recombinant t-Dar pp confersan | GF-1R-dependent increase in glycolysis.
(A) Seahorse analysis of ECAR at baseline in 1mM glutamine, 1ImM pyruvate without

glucose and following injection of 16mM glucose (Medium) or glucose supplemented with
500nM recombinant t-Darpp (t-Darpp). (B) SK-BR-3 cells were pre-treated in media minus
or plus 5uM NVP-AEW for one hour. ECAR was analyzed at baseline in 1mM glutamine,
1mM pyruvate and 16mM glucose and following injection of medium supplemented with
500nM recombinant t-Darpp, the data is presented as net change in ECAR following
injection. (C) Western blot analysis of IGF-1R and Akt phosphorylation following treatment
with recombinant t-Darpp protein (left) and the effect of IGF-1R inhibition with NVP-AEW
prior to treatment with recombinant t-Darpp (right) Numbers indicate fold change compared
to untreated samples after normalization to total protein (D) Western analysis comparing Akt
phosphorylation following treatment with recombinant t-Darpp (400nM), an inhibitory
IGF-1R monoclonal antibody (Ab) or both. (E) Percent change in ECAR following
treatment with 500nM recombinant t-Darpp of a panel of breast cancer cell lines (SK-BR-3,
BT474, T47D, MCF7, HCC1937 and MDA-MB-231). Shown is the mean change in ECAR
normalized to untreated controls (n=3-6). *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001
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Figure 5. Heterodimerization of IGF-1R and ErbB receptors.
Quantitative proximity ligation assay analysis of the interaction between IGF-1R and ErbB

receptors (EGFR, HER2 and Her3), in SK-BR-3 versus SK.HerR cells (A) and SK.empty
versus SK.tDrp cells (B). (C) Co-immunoprecipitation (IP) assays using antibody to IGF-1R
or t-Darpp for the IP, followed by Western analyses (WB) with t-Darpp or IGF-1R antibody,
as indicated. (U=Unbound, W=Wash, E=Elution). (D) Proximity ligation assay to detect
interaction between IGF-1R and EGFR, HER?2 or Her3 following the addition of
recombinant t-Darpp at the indicated concentrations. *p<0.05, **p<0.01, ***p<0.001,
****<0.0001
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t Trastuzumab resistance

Figure 6. A schematic model of IGF-1R activation by t-Darpp.
t-Darpp interacts with IGF-1R and HER2 to promote heterodimerization and activation of

IGF-1R signaling. This results in enhanced glycolysis and trastuzumab resistance.
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