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A B S T R A C T

The human epidermal growth factor receptor 2 (HER2) and the protein tyrosine kinase 6

(PTK6) are often co- and over-expressed in invasive breast cancers. At early diagnosis,

only distinct groups, such as HER2-or hormone receptor-positive benefit from a targeted

therapy. However, a part of these tumours develops resistance within a year of administra-

tion of the drug but the majority of the patients depends on general therapies with severe

side effects. A PTK6-directed approach does not yet exist.

In our present study, we successfully demonstrate, in vitro and in vivo, a significantly addi-

tive reduction of tumourigenesis of breast cancer cells simultaneously depleted of both

HER2 and PTK6. In comparison with single RNAi approaches, the combined RNAi (co-

RNAi) led to a stronger reduced phosphorylation of tumour-promoting proteins. Moreover,

the co-RNAi additively decreased cell migration as well as two and three dimensional cell

proliferation in vitro. The in vivo experiments showed an additive reduction ( p < 0.00001) in

the growth of xenografts due to the co-RNAi compared with HER2 or PTK6 RNAi alone.

Interestingly, the complexes of HER2 or PTK6 with tumour-relevant interaction partners,

such as HER3 or the insulin-like growth factor receptor 1 (IGF-1R), respectively, were also

reduced in xenografts although their protein expression levels were not affected following
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the co-RNAi of HER2 and PTK6. Our present study reveals the potential of using combined

HER2- and PTK6- knockdown as a powerful strategy for the treatment of breast cancers.

Therefore, the combined inhibition of these proteins may represent an attractive tool for

efficient therapy of breast cancers.

ª 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction myristoylation domain required for lipid modification and
Breast cancer is currently themost commonmalignant cancer

found in women of the Western world (Jemal et al., 2011). A

subgroup of these patients benefits from targeted therapies

directed towards HER2 or the hormone receptors; however,

most rely on general therapies that are often associated with

severe side effects (Sergina and Moasser, 2007). In addition,

the HER2-directed approach using the humanized antibody

Trastuzumab also exhibits side effects such as cardiotoxicity

and often leads to the development of resistance within a

year of receiving the therapy (Sparano, 2001). Some patients

initially benefit from combination treatment with Trastuzu-

mab and Lapatinib, a small-molecule tyrosine kinase inhibitor

directed towards the EGF receptor (EGFR/HER1) and HER2

(Kopper, 2008). The clinically relevant oncogene her2 is highly

expressed in approximately 25% of breast cancers (Ross

et al., 2003). Its overexpression promotes breast cancer malig-

nancy and correlates with a poor prognosis. Because HER2 is

an orphan receptor, its activation results from the homo- or

heterodimerisation that occurs between the extracellular do-

mains of other HER receptors followed by the interaction of

their intracellular domains and phosphorylation of their tyro-

sine residues (Sergina and Moasser, 2007). With regards to

breast cancer in particular, the HER2/HER3 dimers have been

shown to be the most stable and effective dimer that leads to

the most aggressive phenotypes with poor prognosis in pa-

tients (Citri et al., 2003; Sliwkowski et al., 1994; Spears et al.,

2012). Remarkably, HER3 lacks critical residues in its catalytic

domain and therefore it depends on a heterodimer with a re-

ceptor, e.g. HER2 to trigger signal transduction. HER2 in turn

lacks an activating ligand and can act only through the heter-

odimerisationwith a ligand-binding receptor (Citri et al., 2003).

Following homo- or heterodimerisation, many proliferation-

and tumour-promoting downstream pathways are activated,

including the mitogen-activated protein kinase/extracellular

signal-regulated kinase (MAPK/ERK), phosphatidylinositol-3

kinase (PI3K)/Akt and signal transducer and activator of tran-

scription 3 (STAT3) signalling cascades (Kamalati et al., 1996;

Ludyga et al., 2011; Moasser, 2007; Xiang et al., 2008).

An additional signalling molecule of high importance in

breast cancer is the non-receptor protein tyrosine kinase PTK6

(also called Brk); it is overexpressed in approximately 80% of

invasive breast cancers and in most breast cancer cell lines

and it has been shown to promote tumourigenesis (Barker

et al., 1997; Derry et al., 2003; Kamalati et al., 1996; Llor et al.,

1999). Innormalmammary tissueorbenign tumours, it ispoorly

expressed or undetectable (Barker et al., 1997). The Src-related

PTK6 (44% amino acid sequence homology with Src) contains

SH3, SH2 and a kinase domain, but it lacks the N-terminal
erg, N., et al., Additive i
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membrane anchorage (Mitchell et al., 1997; Serfas and Tyner,

2003). Therefore, PTK6 appears to be more closely related to a

distinct non-receptor tyrosine kinase family known as the Frk

family, which includes Frk, Brk/PTK6, Srm and Sik (Serfas and

Tyner, 2003). Several substrates and interaction partners of

PTK6, such as HER1-3, ERK members, STAT3 and STAT5, Akt,

phosphatase and tensin homologue on chromosome ten

(PTEN) and IGF-1R, have been identified over the last few years

and are often involved in tumourigenesis (Aubele et al., 2008;

Fan et al., 2013; Irie et al., 2010; Kamalati et al., 2000, 1996; Liu

et al., 2006; Ostrander et al., 2007; Qiu et al., 2005; Weaver and

Silva, 2007; Xiang et al., 2008; Zhang et al., 2005). Particularly,

PTK6 was described to positively regulate IGF-1R-mediated sig-

nalling resulting in enhanced survival of breast and ovarian

cancer cells (Fan et al., 2013; Irie et al., 2010).

Previous studies from our group and others have demon-

strated a strong association and functional interaction be-

tween HER2 and PTK6 in mammary tumours and breast

cancer cell lines (Aubele et al., 2010, 2008; Ludyga et al., 2011;

Xiang et al., 2008). Ai and colleagues have found that HER2

positively regulates PTK6 stability through the upregulation

of calpastatin, which inhibits calpain-1-mediated PTK6 prote-

olysis (Ai et al., 2013). Recently, we have demonstrated a sig-

nificant reduction of proliferation in vitro and in vivo

following PTK6 knockdown in HER2-positive and

Trastuzumab-resistant JIMT-1 breast cancer cells (Ludyga

et al., 2013). Therefore, PTK6 may be an interesting candidate

for the HER2-targeted therapy of breast cancers, including

Trastuzumab-resistant tumours. However, PTK6 inhibition

(or its combination with anti-HER2 therapy) has not yet been

tested clinically (Zeng et al., 2011). Single knockdowns of

HER2 or PTK6 or combination RNAi approaches with other

tumour-promoting signalling proteins (e.g. uPAR, uPA or

MMP9 as shown by our group and others) led to reduced

tumour progression in vitro and in vivo (Kunigal et al., 2007;

Li et al., 2010; Ludyga et al., 2013; Subramanian et al., 2006).

Recently, we performed simultaneous knockdown of HER2

and PTK6; however, an additive effect of the combination

RNAi approach could only be shown in vitro (Ludyga et al.,

2013). Since tumours are heterogeneous (Easwaran et al.,

2014), in the present study, we used additionalmodel cell lines

and we have successfully demonstrated a strong additive

reduction in mammary tumour progression following co-

RNAi in vitro and in vivo. Considering that PTK6may be a prom-

ising therapeutic target, including Trastuzumab-resistant

tumour cells, and that the combined depletion of both PTK6

and HER2 leads to a strong and additive reduction in malig-

nancy, the co-inhibition of HER2 and PTK6 could efficiently

improve breast cancer therapy.
mpact of HER2-/PTK6-RNAi on interactions with HER3 or IGF-
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2. Material and methods

2.1. Cell culture and stable transductions

The following three human breast cancer cell lines were used

in this study: BT474, MDA-MB-361 and SKBR3. The BT474

(HTB-20), MDA-MB-361 (HTB-27) and SKBR3 (HTB-30) cells

were acquired from the American Type Culture Collection

(Manassas, VA, USA). Cells were maintained in DMEM sup-

plemented with GlutaMAX (Dulbecco’s Modified Eagle’s Me-

dium, Life Technologies GmbH, Darmstadt, DE). The

medium was also supplemented with 10% foetal bovine

serum (FBS, Life Technologies GmbH, Darmstadt, DE) for

the BT474 and SKBR3 cells or 20% FBS for the MDA-MB-361

cells, 0.25% of both penicillin and streptomycin (Life Technol-

ogies GmbH, Darmstadt, DE), or with 1% FBS when serum-

independent effects were analysed during the migration

assay. The cells were maintained at 37 �C in 5% CO2. The cells

have been authenticated before starting the experiments. Ge-

netic profiles were generated by the company Eurofins (MWG

Operon, Ebersberg, DE) and analysed as previously described

(Ludyga et al., 2013).

The viral particles were purchased from Thermo Fisher

Scientific (Lafayette, CO, USA) and each HER2-, PTK6- and

the co-RNAi cell approach was infected using a pool of viral

particles (with three different shRNA sequences) each at a

multiplicity of infection (MOI) of 10. All viral particles were

tested for specificity before the respective experiments were

started. A total of 2.0 � 105 breast cancer cells were infected

with lentiviral vectors for the knockdown of PTK6 (PTK6-

RNAi), of HER2 (HER2-RNAi), as well as with controls and poly-

brene (Invitrogen, Carlsbad, CA, USA) as described (Falkenberg

et al., 2013). The negative control is a non-targeting shRNA

vector (Neg_ctrl) and the positive control leads to GAPDH

knockdown (GAPDH-RNAi) showing infection efficiency. All

of the lentiviral vectors encode a green fluorescence protein

(GFP) for visualization and a puromycin-N-acetyl transferase

as selection marker. The supernatants were removed 24 h af-

ter infection, and fresh medium was added. After additional

24 h, the infected cells were selected using puromycin (2 mg/

ml) and cultured for five to eight weeks. All infections were

performed in duplicate. Infected cells were regularly subjected

toWestern blot analysis to determine knockdown efficiencies.

2.2. Western blot analysis

The three breast cancer cell lines were treated as previously

described (Ludyga et al., 2011) for SDS-PAGE, the subsequent

Western blot analysis and quantification, and the antibodies

were employed as recently described (Ludyga et al., 2013). In

addition, primary antibodies for the detection of IGF-1R

(3027), phospho-ERK5 (3371) and total ERK5 (3372, Cell

Signaling Technology, Danvers, MA, USA) were used.

2.3. Wound scratch migration assay

Themigration assaywas performed in triplicate under serum-

reduced conditions to reduce proliferation and the open areas

were quantified using TScratch software as previously
Please cite this article in press as: Falkenberg, N., et al., Additive i
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described (Liang et al., 2007; Ludyga et al., 2011). The Student’s

t-test was used for statistical analysis.

2.4. WST-1 proliferation and clonogenic assays

Cell proliferation was determined using the water-soluble

tetrazolium WST-1 reagent (4-[3-(4-Iodophenyl)-2-(4-

nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) and a

spectrophotometric assay according to the manufacturer’s

protocol (05015944001, Roche Diagnostics, Mannheim, DE);

specifics of this assay were recently described (Ludyga et al.,

2013). BT474 and MDA-MB-361 cells (4.0 � 103 per well) and

SKBR3 cells (2.0 � 103 per well) as well as HER2-, PTK6- and

cells depleted of both were plated and incubated for 14 days

at 37 �C in 5% CO2 for colony formation assays. The cells

were subsequently washed with PBS, fixed with (absolute)

ethanol and stained with Giemsa (5% v/v). The colonies (con-

sisting of at least 50 cells) were counted using the Clono

counter software http://www.biomedcentral.com/content/

supplementary/1748-717X-2-4-S1.zip (Franken et al., 2006;

Niyazi et al., 2007). The assays were conducted in triplicate

and Student’s t-test was used for statistical analysis.

2.5. Three dimensional (3D) microtissue formation

A scaffold-free hanging drop approach (InSphero AG,

Schlieren, CH) was used for the analysis of 3D microtissues.

A total of 1.0 � 103 cells (depleted of GAPDH, HER2, PTK6 or

of both HER2 and PTK6) were seeded in 40 ml of cell line-

specific complete medium into a GravityPLUS� microtissue

plate. After three days, the cells were transferred into a Grav-

ityTRAP plate (InSphero AG, Schlieren, CH) and cultivated for

16 additional days in the presence of puromycin for selection

(2 mg/ml). The spheroids’ growth was quantified using the

Operetta imaging system and was analysed with Harmony

3.0 software (Perkin Elmer, Waltham, MA, USA). The experi-

ments were conducted in triplicate for the BT474 and MDA-

MB-361 cells. The SKBR3 cells did not form 3D spheroids under

these conditions and were therefore not appropriate for this

assay. Polynomial regression curves were generated and Stu-

dent’s t-test was used for statistical analysis.

2.6. In vivo experiments in female nude mice

The animal studies were performed in accordance with the

German and European laws on animal welfare. The experi-

mental treatments were approved by the Bavarian authorities

on veterinary issues (file no. 55.2-1-54-2531-118-10). The num-

ber of experimental animals was determined by an a-priory

statistical evaluation of the expected biological effects and

the intra-group variability. Using an unpaired t-test, signifi-

cance treshold of 0.05, statistical power of 80% and an effect

of 20% tumour volume reduction by the single and combined

gene knockdown (deduced from prior in vitro studies), a mini-

mal number of eleven animals per group (including spare

mice) was estimated. The mammary fat pads of five-week-

old female athymic nude mice (Crl:NU-Foxn1 nu, originating

from Charles River Laboratories, Sulzfeld, DE) were inoculated

once with 1.0 � 106 BT474 cells and the mice were maintained

in a pathogen-free environment. The data were collected
mpact of HER2-/PTK6-RNAi on interactions with HER3 or IGF-
ncology (2014), http://dx.doi.org/10.1016/j.molonc.2014.08.012

http://www.biomedcentral.com/content/supplementary/1748-717X-2-4-S1.zip
http://www.biomedcentral.com/content/supplementary/1748-717X-2-4-S1.zip
http://dx.doi.org/10.1016/j.molonc.2014.08.012
http://dx.doi.org/10.1016/j.molonc.2014.08.012
http://dx.doi.org/10.1016/j.molonc.2014.08.012


M O L E C U L A R O N C O L O G Y XXX ( 2 0 1 4 ) 1e1 34
between day 4 post-injection (p.i.) and day 49 p.i. (seven

weeks). When the xenografts reached approximately 1 cm3,

the mice were euthanized and all data were analysed as pre-

viously described (Ludyga et al., 2013). Since the final data

demonstrated a larger than expected intra-group variability

in tumour sizes, to make the comparison between the four

groups more robust, a non-parametric ManneWhitney U

test was applied for statistical analysis. All of the xenografts

were fixed in formalin and embedded in paraffin (FFPE) for

further analyses.

2.7. Immunohistochemistry (IHC)

For the immunohistochemical analysis of target proteins

expressed in the xenografts, the primary antibodies specific

for HER2 (A0485, DAKO, Glostrup, DK), HER3 (MS-201-P1,

Thermo Fisher Scientific, Fremont, CA, USA), PTK6

(H00005753-M01, Abnova, Taipei, TW) and IGF-1R (3027, Cell

Signaling Technology, Danvers, MA, USA) were applied to

3 mm-thick sections obtained from FFPE tissue using recently

described methods (Aubele et al., 2008).

2.8. Proximity ligation assay (PLA)

To demonstrate a reduction in the protein complexes indi-

cating interactions between HER2 and HER3 or PTK6 and

IGF1-R by PLA, the same antibodies as described in the IHC

part were used for the detection of HER2, HER3, PTK6 and

IGF-1R. The PLA was conducted on 3 mm-thick FFPE xenograft

sections using DUOLink� kit (OLINK, Uppsala, S) as previously

described (Aubele et al., 2010). In this assay, specific primary

antibodies of different origins (mouse and rabbit) bind to

potentially interacting proteins. Species-specific secondary

antibodies that are conjugated to oligonucleotides (PLA

probes) bind the primary antibodies and are incubated with

additional oligonucleotides and a ligase.When the PLA probes

are in close proximity (<40 nm), they are amplified via rolling

circle amplification using a polymerase and free nucleotides.

For detection, fluorescently labelled probes hybridize to the

rolling circle amplicons and can be visualized and quantified

microscopically (Aubele et al., 2010; Spears et al., 2012).
3. Results

3.1. The co-RNAi of HER2 and PTK6 additively reduces
the phosphorylation of tumour-promoting proteins

Co-RNAi specifically downregulated the target proteins HER2

and PTK6 and its effects on the phosphorylation status and

subsequent activation of the associated tumour-promoting

proteins in Ras/MAPK, PI3K/Akt and STAT3 signalling were

analysed by immunoblotting. While the expression of total

HER3, IGF-1R, MAPKs, ERK, STAT3, Akt and PTEN proteins

remained unchanged, the phosphorylation status of

p38MAPK at Thr180/Tyr182, ERK1/2 at Thr202/Tyr204, ERK5

at Thr202/Tyr204, STAT3 at Ser727, PTEN at Ser380/Thr382/

383 and Akt at Ser473 was (additively) reduced due to co-

RNAi compared with single depletion of HER2 or PTK6 in

BT474 cells (Figure 1A). These results were also confirmed in
Please cite this article in press as: Falkenberg, N., et al., Additive i
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MDA-MB-361 and SKBR3 breast cancer cells (Supplementary

Figure S1A).

3.2. The co-RNAi of HER2 and PTK6 additively decreases
BT474 cell migration in vitro

The effects on the in vitro migration of breast cancer cells in

response to co-RNAi were determined using a wound healing

assay. When compared with the controls, the migration of

HER2- or PTK6-depleted BT474 cells was slightly reduced after

24 h and 48 h. The combined depletion of both target proteins

led to a significant and additive reduction in migration and

increased the open area after 24 h ( p ¼ 0.028) or 48 h

( p ¼ 0.019) (Figure 1B; Supplementary Figure S1B). Compared

with BT474 cells, SKBR3 cells have shown minimal migratory

potential. Therefore, reduced migration of SKBR3 cells

following co-RNAi was not observed, and the MDA-MB-361

cells were not appropriate for this assay due to non-

confluent growth.

3.3. The co-RNAi of HER2 and PTK6 additively
diminishes 2D cell proliferation

The impact of co-RNAi on cell proliferation was investigated

using 2D in vitro assays and was confirmed by immunoblot-

ting. Compared with the single knockdowns, a significant

and additive reduction in proliferation (using WST-1 assay)

was observed in HER2- and PTK6- co-depleted BT474 cells

(both p < 0.001) (Figure 2A). In MDA-MB-361 cells, the prolifer-

ation was also reduced following the RNAi of HER2 or PTK6

( p ¼ 0.008 and p < 0.001, respectively, Figure 2A) when

compared with the mock control. Furthermore, the co-RNAi

led to an additive effect ( p < 0.001) when compared with

the mock control. However, these effects were not as pro-

nounced as those observed in the BT474 cells and were not

statistically significant when compared with the single

knockdowns (Figure 2A). In SKBR3 cells, PTK6- and cells

depleted of both proteins showed significantly reduced prolif-

eration ( p ¼ 0.001 and p ¼ 0.006, respectively) when

compared with the mock control, but the reduction following

co-RNAi was comparable with the proliferation of PTK6-only

depleted cells (Figure 2A). Because the WST-1 assay is based

on the enzymatic activity of cells spanning a 48 h period, a

colony formation assay was conducted. This assay relies on

the clonogenic potential of single cells over a long-term

period (two to three weeks) and more precisely reflects treat-

ment effects on cell proliferation (Franken et al., 2006). In all

three cell lines, co-RNAi led to a significant and additive

decrease in clonogenic proliferation (Figure 2B). In BT474

cells, colony formation after combined RNAi was additively

reduced (in relation to the mock control), and this effect

was significant when compared with the single downregula-

tions (HER2: p ¼ 0.001; PTK6: p ¼ 0.004; Figure 2B). In MDA-MB-

361 and SKBR3 cells, the number of colonies following co-

RNAi was also additively diminished and exhibited a signifi-

cant reduction in colony formation when compared with

PTK6-depleted cells (MDA-MB-361: p ¼ 0.022; SKBR3:

p ¼ 0.004; Figure 2B). Furthermore, the impact of the com-

bined approach on cell proliferation was also analysed by

immunoblotting. Although the expression levels of cell
mpact of HER2-/PTK6-RNAi on interactions with HER3 or IGF-
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Figure 1 e The co-RNAi of HER2 and PTK6 additively reduces the phosphorylation of tumour-promoting proteins and the migration of BT474

cells. A, Western blot analysis of HER2, PTK6, HER3, IGF-1R, (p [ phospho) ERK5, (p) STAT3, (p) Akt, (p) PTEN, (p) p38MAPK, (p)
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control. B, The graphs illustrate the means of the percentages of the open areas derived from three experiments; SDs and p-values are shown. The

scale bars represent 400 mm.
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cycle-promoting proteins remained unchanged following

HER2 and/or PTK6 RNAi (data not shown), the protein expres-

sion levels of the cell cycle inhibitor p27Kip1 were elevated due

to HER2 or PTK6 depletion, and this effect was stronger in

cells depleted of both proteins (Figure 2C). However, the pos-

itive and negative controls slightly differed from the mock

controls, suggesting that non-specific effects may occur and

may also depend on the cell line used. Furthermore, the in-

duction of apoptosis was determined by PARP cleavage via

immunoblotting. Here, PARP cleavage was not observed in

any of the three cell lines, regardless of whether the single

RNAi approaches or the combined RNAi approaches were

examined (data not shown).

3.4. The co-RNAi of HER2 and PTK6 additively impairs
3D microtissue growth

To explore the impact of co-RNAi compared with the single

RNAi of HER2 or PTK6 on the formation of 3D microtissues, a

scaffold-free hanging drop approach was conducted over a

16 day period. In BT474 and MDA-MB-361 cells, the additively

growth-inhibitory effect in response to co-RNAi could be

demonstrated when compared with the controls (GAPDH-
Please cite this article in press as: Falkenberg, N., et al., Additive i
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RNAi) (Figure 3A and B). With regards to BT474 3D microtis-

sues, co-RNAi led to a significant and additive reduction in

size when compared with PTK6- ( p ¼ 0.0145) or HER2-

depleted 3D microtissues ( p ¼ 0.0322; Figure 3A). Regarding

MDA-MB-361 spheroids, co-RNAi also resulted in significant

and additively diminished spheroid growth when compared

with PTK6-depleted 3D microtissues ( p ¼ 0.0253) (Figure 3B).

Because HER2-downregulation alone had a slightly stronger

inhibitory effect on MDA-MB-361 microtissues than PTK6

knockdown, no statistically significant reduction in size was

observed in cells co-depleted of both proteins when compared

with HER2-depleted cells (Figure 3B).

3.5. The co-RNAi of HER2 and PTK6 additively inhibits
xenograft growth

To investigate the effects of co-RNAi on xenograft growth and

its potential use for breast cancer therapy, female nude mice

were inoculated with control, HER2- and/or PTK6-depleted

BT474 cells as recently described (Ludyga et al., 2013). The

average xenograft size increased more slowly upon HER2- or

PTK6-knockdown when compared with the control group

(GAPDH-RNAi). The average xenograft size of the co-RNAi
mpact of HER2-/PTK6-RNAi on interactions with HER3 or IGF-
ncology (2014), http://dx.doi.org/10.1016/j.molonc.2014.08.012
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group demonstrated a very strong inhibitory effect on tumour

growth in the in vivo experiments (Figure 4A, left). Themedian

tumour size (normalized to the average size on day 28 p.i.,

when the first animal was euthanized) was significantly

reduced upon knockdown of HER2 or PTK6 when compared
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with the control group (both 45 mm2 e 27 mm2 ¼ �40%;

p < 0.00001; Figure 4A, right). Upon using the combined RNAi

approach, the xenograft size was diminished further when

compared with the control group (45 mm2 e

13 mm2 ¼ �71%; p < 0.00001) and also significantly and
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Figure 3 e The co-RNAi of HER2 and PTK6 significantly and additively reduced 3D microtissue growth of BT474 and MDA-MB-361 cells. The

visualization at day (d) 12 (left) and quantification (right) of spheroids is based on GFP expression. A, polynomial regression curves of BT474 cell

control spheroids compared with spheroids depleted of HER2- ( p [ 0.0198), PTK6- and depleted of both ( p [ 0.0014); HER2-RNAi vs. co-

RNAi: p [ 0.0322 and PTK6-RNAi vs. co-RNAi: p [ 0.0145 and SDs are shown. B, polynomial regression curves of MDA-MB-361 cell control

spheroids compared with HER2- ( p [ 0.0063), PTK6- ( p [ 0.0018) and co-depleted ( p < 0.0001) cell spheroids; and PTK6-RNAi vs. co-

RNAi: p[ 0.0253 and SDs are shown. 1000 cells were seeded in triplicate for each approach and on day 13 for BT474 cell spheroids and on day 16

for MDA-MB-361 cell spheroids p-values were determined using Student’s t-test. Scale bar represents 200 mm.
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additively reduced when compared with the single knock-

downs (both 27 mm2 e 13 mm2 ¼ �52%; p < 0.00001;

Figure 4A, right). The reduced expression of HER2 and/or

PTK6 in BT474 xenografts was confirmed by immunohisto-

chemistry (Figure 4B). The expression of the membrane-
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localized receptor HER2 was very low in HER2-depleted cells

and in cells subjected to co-RNAi, whereas these levels

remained unchanged in the control and PTK6-depleted cells

(Figure 4B, the upper part). Furthermore, intracellular PTK6

expression was reduced in PTK6-depleted cells and in cells
mpact of HER2-/PTK6-RNAi on interactions with HER3 or IGF-
ncology (2014), http://dx.doi.org/10.1016/j.molonc.2014.08.012
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Figure 4 e The co-RNAi of HER2 and PTK6 results in an additive and strongly significant reduction of BT474 cell xenografts. A, The average

and SD between day 0 and day 31 p.i. (left) and the normalized xenograft sizes and SD on day 28 p.i. (right) of 11 animals per group with HER2-

RNAi or PTK6-RNAi vs. co-RNAi p< 0.00001, respectively, are shown. B, The membrane-bound HER2 (upper figures) and cytoplasmic PTK6

(lower figures) expression is shown using IHC of representative xenograft sections of each group. The scale bars represent 50 mm.
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depleted of both proteins, whereas its expression in the con-

trols and HER2-depleted cells was not affected (Figure 4B,

the lower part).

3.6. The co-RNAi of HER2 and PTK6 reduces interactions
with HER3 and IGF-1R, respectively

In breast cancer, complexes of HER2/HER3 and PTK6/IGF-1R

are of great interest due to their roles in tumour promotion

(Citri et al., 2003; Fan et al., 2013; Irie et al., 2010; Sliwkowski

et al., 1994; Spears et al., 2012). To investigate the impact of

HER2- and/or PTK6-knockdown within these complexes and

their effects on mammary tumour progression, in particular

with respect to their potential additive effects, the proximity

ligation assay was conducted on FFPE xenograft sections. To-

tal HER3 protein expression in BT474 cells (Figure 1A) or xeno-

grafts (data not shown) was unaffected following (co)-RNAi.

Compared with the control (GAPDH-RNAi, Figure 5A), the

number of HER2/HER3 complexes detected by PLA and indi-

cating interactions was strongly reduced in the BT474 cell xe-

nografts depleted of both HER2 and PTK6 (Figure 5D).
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Moreover, compared with the control (GAPDH-RNAi,

Figure 6A), the number of PTK6 and IGF-1R complexes present

in the xenografts also decreased following co-RNAi

(Figure 6D), while the downregulation of HER2 and/or PTK6

alone did not alter IGF-1R expression in BT474 cells

(Figure 1A) or xenografts (data not shown). When HER2 or

PTK6 were downregulated alone, the number of HER2/HER3

(Figure 5B and C) or PTK6/IGF-1R (Figure 6B and C) complexes

was also diminished in xenografts, respectively.
4. Discussion

Since only a minority of breast cancer patients benefits from

targeted therapies, novel therapeutic approaches are strongly

required. In our current study, we have investigated whether

the combined stable knockdown of HER2 and PTK6 results in

additive effects on the reduction of mammary tumour pro-

gression. We successfully demonstrated the potential of co-

RNAi of HER2 and PTK6 as a promising strategy for the devel-

opment of a more efficient therapy for mammary tumours. In
mpact of HER2-/PTK6-RNAi on interactions with HER3 or IGF-
ncology (2014), http://dx.doi.org/10.1016/j.molonc.2014.08.012
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Figure 5 e The co-RNAi of HER2 and PTK6 additively reduced the number of complexes formed by HER2/HER3 in BT474 cell xenografts. (A),

Representative proximity ligation assays of HER2 and HER3 in the control approach (GAPDH-RNAi), in the HER2-RNAi (B), PTK6-RNAi

(C) and in the co-RNAi approach (D) (4003 magnification), the scale bars represent 20 mm and the amounts of complexes are indicated.

M O L E C U L A R O N C O L O G Y XXX ( 2 0 1 4 ) 1e1 3 9
response to the combined downregulation of the targeted pro-

teins, we have observed significantly diminished tumour pro-

gression in vitro and in vivo. Based on the additive reduction of

the activation of tumour-promoting proteins (e.g. MAPK/ERK,

STAT3, Akt, PTEN) that are involved in tumourigenesis

observed in this and in our previous study (Ludyga et al.,

2013), we investigated the effects of co-RNAi on in vitromigra-

tion and cell proliferation. After co-RNAi, BT474 cell migration

was significantly and additively reducedwhen comparedwith

cells depleted only of PTK6. In previous studies, including

ours, HER2 or PTK6 have been shown to be involved in the

migration of tumour cells, and the knockdown of each protein

significantly reduced the migratory potential of JIMT-1 or

T47D cells (Ludyga et al., 2013; Ostrander et al., 2007). Here,

we have demonstrated an additive effect following co-RNAi

of these target proteins that results in an increased inhibition

of tumourmalignancy. This outcome is in agreement with our

previous study demonstrating additively reducedmigration of

JIMT-1 cells after co-RNAi of HER2 and PTK6 (Ludyga et al.,

2013). Since we have not observed any changes of SKBR3 cell

migration following single or co-RNAi compared with mock

control, we suppose that this cell line, in principle, exhibits

weak migratory potential and is not applicable for this assay.

This observation is in agreement with a previous study con-

ducted by our group (Falkenberg et al., 2013).

To investigate the impact of co-RNAi on cell proliferation,

we conducted several assays reflecting cell viability over pe-

riods of two days to several weeks. In addition to the WST-1
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assay, the colony formation assay and immunoblotting ana-

lyses showed additive and significant reductions in cell prolif-

eration of cells simultaneously depleted of both target

proteins. In previous studies, a strong association of HER2 or

PTK6 was observed with cell proliferation and cell cycle regu-

lation via p27Kip1 and its transcription factor FoxO3a (Chan

and Nimnual, 2010; Eddy et al., 2007); we confirmed these as-

sociations here. In addition, we recently performed a simulta-

neous knockdown that also led to a significant and additive

reduction of 2D monolayer proliferation in two different

breast cancer cell lines in vitro (Ludyga et al., 2013). Although

co-RNAi intensely decreased cell proliferation, induction of

apoptosis was not detected. This outcome confirms our previ-

ous study (Ludyga et al., 2013) and indicates that a stronger

treatment, e.g., co-RNAi of HER2 and uPAR and the addition

of Trastuzumab, is necessary for cells to undergo apoptosis,

in a manner similar to previously published results (Li et al.,

2010).

Conventional 2D monolayers are easy and versatile to

investigate short-term basic research. When compared with

3D tissues, this 2D approach is limited with respect to tissue

composition, or when the analysis of the impact of stimuli

over weeks is taken under consideration and they differ in

gene expression (Abbott, 2003; Bissell et al., 1982). Over the

last few decades, several groups have developed different 3D

model systems including spontaneous aggregation in drops,

spinner flasks or scaffold-based and scaffold-free approaches

(Drewitz et al., 2011; Sutherland et al., 1971; Wartenberg et al.,
mpact of HER2-/PTK6-RNAi on interactions with HER3 or IGF-
ncology (2014), http://dx.doi.org/10.1016/j.molonc.2014.08.012
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Figure 6 e The co-RNAi of HER2 and PTK6 additively reduced the number of complexes formed by PTK6/IGF-1R in BT474 cell xenografts.

(A), Representative proximity ligation assays of PTK6 and IGF-1R in the control approach (GAPDH-RNAi), in the HER2-RNAi (B), PTK6-

RNAi (C) and in the co-RNAi approach (D) (4003 magnification), the scale bars represent 20 mm and the amounts of complexes are indicated.
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2001). These systems reflected physiological conditionswithin

a tumour more accurately than 2D models. Therefore, we

cultivated tumour cells as 3D microtissues in a simple

scaffold-free system to model in vivo tumours. Here, we have

successfully demonstrated the growth of 3D spheroids using

two breast cancer cell lines. The growth of these 3D microtis-

sues was significantly impaired due to HER2- or PTK6-RNAi,

which was exhibited by additively diminished spheroid size

when both target proteins were simultaneously knocked

down. Comparing the WST-1 proliferation and clonogenic as-

says with 3D microtissues and xenograft experiments con-

ducted by us, the growth-inhibitory effects following HER2-

or PTK6-knockdown alone were particularly greater in 3D

microtissues indicating a system that is more comparable

with in vivo conditions. This outcome is in accordance with

previous studies revealing the presence of stronger and

more appropriate effects in 3D cell culture models (Hongisto

et al., 2013; Pickl and Ries, 2009). Therefore, this scaffold-free

approach is an attractive tool for investigating the long-term

effects of potential therapeutics and may allow for the devel-

opment of focused in vivo animal experiments. In addition, in

the in vitro proliferation experiments using three cell lines, we

have observed heterogeneous effects with regard to co-RNAi

of HER2 and PTK6. This may be assay-dependent; however

the co-RNAi effects in the clonogenic assay after 2 weeks of in-

cubation were very similar and significant regarding these

three cell lines. An additional explanation for different out-

comes after co-RNAi in the three cell lines may also be cell
Please cite this article in press as: Falkenberg, N., et al., Additive i
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line-specific. Heterogeneous effects following simultaneous

knockdown in different cell lines also agree with other

studies. Subramanian and colleagues have observed a stron-

ger effect on cell invasion in MDA-MB-231 cells compared

with ZR751 cells when uPA and uPAR were simultaneously

knocked down (Subramanian et al., 2006).

To further examine the impact of co-RNAi with respect to a

more powerful breast cancer therapy, we conducted in vivo

animal experiments. The BT474 cell line xenograft growth

was strongly and significantly diminished following single

knockdowns of HER2 or PTK6. The fact that HER2 or PTK6

downregulation inhibits proliferation in vivo is consistent

with previous studies (Hu et al., 2006; Ludyga et al., 2013).

Remarkably, the xenograft size was additively and strongly

reduced ( p < 0.00001) when both target proteins were simul-

taneously depleted. This is the first in vivo study, showing

significantly additive inhibition of proliferation due to the

combined silencing of HER2 and PTK6. As BT474 cells in vivo

demonstrated the highest co-RNAi reduction tested so far,

we suggest a cell-line specific effect that may also be lessened

in other cell lines as a consequence of strong impairment

following single knockdown of HER2 or PTK6. Recently, Peng

and colleagues generated HER2/PTK6 double overexpressing

transgenic mice; however, the increases in tumour incidence,

size or metastasis were not significant (Peng et al., 2013). They

hypothesized that the effectsmay be underrepresented due to

the induction of endogenous PTK6 expression. In contrast,

Xiang et al. have convincingly demonstrated that ectopic co-
mpact of HER2-/PTK6-RNAi on interactions with HER3 or IGF-
ncology (2014), http://dx.doi.org/10.1016/j.molonc.2014.08.012
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overexpression of HER2 and PTK6 synergized to promote mu-

rinemammary tumourigenesis by enhancing activation of the

Ras/MAPK pathway (Xiang et al., 2008). This study underpins

our present results, because co-RNAi additively suppressed

tumour cell proliferation in vitro and in vivo through a reduc-

tion in Ras/MAPK signalling.

Moreover, we analysed the rationale behind these

extremely additive effects on the reduced proliferation

observed in response to co-RNAi of HER2 and PTK6. HER2

was shown to form heterodimers with HER3, which strongly

promote breast cancer progression and are associated with

poor prognosis (Citri et al., 2003; Sliwkowski et al., 1994;

Spears et al., 2012). PTK6 has been described to functionally

interact with IGF-1R (Fan et al., 2013; Irie et al., 2010). These in-

teractions have been shown to enhance pro-survival signal-

ling in tumours and are related to poor survival (Fan et al.,

2013; Irie et al., 2010). PTK6 (Barker et al., 1997) and IGF-1R

are often (over)expressed in a wide range of tumours and

IGF-1R was detected in all mammary cancer subtypes

including the difficult to treat triple-negative breast cancers
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(TNBCs) (Law et al., 2008). Therefore, we carried out a prox-

imity ligation assay that allows for the visualization of pro-

teineprotein interactions in tissues based on proteins

localized in close proximity (Aubele et al., 2010; Spears et al.,

2012). HER2/HER3 dimers were diminished in xenograft sec-

tions derived from the combination approach. The same

result was observed for PTK6/IGF-1R complexes in their

respective xenograft sections. The reduced number of hetero-

dimers indicates a reduction in tumour-promoting signalling

through several interacting partners that are not directly

affected following co-RNAi. HER2 and/or PTK6 are also

involved in HER1 and Insulin Receptor (IR)-mediated and

tumour-relevant pathways (Irie et al., 2010; Xiang et al.,

2008) (Figure 7); however these proteins were not investigated

in this study. We provide evidence that simultaneous knock-

down of HER2 and PTK6 not only affects this pathway and

its directly associated downstream signalling proteins. It

also affects a large protein network containingmany interact-

ing and tumour-relevant partners that are differentially over-

expressed in various breast cancer types (Figure 7). Therefore,
IGF-1RIGF-1R

IRIGF-1R

EGFR/HER1IGF-1R

Ras

Raf

(p)MEK

(p)ERK/
(p)MAPK

(p)STAT3/5

APK

PTK6 PTK6
PTK6

(p)STAT3/5

PTK6 PTK6

PTK6

PTK6

Gene expression 

rogression

(p)Paxillin
Migration
(Chen et al., 2004)

Proliferation
(Aubele et al., 2008;
Ostrander et al., 2007)

igration
strander et al., 2007) 

Metastasis
Proliferation
(Citri et al., 
2003; 
Fan et al., 2013;
Qiu et al., 2005)

Proliferation
(Liu et al., 2006; Weaver et al., 2007)

P P P P
P P

P

P

P

P P

P P P P PP

P

TF4TF3

X X X X
X XX X X

X X

X
X

X

X

X

f HER2 and PTK6

ling through interactions with HER1-3, IGF-1R or Insulin receptor

vation of PI3K/Akt, Ras/Raf/MEK/ERK, p38MAPK, STAT 3/5 and

ranscription factors (TF) and the following gene expression. Inhibited

suppressor. Reduced PTK6-mediated phosphorylation of FoxO3a

p27Kip1 and reduces G1-/S-phase progression.

mpact of HER2-/PTK6-RNAi on interactions with HER3 or IGF-
ncology (2014), http://dx.doi.org/10.1016/j.molonc.2014.08.012

http://dx.doi.org/10.1016/j.molonc.2014.08.012
http://dx.doi.org/10.1016/j.molonc.2014.08.012
http://dx.doi.org/10.1016/j.molonc.2014.08.012


M O L E C U L A R O N C O L O G Y XXX ( 2 0 1 4 ) 1e1 312
HER2- and/or PTK6-, HER3-, IGF-1R-/IR-, HER1-mediated tu-

mours may be significantly suppressed by the combined inhi-

bition of HER2 and PTK6.
5. Conclusions

Co-RNAi of HER2 and PTK6 leads to additively reduced breast

cancer progression in vitro and in vivo due to reduced interac-

tions with HER3 or IGF-1R. This combined approach may

affect a large protein network including many interacting

and tumour-relevant partners that are often overexpressed

in different breast cancer types. Therefore, HER2- and/or

PTK6-positive tumours may be significantly suppressed by

the combined inhibition of HER2 and PTK6 and could improve

breast cancer therapy.
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