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ABBREVIATIONS 

a-SMA, a-smooth muscle actin 

BM, basement membrane 

cSCC, cutaneous squamous cell carcinoma 

DMSO, dimethyl sulfoxide 

ECM, extracellular matrix 

EGF, epidermal growth factor 

EGFR, epidermal growth factor receptor 

FCS, fetal calf serum 

FGF-2, fibroblast growth factor-2 

H-Ras, Harvey rat sarcoma viral oncogene homolog	
IFN-g, interferon-g 

IGF-I, insulin-like growth factor-I 

IHC, immunohistochemistry 

IL-1b, interleukin-1b  

KGF, keratinocyte growth factor 

LAMA3, laminin subunit alpha 3 

LAMB3, laminin subunit beta 3 

LAMC2, laminin subunit gamma 2 

PI3K, phosphatidylinositol 3-kinase 

TGF-a, transforming growth factor-a 

TGF-b, transforming growth factor-b  

TMA, tissue microarray 

TNF-a, tumor necrosis factor-a 

VEGF, vascular endothelial growth factor 
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ABSTRACT 1 

Cutaneous squamous cell carcinoma (cSCC) is the most common metastatic skin cancer, with 2 

increasing incidence worldwide. The molecular basis of cSCC progression to invasive and metastatic 3 

disease is still incompletely understood. Here, we show that fibroblasts and transforming growth 4 

factor-b (TGF-b) signaling promotes laminin-332 accumulation in cancer cells in an activated H-5 

Ras-dependent manner, which in turn promotes cancer cell invasion. Immunohistochemical analysis 6 

of sporadic UV-induced invasive human cSCCs (n=208) revealed prominent cSCC cell specific 7 

immunostaining for laminin-332 γ2 chain, located in the majority of cases (90%, n=173) in the 8 

invasive edge of the tumors. To mimic the progression of cSCC we established 3D spheroid 9 

cocultures using primary skin fibroblasts and HaCaT/ras-HaCaT human keratinocytes. Our results 10 

indicate that in 3D spheroids, unlike in monolayer cultures, TGF-b upregulates laminin-332 11 

production, but only in cells that harbour oncogenic H-Ras. Accumulation of laminin-332 was 12 

prevented by both H-Ras knock down and inhibition of TGF-β signaling by SB431542 or RAdKD-13 

ALK5 kinase-defective adenovirus. Furthermore, fibroblasts accelerated the invasion of ras-HaCaT 14 

cells through collagen I gels in a Ras/TGF-b signaling dependent manner. In conclusion, we 15 

demonstrate the presence of laminin-332 in the invasive front of cSCC tumors and report a new 16 

Ras/TGF-b-dependent mechanism that promotes laminin-332 accumulation and cancer cell invasion.  17 

 18 

Keywords: cSCC / fibroblast / H-Ras / invasion / laminin-332 / TGF-b   19 
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INTRODUCTION 20 

Cutaneous squamous cell carcinoma (cSCC) is the most common metastatic skin cancer, with 21 

increasing incidence worldwide [1], [2]. cSCC progresses from premalignant lesion, actinic keratosis, 22 

to carcinoma in situ (cSCCIS) and finally to invasive and metastatic disease [2]. The molecular basis 23 

of cSCC progression is incompletely understood, but activating mutations in HRAS, KRAS and 24 

epidermal growth factor receptor (EGFR) have been found [3], [4]. Previously, it has been suggested 25 

that PI3K signaling pathway participates in the cSCC progression. Ras signaling alone, however, was 26 

not found to be sufficient to activate PI3K/AKT pathway in cSCC tumors, and therefore it was 27 

speculated that signals from the tumor stroma may also be needed for PI3K activation and subsequent 28 

cSCC tumorigenesis [5].  29 

 Tumor stroma, or tumor microenvironment, is a complex meshwork of extracellular matrix 30 

(ECM), activated fibroblasts, immune cells and capillary vessels [6]. Currently, indisputable evidence 31 

show that cancer progression is not led solely by cancer cells but that the tumor microenvironment 32 

plays a critical role in the development of aberrant tissue functions and malignancies [7], [8]. In this 33 

microenvironment, fibroblasts are the most abundant cell type, and by producing soluble proteins, 34 

such as growth factors and various ECM components they control the behaviour of other cell types. 35 

Recently, numerous studies have shown that fibroblasts have a significant functional role in nearly 36 

all aspects of tumor progression. They promote tumor growth and invasion, induce angiogenesis, 37 

modulate inflammation and promote chemoresistance [9], [10], [11]. 38 

In the past few years, three-dimensional (3D) cell cultures have gained increasing interest 39 

while the limitations of traditional two-dimensional (2D) monolayer cell cultures have been 40 

recognized. The cells in monolayer cultures cannot form the same natural organization as the cells in 41 

vivo in a tissue, in which all cells are surrounded by other cells or the ECM. Spheroids provide more 42 

tissue-like environment, which enables the cellular interactions that are vital for the natural function 43 

of the cells. In addition to close cell–cell/cell–ECM interactions, spheroids of cancer cells also limit 44 

oxygen and nutrition flow into the cells resulting in different populations of proliferating, quiescent 45 
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and necrotic cells [12]. Because of these features cancer cell spheroids resemble solid tumors and can 46 

serve as an in vitro model to better mimic the in vivo tumor tissue properties. 47 

In the present study, we show how fibroblasts modify ECM expression in tumor-like 3D 48 

spheroids and how they influence on cancer cell invasion. First, we observed that in cSCC tumor 49 

samples laminin-332 is frequently produced by cancer cells located in the invasive front. To study 50 

this further we used HaCaT/ras-HaCaT human keratinocyte carcinogenesis model which mimics the 51 

progression of cSCC [13]. Our data indicate that when cocultured together with fibroblasts, the 52 

transformed epithelial cells show increased invasive capacity and they also produce high levels of 53 

laminin-332. The invasion and the increase in laminin-332 production are shown to require 54 

concomitant activation of H-Ras and TGF-b signaling pathways in cancer cells. These results unveil 55 

a molecular mechanism that explains the high level of laminin-332 in human cSCC tumors, which in 56 

turn promotes cancer cell invasion.  57 
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RESULTS 58 

Laminin γ2 is accumulated in the invasive edge in cSCC tumors 59 

Immunohistochemical analyses have revealed high laminin-332 g2 chain accumulation in cSCC, and 60 

also its increased production in pre-malignant conditions, such as actinic keratosis and cSCCIS [14], 61 

[15]. To investigate the localisation of laminin-332 g2 chain in more detail, we analysed with 62 

immunohistochemistry (IHC) a large panel of sporadic UV-induced invasive cSCCs (n=208) in tissue 63 

microarrays (TMA). Prominent tumor cell-specific immunostaining of laminin γ2 was noted in cSCC 64 

tumor cell cytoplasm (Fig. 1A, Supplementary Fig. 1A). Moreover, in the majority of cases (90%, 65 

n=173) the positive staining of laminin γ2 was noted in the invasive edge of cSCC tumors (Fig. 1A, 66 

blow-up image). The staining intensity of laminin γ2 was analysed and scored as negative, weak, 67 

moderate or strong (Fig. 1B). In 56% of the cSCC sections this semiquantitative analysis showed 68 

strong staining (Fig. 1B) whereas the staining intensity was scored as negative in 6% of cases only. 69 

In addition, staining with a-smooth muscle actin antibody (a-SMA) showed that activated stromal 70 

fibroblasts did not express laminin γ2 (Supplementary Fig. 1A). To conclude, these results 71 

demonstrate marked accumulation of laminin-332 g2 chain in tumor cells but not in stromal 72 

fibroblasts. The fact that the strongest accumulation was most often detected in the invasive front 73 

suggests a role for laminin in the cell migration and also proposes that tumor cell–fibroblast 74 

interaction plays a role in the production of laminin by the cancer cells. In general the findings are in 75 

agreement with previous results suggesting that laminin-332 accumulation correlates with 76 

invasiveness and poor prognosis in many cancers, including cSCC [16], [17], [18]. 77 

Malignant transformation or Ras activation alone are not sufficient to induce laminin-332 78 

accumulation 79 

As we detected strong accumulation of laminin-332 g2 chain in the cSCC tumor cells, we next 80 

analysed laminin-332 levels in four primary and three metastatic cSCC cell lines that were cultured 81 

as 3D spheroids, which imitate more accurately the in vivo conditions compared to the traditional 2D 82 
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cell cultures. The spheroids were grown for five days, after which the accumulation of laminin-332 83 

was analysed by Western blotting. The results indicated that all seven cSCC cell lines produced 84 

detectable levels of laminin-332, but a prominent overexpression was detected only in a metastatic 85 

cell line, UT-SCC-115 (Fig. 1C). Thus, the induction of laminin-332 synthesis was less abundant in 86 

cSCC derived cell lines than in tumors. Interestingly, UT-SCC-115 was also the only cSCC cell line 87 

that showed a potent activation of extracellular signal-regulated kinase 1/2 (ERK1/2) phosphorylation 88 

(Fig. 1C), suggesting a connection between the activation of mitogenic ERK1/2 pathway and laminin-89 

332 production. Approximately 11% of cSCCs harbour an activating mutation in RAS gene [3], [19], 90 

but most probably there are also other cancer related mechanisms, which activate ERK1/2 91 

phosphorylation.  92 

 To study the putative connection between Ras signaling/mitogen-activated protein kinase 93 

(MAPK) activation and laminin-332 accumulation in cSCC, we used the HaCaT/ras-HaCaT human 94 

keratinocyte carcinogenesis model, which is a well-established tool for exploring the progression of 95 

cSCC from benign lesions to malignant tumors [13]. The model utilises spontaneously immortalized, 96 

non-tumorigenic human keratinocyte cell line, HaCaT, and its three retrovirally H-Ras-transformed 97 

subclones, A5, II-4 and RT3 (abbreviated as ras-HaCaT cells in the text) that exhibit benign, invasive 98 

and metastatic phenotypes, respectively, after subcutaneous injection into athymic nude mice [13], 99 

[20], [21]. Ras-HaCaT cells have been shown to express high levels of phosphorylated ERK1/2 [22], 100 

and also here, when cultured as spheroids all three cell lines harbouring H-Ras showed remarkably 101 

increased ERK1/2 phosphorylation when compared to HaCaT cells (Fig. 1D and Supplementary Fig. 102 

1B). However, the accumulation of laminin-332 into the spheroids was only slightly elevated (Fig. 103 

1D), and in repeated experiments the differences did not reach statistical significance (Supplementary 104 

Fig. 1B). Thus, the activation of Ras/ERK pathway alone did not explain the overexpression of 105 

laminin-332 seen in cSCC tumors.  106 



 8 

Figure 1. Laminin-332 in cutaneous squamous cell carcinoma (cSCC). (A) Tissue microarray sections of UV-107 
induced sporadic cSCCs (n=208) were stained with laminin γ2 antibody. Strong cytoplasmic staining of 108 
laminin γ2 in cSCC cells was noted in the invasive edge of tumors (blow-up image). Scale bar in lower 109 
magnification is 200 µm and in higher magnification 50 µm. (B) The immunostaining of laminin γ2 was scored 110 
as negative, weak, moderate or strong, based on the specific cytoplasmic staining intensity of cSCC tumor 111 
cells. (C) Four primary and three metastatic cSCC cell lines were cultured as 3D spheroids for five days, and 112 
the levels of laminin-332, phosphorylated ERK1/2 (p-ERK1/2) and total ERK1/2 (tot-ERK1/2) were analysed 113 
by Western blotting. b-actin was used as a loading control. (C) Non-tumorigenic HaCaT and H-Ras-114 
transformed HaCaT cells (A5, II-4 and RT3, i.e. ras-HaCaT cells) were cultured as 3D spheroids for five days, 115 
and the levels of laminin-332, p-ERK1/2 and tot-ERK1/2 were analysed by Western blotting. b-actin was used 116 
as a loading control. Representative Western blots from three independent biological replicates are shown.  117 
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Fibroblasts induce laminin-332 production in H-Ras-transformed HaCaT keratinocytes  118 

To study the role of fibroblast–cancer cell interaction in the regulation of laminin-332 production in 119 

conditions that reflect the native architecture of actual tumors, we established spheroid type 120 

cocultures of primary human skin fibroblasts together with either HaCaT cell line or one of the three 121 

ras-HaCaT clones, i.e. A5, II-4 and RT3.  122 

At first, to characterize the localization of different cell lines in our 3D spheroids, we labeled 123 

the cells in monolayer cultures with CellTrackers (fibroblasts with green and HaCaT/ras-HaCaT cells 124 

with red tracker) and after that, cocultured them as spheroids for five days. Confocal imaging revealed 125 

peripheral localization of fibroblasts (in 95% of the samples, n=20) when they were cocultured with 126 

non-tumorigenic HaCaT cells, which in turn were located in the core of the spheroid (Fig. 2A). 127 

Cocultures with benign A5 cells showed more heterogeneity, as in 58% of the spheroids fibroblasts 128 

located in the outer shell of the spheroid (n=24; p=0.006, Fisher’s exact test). On the contrary, the 129 

outer shell was conquered by invasive II-4 cells (81%; n=21; p=7.2e-07, Fisher’s exact test) or with 130 

metastatic RT3 cells (77%; n=22; p=1.6e-06, Fisher’s exact test) when they were cultured with 131 

fibroblasts (Fig. 2A). The localization of H-Ras-transformed II-4 and RT3 cells in the outermost 132 

surface of the spheroid most likely reflects their invasive and metastatic potentials. These results thus 133 

confirmed that we had successfully created a 3D cell coculture model, where the epithelial cells and 134 

fibroblasts are localized differentially in the spheroids, depending on the invasive potential of the 135 

HaCaT/ras-HaCaT cell line. 136 

Next, we used a mass spectrometry method to unveil the core matrisome in similar 3D 137 

coculture spheroids that were used for confocal imaging. In addition, we cultured fibroblasts and 138 

HaCaT/ras-HaCaT cells alone as spheroids. A quantitative proteomics analysis showed that 139 

fibroblasts produced almost entirely the main structural components of the core matrisome 140 

(Supplementary Fig. 2 and Supplementary Data 1). In cocultures marked changes were seen in the 141 

accumulation of LAMA3 (a3), LAMC2 (g2) and LAMB3 (b3) chains only. Their expression was 142 

enhanced in spheroids that contained fibroblasts together with II-4 or RT3 cells, when compared to 143 
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spheroids that encompassed HaCaT or A5 cells with fibroblasts (Fig. 2B). All the single cell type 144 

spheroids showed only a moderate expression of LAMA3, LAMC2 and LAMB3 genes (Fig. 2B), 145 

indicating that the increase in cocultured II-4 and RT3 spheroids was dependent on the presence of 146 

fibroblasts. The mass spectrometry results were confirmed by Western blot analysis, which showed 147 

that in the spheroids, laminin-332 amount increases along invasive and metastatic potential of the 148 

cells, when HaCaT, A5, II-4 or RT3 cells are cultured together with fibroblasts (Fig. 2C and 149 

Supplementary Fig. 3).  150 

In order to examine which cell type possess the observed increase in laminin-332 151 

accumulation (i.e. whether fibroblasts induce HaCaT/ras-HaCaT cells to produce laminin-332 or vice 152 

versa), confocal imaging was performed. The results showed that laminin-332 is produced by the 153 

parental HaCaT and ras-HaCaT cells (Fig. 2D), confirming the results of IHC stainings of cSCC 154 

tumors, which showed laminin-332 g2 chain accumulation in tumor cells and not in fibroblasts 155 

(Supplementary Fig. 1A). Confocal imaging results were verified by a computational analysis method 156 

that allowed us to analyse the expression profiles of the spheroids by taking into account different 157 

diameters and the intensity values of the spheroids. The expression profile of RT3 cells cultured 158 

together with fibroblasts showed the most prominent laminin-332 expression arising in the edges of 159 

the spheroid, where also RT3 cells reside (Fig. 2E).  160 

In conclusion, our results show that fibroblasts stimulate laminin-332 production in the H-161 

Ras-transformed HaCaT cell lines and that the laminin-332 levels correlate with the invasion 162 

capacity.  163 
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Figure 2. Fibroblasts induce cancer cells to produce laminin-332. (A) Confocal images of non-tumorigenic 164 
HaCaT and ras-HaCaT cells (A5, II-4 and RT3) in five-day-old 3D spheroids with skin primary fibroblasts. 165 
The cells were labeled with CellTrackers (HaCaT/ras-HaCaT cells in red and fibroblasts in green). Scale bar, 166 
500 µm. Three independent biological replicates were performed. HaCaT/fibroblasts, n=20; A5/fibroblasts, 167 
n=24; II-4/fibroblasts, n=21; RT3/fibroblasts, n=22. (B) Mass spectrometric analysis of HaCaT/ras-HaCaT 168 
cells in 3D spheroids, cultured with or without skin primary fibroblasts. The arrows point to LAMA3, LAMC2 169 
and LAMB3 genes, which together form laminin-332. (C) Western blot analysis of HaCaT/ras-HaCaT cells in 170 
3D spheroids cultured with or without skin primary fibroblasts. The expression of a3, b3 and g2 chains of 171 
laminin-332 are shown. b-actin was used as a loading control. Representative Western blots from four 172 
independent biological replicates are shown. (D) Confocal images of 3D HaCaT/ras-HaCaT cells cultured 173 
with skin primary fibroblasts. The cells were first labeled with CellTrackers (HaCaT/ras-HaCaT cells in red 174 
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and fibroblasts in green) and the spheroids were allowed to grow for five days. After PFA fixation, the 175 
spheroids were subjected to immunofluorescence and stained for laminin-332. Scale bar, 500 µm. Three 176 
independent biological replicates were performed. HaCaT/fibroblasts, n=11; A5/fibroblasts, n=13; II-177 
4/fibroblasts, n=12; RT3/fibroblasts, n=12. (E) The expression profile of 3D spheroids containing RT3 cells 178 
and skin primary fibroblasts. The cells were treated as in (D), and the expression profile was calculated from 179 
the confocal images. Mean intensity values show the intensities of RT3 cells (red), fibroblasts (green) and 180 
laminin-332 (magenta), and relative distance indicates the diameter of the spheroids. 12 spheroids from three 181 
biological replicates were analysed. Mean (dark line) ± S.E.M. (light area around the line) is shown. 182 

H-Ras silencing decreases laminin-332 synthesis in 3D spheroids but not in 2D monolayer 183 

cultures 184 

We next examined the connection between laminin-332 production and Ras signaling in the 3D 185 

spheroid model by silencing H-Ras from parental HaCaT and H-Ras-transformed A5, II-4 and RT3 186 

cell lines. First, H-Ras was silenced with a specific siRNA in 2D monolayer cell cultures for 24h, 187 

followed by 3D spheroid formation with fibroblasts. The spheroids were then allowed to grow for 188 

five days before harvesting for Western blotting. The analysis showed that H-Ras silencing decreased 189 

laminin-332 a3, b3 and g2 chain synthesis in all three cell lines expressing the oncogenic H-Ras (Fig. 190 

3A and Supplementary Fig. 4A). The functionality of H-Ras silencing was confirmed by blotting the 191 

samples for phosphorylated ERK1/2 (Fig. 3A). In spheroids containing a single cell type, HaCaT, A5 192 

or II-4, only faint laminin-332 production was detected, and knock down of H-Ras had no effect. 193 

Spheroids containing solely RT3 cells showed higher levels of laminin-332, and its production was 194 

also decreased by H-Ras silencing (Fig. 3B and Supplementary Fig. 4B), whereas when H-Ras was 195 

depleted in RT3 cells in monolayers, laminin-332 synthesis was not altered (Fig. 3C and 196 

Supplementary Fig. 4C). To conclude, our results show that H-Ras silencing decreases laminin-332 197 

synthesis in 3D spheroid, but not in 2D monolayer cultures. As the abnormal cell morphology in 2D 198 

cell cultures is known to affect gene and protein expression [23], [24], our findings also highlight the 199 

benefits of 3D cultures when cellular interactions in tumors are studied.  200 
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Figure 3. H-Ras silencing decreases laminin-332 synthesis in 3D spheroids. (A) Western blot analysis of 3D 201 
cultured HaCaT/ras-HaCaT cells with skin primary fibroblasts. Before spheroid formation, H-Ras was 202 
silenced in HaCaT/ras-HaCaT cells for 24h. The spheroids were then allowed to grow for five days and 203 
harvested for Western blot analysis. b-actin was used as a loading control. Representative Western blots from 204 
three independent biological replicates are shown. (B) Western blot analysis of five-day-old 3D cultured 205 
fibroblasts and HaCaT/ras-HaCaT cells. H-Ras was silenced in HaCaT/ras-HaCaT cells for 24h before 206 
spheroid formation. b-actin was used as a loading control. Representative Western blots from three 207 
independent biological replicates are shown. (C) Western blot analysis of 2D cultured HaCaT/ras-HaCaT cells. 208 
H-Ras was silenced for 72h before harvesting the cells for Western blotting. b-actin was used as a loading 209 
control. Representative Western blots from three independent biological replicates are shown.  210 
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TGF-b enhances laminin-332 production in cells harbouring active H-Ras 211 

Next, we further studied our observation that laminin-332 accumulation in RT3 cells requires a close 212 

contact to fibroblasts, in addition to the active H-Ras signaling and 3D cell culture conditions. 213 

Fibroblasts have been reported to regulate cancer cells by secretion of soluble factors, e.g. growth 214 

factors [25]. To test this possibility in our experimental model, RT3 cells were cultured in spheroids 215 

for 24h and treated with a panel of growth factors and cytokines for additional 48h. Western blotting 216 

showed that TGF-b treatment (5 ng/ml) resulted in a strong increase in laminin-332 production, while 217 

a less potent upregulation was also seen by tumor necrosis factor-a (TNF-a) and epidermal growth 218 

factor (EGF) (Fig. 4A). In HaCaT cells only the EGF treatment generated an increase in laminin-332 219 

production (Supplementary Fig. 5A), which suggests that EGF signaling, possibly through 220 

Ras/MAPK pathway, is able to increase laminin-332 synthesis in non-tumorigenic HaCaT cells.  221 

 These results encouraged us to concentrate on TGF-b signaling as a potent fibroblast-derived 222 

signaling pathway that could co-operate with H-Ras signaling to induce laminin-332 synthesis. We 223 

therefore inhibited TGF-b signaling by using SB431542, a specific inhibitor of TGF-b type I receptor 224 

kinase activity (inhibitor of ALK4/5/7). At first, we confirmed the functionality of SB431542 by 225 

treating HaCaT and RT3 cells with the inhibitor (10 µM) for 24h, followed by TGF-b-treatment (10 226 

ng/ml, 30 min in +37°C). SB431542 inhibited Smad2 phosphorylation completely both in HaCaT 227 

and RT3 cells, indicating that it was able to repress the TGFβ1/Smad2 signaling (Fig. 4B). We next 228 

treated HaCaT and RT3 cells with the inhibitor for 24h, followed by spheroid formation together with 229 

fibroblasts. The spheroids were allowed to grow for five days. Western blotting showed that when 230 

RT3 cells were treated with the inhibitor, fibroblasts were no longer able to induce laminin-332 231 

synthesis when compared to the spheroids that were treated with the solvent dimethyl sulfoxide 232 

(DMSO) only (Fig. 4C and Supplementary Fig. 5B). The fact that HaCaT cells do not express large 233 

amounts of laminin-332 with or without fibroblasts (Fig. 3A, B) was also obvious in the experiments 234 

with SB431542 (Fig. 4C). When RT3 cells were treated with the inhibitor and cultured as spheroids 235 

without fibroblasts, only the amount of g2 chain was decreased significantly (Supplementary Fig. 5C, 236 
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D). This suggests that without externally added TGF-b, only laminin-332 g2 chain is regulated by 237 

TGF-b signaling pathway. To confirm the observation that the increase in laminin-332 production in 238 

RT3 cells is dependent on fibroblast-derived TGF-b signaling, we used adenoviral vector coding for 239 

kinase-defective ALK5 (RAdKD-ALK5) or empty vector (RAd66) as a control. RT3 cells were either 240 

left uninfected or infected for 72h with RAdKD-ALK5 or with RAd66. Expression of RAdKD-ALK5 241 

markedly suppressed TGF-b-induced Smad2 phosphorylation when compared to control samples, 242 

confirming that the kinase-defective adenovirus was able to inhibit TGF-b signaling (Supplementary 243 

Fig. 5E). We next infected RT3 cells with RAdKD-ALK5 or RAd66 adenoviruses for 24h and after 244 

that, spheroids were allowed to form with fibroblasts for 72h. Western blot analysis showed that the 245 

fibroblasts failed to increase laminin-332 synthesis in RT3 cells infected with kinase-defective 246 

RAdKD-ALK5 (Fig. 4D and Supplementary Fig. 5F). Thus, the results supported the hypothesis that 247 

TGF-b signaling in RT3 cells is essential for the induction of laminin-332 production by fibroblasts. 248 

Our results show that in RT3 cells increase in laminin-332 production requires both TGF-b- and Ras-249 

activated signaling pathways. H-Ras-transformed HaCaT cells can produce TGF-b, but still 250 

fibroblast-related factors drastically increased laminin-332 production. Fibroblasts can contribute in 251 

the process in two different mechanisms. Firstly, they can produce TGF-b and simply increase the 252 

local concentration of this growth factor [26]. Secondly, TGF-b is produced as an inactive precursor 253 

[27] and fibroblasts are often required for TGF-b activation via a complex process involving 254 

fibroblast-derived ECM proteins and RGD-motif binding integrins [28], [29].   255 
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Figure 4. TGF-b enhances laminin-332 production in cells harbouring active H-Ras. (A) Western blot analysis 256 
of RT3 cells that were grown as 3D spheroids for three days. The spheroids were then subjected to panel of 257 
growth factors and cytokines (epidermal growth factor (EGF);  fibroblast growth factor-2 (FGF-2); insulin-258 
like growth factor-I (IGF-I); keratinocyte growth factor (KGF); vascular endothelial growth factor (VEGF); 259 
transforming growth factor-a (TGF-a); transforming growth factor-b (TGF-b); tumor necrosis factor-a (TNF-260 
a); interferon-g (IFN-g) and interleukin-1b (IL-1b)) for additional 48h. b-actin was used as a loading control. 261 
(B) HaCaT and RT3 cells were grown in 2D conditions and treated with SB431542 for 24h. After that, the 262 
cells were stimulated with TGF-b (10 ng/ml) for 30 min. Phosphorylated Smad2 (p-Smad2) and total Smad2 263 
(tot-Smad2) levels were analysed by Western blotting. (C) HaCaT and RT3 cells were treated with SB431542 264 
for 24h, followed by 3D spheroid formation with skin primary fibroblasts. The spheroids were allowed to grow 265 
for five days before harvesting for Western blotting. b-actin was used as a loading control. Representative 266 
Western blots from three independent biological replicates are shown. (D) RT3 cells were infected (100 MOI) 267 
with control virus RAd66 or with adenovirus coding for kinase-defective ALK5 (RAdKD-ALK5) for 24h, 268 
followed by 3D spheroid formation with skin primary fibroblasts. After three days, the spheroids were 269 
harvested and analysed by Western blotting. b-actin was used as a loading control. Representative Western 270 
blots from three independent biological replicates are shown.  271 
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Fibroblasts promote RT3 cell invasion through collagen I in a H-Ras-dependent manner 272 

In the immunohistochemical analysis of the cSCC tumors we observed strong accumulation of 273 

laminin-332 in the invasive front, which suggested that laminin promotes the invasive behaviour of 274 

the cancer cells. Furthermore, the aberrant activation of Ras proteins and the consequent activation 275 

of MAPKs is known to regulate virtually all aspects of cancer progression, including cell 276 

proliferation, invasion and metastasis [30], [31]. Therefore, we tested here whether H-Ras silencing 277 

affects cell invasion out of spheroids into collagen I gels. H-Ras was first silenced in HaCaT or RT3 278 

cells for 24h in monolayer cultures, after which the cells were stained with CellTrackers (HaCaT and 279 

RT3 cells with red, fibroblasts with green) followed by spheroid formation with or without 280 

fibroblasts. Three-day-old spheroids were then embedded in collagen I and the invasion (measured 281 

as the diameter of the area covered by cells) was followed by confocal imaging for every 24h during 282 

five days. The images showed that non-tumorigenic HaCaT cells did not invade out of fibroblast-283 

containing spheroids (Fig. 5A, C). In contrast, the fibroblasts significantly promoted invasion by the 284 

metastatic RT3 cell line, and the invasion was totally abolished by siRNAs knocking down H-Ras 285 

(Fig. 5B, C). Notably, RT3 cells did not invade at all out of spheroids containing this cell type alone 286 

(Fig. 5C and Supplementary Fig. 6A). Thus, the RT3 cell invasion through collagen I was entirely 287 

dependent on fibroblasts. The invasion of fibroblasts out of HaCaT/fibroblast or RT3/fibroblast 288 

coculture spheroids was not affected by H-Ras silencing (Fig. 5D). Thus, the inhibition of cell 289 

invasion by H-Ras knock down was cancer cell specific. Taken together, our data show that 290 

fibroblasts are indispensable for RT3 cell invasion, and that this is mediated via oncogenic H-Ras.   291 

 292 

Fibroblasts induce RT3 cell invasion through collagen I in a TGF-β-dependent manner 293 

To test whether TGF-b1 signaling would also affect cell invasion, we treated RT3 cells with 294 

SB431542 for 24h prior to spheroid formation with or without fibroblasts. Three-day-old spheroids 295 

were embedded in collagen I and the invasion was followed by confocal microscope every 24h during 296 

five days. Treatment with SB431542 significantly decreased RT3 cell invasion out of coculture 297 
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spheroids when compared to DMSO treated control samples (Fig. 5E and Supplementary Fig. 6B), 298 

while fibroblast invasion was not affected by SB431542 treatment of the RT3 cells (Fig. 5F).  299 

Figure 5. Fibroblasts promote RT3 cell invasion through collagen I in a H-Ras- and TGF-b-dependent manner. 300 
(A, B) HaCaT cells (A) or RT3 cells (B) were first silenced with H-Ras siRNA for 24h, the spheroids were 301 
then formed with skin primary fibroblasts and allowed to grow for three days. After that, the spheroids were 302 
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transferred to a 96-well plate and embedded with a collagen I gel. The invasion was followed by a confocal 303 
microscope every 24h during five days. Scale bar, 500 µm. From each time point, 2-4 spheroids were imaged 304 
and analysed. Three independent biological replicates were performed. (C) Analysis of HaCaT and RT3 cell 305 
invasion from cocultured or monocultured (RT3 cells only) spheroids that were treated as in (A) and (B). The 306 
graph shows mean from three independent biological replicates ± S.E.M. (Each replicate contained 2-4 307 
spheroids). **p < 0.01; one-way ANOVA followed by Tukey post hoc test. (D) Analysis of fibroblast invasion 308 
from cocultured spheroids that were treated as in (A) and (B). The graph shows mean from three independent 309 
biological replicates ± S.E.M. (Each replicate contained 2-4 spheroids). (E) Analysis of RT3 cell invasion from 310 
cocultured or monocultured (RT3 cells only) 3D spheroids. RT3 cells were first treated with SB431542 or 311 
DMSO for 24h, the spheroids were then formed with or without skin primary fibroblasts and allowed to grow 312 
for three days. After that, the spheroids were transferred to a 96-well plate and embedded with a collagen I gel. 313 
The invasion was followed every 24h for five days. The graph shows mean from three independent biological 314 
replicates ± S.E.M. (Each replicate contained 2-4 spheroids). ***p < 0.001; one-way ANOVA followed by 315 
Tukey post hoc test. (F) Analysis of fibroblast invasion from cocultured or monocultured (fibroblasts only) 3D 316 
spheroids. The spheroids were made and treated as in (E). The graph shows mean from three independent 317 
biological replicates ± S.E.M. (Each replicate contained 2-4 spheroids). 318 
 319 

Inhibition of laminin-332 synthesis and blocking its binding to cellular receptor decrease RT3 320 

cell invasion through collagen I 321 

To confirm the important role of laminin-332 in cSCC invasion, we silenced laminin-332 a3, b3 and 322 

g2 chains by using specific siRNAs against each chain. RT3 cells were treated with siRNAs in 2D 323 

monolayer cell cultures for 24h, followed by spheroid formation together with skin primary 324 

fibroblasts. After three days, the spheroids were transferred to 96-well plates and embedded in 325 

collagen I for invasion assays. The siRNAs silenced the production of their target proteins by 70-80% 326 

(Fig. 6A, B). As shown in Fig. 6C, laminin-332 depletion significantly decreased RT3 cell invasion 327 

when compared to control siRNA treated cells, whereas fibroblast invasion was not affected (Fig. 328 

6D).  329 

In keratinocytes, a6b4 integrin is the main receptor for laminin-332 [32]. In 330 

hemidesmosomes, integrin a6b4 anchors cells to the basement membrane [33], however, the same 331 

receptor promotes cell invasion in cancer [34], [35], [36]. To study further the role of laminin-332 in 332 

cancer cell invasion, we carried out invasion assays in the presence of function-blocking antibody 333 

against a6 integrin subunit. RT3 cells were detached from cell culture plastic in 2D condition, 334 

incubated with blocking a6 integrin antibody (40 µg/ml) for 1h/+37°C, followed by spheroid 335 

formation with skin primary fibroblasts. After three days, the spheroids were transferred to a 96-well 336 

plate and embedded in collagen I for invasion assays. Confocal images of the spheroids showed that 337 
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RT3 cells treated with blocking a6 integrin antibody were not able to invade as efficiently as control 338 

cells that were treated with normal rat IgG (Fig. 6E). When compared to the IgG control, there was a 339 

significant decrease in RT3 cell invasion in the presence of a6 integrin antibody (Fig. 6F). Fibroblast 340 

invasion however was not affected by a6 integrin blocking (Fig. 6G). Altogether, these results 341 

demonstrate the important role of laminin-332 in cancer cell invasion, since both laminin-332 knock 342 

down and blocking of its binding to cellular receptor significantly decreased RT3 cell invasion.   343 
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Figure 6. Laminin-332 silencing and a6 integrin blocking decrease RT3 cell invasion through collagen I. (A) 344 
Western blot analysis of 3D cultured RT3 cells with skin primary fibroblasts. Before spheroid formation, 345 
laminin-332 a3, b3 and g2 chains (LAMA3, LAMB3 and LAMC2, respectively) were silenced in RT3 cells 346 
for 24h. The spheroids were then allowed to grow for three days and harvested for Western blot analysis. b-347 
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actin was used as a loading control. Representative Western blots from three independent biological replicates 348 
are shown. (B) Quantification of a3, b3 and g2 chain levels from Western blots in Figure 6A. Box plots show 349 
data from three independent biological replicates (red dots), the second and third quartiles (the box), the median 350 
(blue line) and the mean (star) from all experiments ± S.D. ***p<0.001, **p<0.01 (Student’s t-test). (C) 351 
Analysis of RT3 cell invasion through collagen I. RT3 cells were first silenced with control siRNA or LAMA3, 352 
LAMB3 and LAMC2 siRNAs for 24h, the spheroids were then formed with skin primary fibroblasts and 353 
allowed to grow for three days. After that, the spheroids were transferred to a 96-well plate and embedded in 354 
a collagen I gel. The invasion was followed for five days. The graph shows mean from three independent 355 
biological replicates ± S.E.M. (Each replicate contained 2-4 spheroids). *p<0.05 (Student’s t-test). (D) 356 
Analysis of fibroblast invasion from the same 3D spheroids as in (C). The graph shows mean from three 357 
independent biological replicates ± S.E.M. (Each replicate contained 2-4 spheroids). (D) RT3 cells were treated 358 
with a6 integrin blocking antibody (40 µg/ml) or as a control, with normal rat IgG (40 µg/ml) for 1h/+37°C, 359 
following spheroid formation with skin primary fibroblasts. The spheroids were then allowed to grow for three 360 
days. After that, the spheroids were transferred to a 96-well plate and embedded in a collagen I gel. The 361 
invasion was followed by a confocal microscope every 24h during five days. Scale bar, 500 µm. (E) Analysis 362 
of RT3 cell invasion through collagen I. The coculture spheroids with fibroblasts were made as described in 363 
(D). The graph shows mean from three independent biological replicates ± S.E.M. (Each replicate contained 364 
2-4 spheroids). *p<0.05 (Student’s t-test). (F) Analysis of fibroblast invasion from the same 3D spheroids as 365 
in (E). The graph shows mean from three independent biological replicates ± S.E.M. (Each replicate contained 366 
2-4 spheroids). 367 
 368 
 369 
TGF-b and MAPK signaling pathways are coactivated in vivo in conjunction with increased 370 

laminin-332 levels 371 

Finally, to get in vivo support for our hypothesis that TGF-b and MAPK signaling pathways 372 

collaborate in laminin-332 regulation, we analysed the production of laminin γ2 chain, p-Smad2 and 373 

p-ERK1/2 in a panel of sporadic UV-induced invasive cSCCs (n=162). In 39% of the TMAs (n=63) 374 

immunohistological stainings unveiled clear colocalization of laminin γ2 chain, p-Smad2 and p-375 

ERK1/2 in tumor cell nuclei located the invasive front of the carcinomas (Fig. 7A). Moreover, in 62% 376 

of the cases (n=100), laminin-332 γ2 chain colocalized with p-Smad2. These results demonstrate the 377 

concurrent activation of TGF-b and MAPK pathways in cSCCs in vivo, and together with 378 

experimental evidence presented in this paper strongly suggest that concomitant activation of the two 379 

pathways leads to laminin-332 accumulation in the invasive front of the cSCC tumors.  380 

 The colocalization of laminin γ2 chain, p-Smad2 and p-ERK1/2 was also examined in vivo in 381 

a xenograft model in which metastatic cSCC tumor cells (UT-SCC-7) were implanted subcutaneously 382 

into the back of severe combined immunodeficient (SCID) mice (n=8). Immunohistological analysis 383 

of the xenografts showed that p-ERK1/2 was detected predominantly in the cell nuclei in the invasive 384 

front of the tumors, however p-Smad2 and laminin γ2 localized uniformly in the tumor sample, also 385 
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in fibroblasts (Supplementary Fig. 7). Thus, despite the fact that all eight xenografts contained areas 386 

with clear colocalization of laminin γ2 chain, p-Smad2 and p-ERK1/2, the mouse model also had 387 

obvious differences when compared to human cSCC tumors. 388 

 389 
  390 
In conclusion, we report that in cSCC tumors cancer cells that are localized in the invasive front often 391 

overexpress laminin-332. The same cells may contain elevated levels of p-ERK1/2 and p-Smad2, 392 

proposing that active Ras and TGF-b signaling pathways can also co-operate in vivo. Based on a 3D 393 

spheroid model and cocultures of skin fibroblasts and various HaCaT-derived active H-Ras 394 

harbouring epithelial cells, we have unveiled one mechanism that explains this tissue level 395 

phenomenon (Fig. 7B). Firstly, active H-Ras promotes laminin-332 accumulation, and, secondly, also 396 

the activation of TGF-b signaling in cancer cells by fibroblasts is required. Together, the same 397 

mechanisms are shown to promote cancer cell invasion.  398 
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Figure 7. TGF-b and Ras signaling pathways co-operate to induce laminin-332 synthesis in cancer cells. (A) 399 
Tissue microarray sections of UV-induced sporadic cSCCs show colocalization of laminin-332 γ2 chain, p-400 
ERK1/2 and p-Smad2 in the invasive edge of the tumors. (B) A model of fibroblast-induced laminin-332 401 
accumulation and cancer cell invasion. Fibroblasts secrete TGF-b, which co-operates with hyperactive H-Ras 402 
signaling in 3D spheroids. As an outcome, laminin-332 synthesis increases in cancer cells, promoting cancer 403 
cell invasion. This can be blocked either by knocking down H-Ras signaling (siH-Ras), or by inhibiting TGF-404 
b receptor activation by SB431542. In gray: kinase-defective adenovirus RAdKD-ALK5 was shown to block 405 
laminin-332 accumulation in 3D spheroids harbouring active H-Ras.  406 
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DISCUSSION  407 

Laminin-332 is a major protein component in skin basement membrane (BM). Basal keratinocytes 408 

use integrin type adhesion receptors, namely a6b4 and a3b1 heterodimers, in anchorage to this 409 

laminin in the lamina rara layer of BM [16]. Furthermore, laminin-332 also binds to anchoring fibrils 410 

formed by collagen VII [37], and it is also found deeper in the dermis in the anchoring plaques [38]. 411 

In cSCCs normal BM structures disappear, potentially due to the increased proteolytic activity. 412 

Importantly, degradation of BM proteins, including laminins, collagen IV and collagen XVIII, can 413 

produce biologically active peptides that are known to promote cell invasion but also inhibit 414 

angiogenesis [39], [40], [41], [42].  415 

In various tumor types, including epidermal keratinocyte-derived cutaneous squamous cell 416 

carcinoma, laminin-332 is highly expressed and the expression correlates with tumor invasiveness 417 

and poor prognosis [16], [17], [40], [43], [44]. Laminin-332 is composed of a3, b3 and g2 chains, of 418 

which g2 chain is the most intensively studied. Immunohistochemical analyses have shown that its 419 

production correlates with metastasis and poor patient survival, and it is often expressed in the 420 

invasive front of the carcinomas [45], [46], [47]. Although the function of intracellular laminin-332 421 

is unknown, some studies have detected accumulation of cytoplasmic g2 chain in invasive carcinomas 422 

and the lymph node metastasis [48], in colorectal cancer cells forming tumor budding [49] and in 423 

mucinous ovarian neoplasms correlating with infiltrative invasion [50]. It is thus possible that the 424 

accumulation of laminin-332, especially the g2 chain, in tumor cell cytoplasm might be prognostic 425 

marker for invasive carcinomas. 426 

Since laminin, as well as laminin-derived protein fragments, can promote the invasion of many cancer 427 

cell types [51], [52], [53], we found it interesting that laminin-332 was frequently localized in the 428 

invasive front of cSCC tumors. There laminin was produced in tumor cells, but not by activated, 429 

cancer-associated stromal fibroblasts. Despite the fact that laminin-332 levels were very high in 56% 430 

of the tumor samples, in in vitro measurements only one out of seven cSCC cell lines showed 431 
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remarkably elevated laminin-332 production. Interestingly, the same cell line showed remarkably 432 

increased ERK phosphorylation when compared to other cSCC cell lines. Activated Ras GTPases are 433 

the major regulators of MAPK pathway and Ras has been found to be mutated in around 11% of 434 

cSCCs [3], [19]. Furthermore, recent studies have shown that patients treated with Raf inhibitors 435 

frequently develop cSCCs with RAS mutations, mostly in HRAS [54], [55].  436 

To study the Ras-dependency of laminin-332 production, we used the well-established HaCaT/ras-437 

HaCaT human keratinocyte carcinogenesis model. The three retrovirally H-Ras-transformed cell 438 

lines (A5, II-4 and RT3) represent benign, invasive and metastatic phenotypes, respectively [20], 439 

[21]. However, in these cell lines, when tested in monolayer cultures or in spheroids, laminin-332 440 

production was not significantly elevated in comparison to HaCaT cells. Thus, Ras or ERK activation 441 

alone did not explain the strong accumulation of laminin-332 seen in tissue samples.  442 

The localization of laminin-332 in tumor samples made it possible to speculate that fibroblast–cancer 443 

cell interaction may be involved in the stimulation of laminin production. This hypothesis could also 444 

explain the observation that only one out of seven cSCC cell lines showed remarkably elevated 445 

laminin-332 synthesis in cell cultures. To test this idea, we established 3D spheroids containing both 446 

HaCaT/ras-HaCaT cells and human skin fibroblasts. In this model, significant increase in laminin-447 

332 production in A5/fibroblasts, II-4/fibroblasts and RT3/fibroblasts cocultures was noted. The most 448 

prominent increase was detected in the metastatic RT3 cell line.  449 

Fibroblasts may influence on other cell types in tumor stroma by secreting soluble proteins, such as 450 

growth factors, by direct cellular contacts with cancer cells, or by remodeling the ECM [56], [57]. 451 

Here, we were able to demonstrate that fibroblast-associated activation of TGF-β signaling and 452 

activated Ras/MAPK pathway in cancer cells co-operate in the induction of laminin-332 production 453 

in cancer cells and consequently increase cancer cell invasion through collagen I. The previous 454 

reports have shown an association between the TGF-β/Smad signaling pathway and the cancer cell 455 

invasion and metastasis in cSCC [58], although at the early phases of the malignant process TGF-β 456 
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may function as a tumor suppressor [59], [60]. In other cancer types, for example prostate cancer and 457 

breast cancer, co-operation of TGF-β and Ras signaling have been suggested to contribute to the 458 

progression of disease by stimulating cancer cell proliferation [61] or promoting cell migration [62]. 459 

Here, we show that laminin-332 accumulation is critically dependent on both H-Ras and TGF-β/Smad 460 

signaling pathways, since H-Ras silencing in RT3 cells totally abolished laminin-332 synthesis, 461 

regardless of fibroblast-stimulated TGF-b signaling. Furthermore, when TGF-b receptor activity was 462 

blocked by a small molecule inhibitor SB431542 or by kinase-defective RAdKD-ALK5 adenoviral 463 

infection, laminin-332 synthesis was not elevated, regardless of activated H-Ras signaling. 464 

Interestingly, Ng et al. [63] have shown that fibroblast-derived matrix can trigger the development of 465 

aggressive cSCC, and the majority of the differentially expressed matrix genes are direct or indirect 466 

targets of TGF-b signaling [63]. Thus, scattered information about cSCC progression through 467 

hyperactive Ras and TGF-b signaling pathways exist, but the involvement of these pathways for rapid 468 

progression and metastatic capacity of cSCC has still remained unclear. Previously, Zapatka et al. 469 

[64] have reported that laminin-332 production is induced by TGF-b in human colorectal and 470 

pancreatic tumor cells, since all three laminin-332 genes (LAMA3, LAMB3 and LAMC2) are under 471 

positive transcriptional regulation of Smad4 [64]. Interestingly, KRAS and BRAF are among the most 472 

commonly mutated genes in colorectal carcinoma [65] and around 93% of pancreatic ductal 473 

adenocarcinomas carry an activating mutation in KRAS [66]. It is thus possible to speculate that TGF-474 

b and hyperactive Ras/MAPK signaling pathways are a common duo in regulating laminin-332 475 

accumulation and cell invasion in cancer. 476 

 477 

In summary, we show that laminin-332 is expressed in vivo in invasive cSCC, mainly in the invasive 478 

front of the tumors. We found out that fibroblast-activated TGF-b signaling promotes laminin-332 479 

accumulation in cancer cells in an activated H-Ras-dependent manner, which consequently increases 480 

cancer cell invasion. The activation of TGF-b and Ras signaling pathways, and consequent increase 481 

in laminin-332 levels was also detected in vivo in the invasive front of the cSCC tumors. Our results 482 
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provide compelling evidence that fibroblasts have an integral role in the progression of metastatic 483 

cSCC, thus highlighting the importance of stromal compartments as therapeutic targets in malignant 484 

tumors.   485 
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MATERIALS AND METHODS 486 

Ethical issues 487 

Approval for the use of archival tissue specimens of primary cSCCs was obtained from the Ethics 488 

Committee of the Hospital District of the Southwest Finland, Turku, Finland. The study was 489 

performed in accordance with the Declaration of Helsinki Principles and with the approval of Turku 490 

University Hospital. Written informed consent of all participants was obtained before surgery. All 491 

the methods used in this study were carried out in accordance with the relevant guidelines and 492 

regulations. The experiments with mice were performed with the permission of the State Provincial 493 

Office of Southern Finland, according to institutional guidelines (ESAVI/4623/04.10.07/2017). 494 

 495 

Cell lines and cell culture 496 

cSCC cell lines were established from surgically removed cSCCs of the skin in Turku University 497 

Hospital [67]. Four cSCC cell lines were derived from primary cSCCs (UT-SCC-118, UT-SCC-12A, 498 

UT-SCC-105 and UT-SCC-91) and three from metastatic cSCCs (UT-SCC-7, UT-SCC-59A and UT-499 

SCC-115). Cell lines have been authenticated by short tandem repeat DNA profiling (DDC Medical, 500 

Fairfield, OH) [68]. The spontaneously immortalized non-tumorigenic human keratinocyte-derived 501 

cell line HaCaT [20] and three H-Ras-transformed tumorigenic HaCaT cell lines (A5, II-4 and RT3) 502 

[21] were kindly provided by Dr. Norbert Fusenig (German Cancer Research Center, Heidelberg, 503 

Germany). Primary adult skin fibroblasts were from the cell line collection of the Medical 504 

Biochemistry / the University of Turku and a kind gift from professor Risto Penttinen. The fibroblasts 505 

were from male donors aged 18, 19 and 33 years. The fibroblasts were used up to passage number 506 

16. 507 

All cell lines were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% 508 

fetal calf serum (FCS), L-glutamine (6 nmol/L), penicillin (100 U/ml) and streptomycin (100 µg/ml). 509 

1 x MEM non-essential amino acids (11140-035, Gibco) were added to cSCC medium. Geneticin-510 

418 (200 µg/ml) was added to the medium of the H-Ras-transformed cell lines. All cell lines were 511 
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routinely tested to be negative for mycoplasma contamination using MycoAlert PLUS Mycoplasma 512 

Detection Kit (Cat.No. LT07-710, Lonza). 513 

Tissue samples 514 

Altogether 208 archival formalin-fixed paraffin-embedded tissue samples from sporadic, UV-515 

induced cSCCs were obtained from the archives of the Auria Biobank, Turku University Hospital 516 

and the University of Turku and from the archives of the Department of Pathology, Turku University 517 

Hospital.  518 

Immunohistochemistry (IHC) 519 

The TMA sections of human cSCC tumors were stained with mouse monoclonal laminin γ2 (1:100; 520 

sc-28330, Santa Cruz Biotechnology Inc.), α-Smooth Muscle Actin (1:500; MAB1420, R&D 521 

Systems), phospho-p44/42 MAPK (1:400, #4370, Cell Signaling Technology) and phospho-Smad2 522 

(1:2000, #44-244G, Thermo Fisher Scientific) antibodies [14]. Immunostainings were performed in 523 

Core Facilities of the Institute of Biomedicine, University of Turku as previously described [69], [70], 524 

[71]. The immunostaining of laminin γ2 was scored as negative, weak, moderate, or strong, based on 525 

the intensity of cytoplasmic staining. The TMA slides of cSCC samples were digitally scanned using 526 

a Pannoramic 250 Slide Scanner or a Pannoramic 1000 Slide Scanner (3DHistech, Budapest, 527 

Hungary).  528 

Human cSCC Xenografts 529 

Human cSCC xenografts (n=8) were established as described previously [69]. UT-SCC-7 cells (5 × 530 

106) were injected subcutaneously into the back of severe combined immunodeficiency (SCID/SCID) 531 

female mice (CB17/Icr-Prkdcscid/IcrIcoCrl) (Charles River Laboratories). Tumors were harvested 532 

after 18 days for immunohistochemical analysis.  533 

 534 

3D spheroid cultures 535 
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For Western blots, confocal imaging and adenoviral assays, 3D spheroids were made in micro-molds 536 

according to the manufacturer’s instructions (MicroTissues 3D Petri Dish micro-mold spheroids, 537 

Sigma-Aldrich) with 2.8 × 105 cells in one mold (8000 cells in one spheroid). In cocultures the cell 538 

ratio was 1:2 (HaCaT/ras-HaCaT cells and fibroblasts, respectively). In invasion assays, the 539 

spheroids contained either 2.5 × 105 cells in one mold (monocultures; 7100 cells/spheroid) or 5.0 × 540 

105 cells in one mold (cocultures; 14 200 cells/spheroid; the cell ratio 1:1). The spheroids were grown 541 

in serum-free DMEM medium for three to six days at 37 °C. Ascorbic acid (50 µg/ml) was added 542 

daily.  543 

Cell infection with recombinant adenoviruses 544 

Control adenovirus RAd66 [72] was kindly provided by Dr. Gavin W.G. Wilkinson (University of 545 

Cardiff, Cardiff, UK), and kinase-defective ALK5 (RAdKD-ALK5) [73] was a kind gift from Dr. 546 

Aristidis Moustakas (Ludwig Institute for Cancer Research, Uppsala, Sweden). RT3 cells were 547 

infected with a multiplicity of infection (MOI) 100 for 6h in DMEM supplemented with 0.5% FCS. 548 

After that, the medium was replaced with fresh DMEM supplemented with 0.5% FCS. On the next 549 

day, 3D spheroids were constructed with skin primary fibroblasts and the spheroids were allowed to 550 

grow in serum-free DMEM for three days at 37 °C. Ascorbic acid (50 µg/ml) was added daily.  551 

To test the viruses in 2D conditions, RT3 cells were either left uninfected, or infected with RAd66 or 552 

RAdKD-ALK5 adenoviruses with MOI 100 for 6h in DMEM supplemented with 0.5% FCS. 553 

Thereafter, the medium was replaced with fresh DMEM supplemented with 0.5% FCS and the 554 

incubations were continued for 72h. After that, the infected cultures were treated with TGF-b (10 555 

ng/ml) for 30 min at +37 °C, and the cells were harvested in RIPA buffer for Western blot analysis. 556 

CellTracker labeling  557 

HaCaT/ras-HaCaT cells and skin primary fibroblasts were labeled with CellTrackers in 2D 558 

conditions; HaCaT/ras-HaCaT cells in red (CellTracker Orange CMTMR Dye, C2927, Invitrogen) 559 
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and fibroblasts in green (CellTracker Green CMFDA Dye, C2925, Invitrogen). The cells were labeled 560 

with 2.5 µM dye in DMEM supplemented with 10% FCS for 1h/+37°C, washed twice with PBS and 561 

constructed into spheroids. After three to five days, the spheroids were used in invasion assays or 562 

fixed for immunofluorescence labeling.  563 

Immunofluorescence 564 

Five-day-old spheroids were fixed with 4% PFA for 1h/+4°C, followed by fixation with 4% PFA 565 

supplemented with 1% Triton X-100 for 1h/+4°C. The spheroids were washed twice with PBST (PBS 566 

+ 0.1% Triton X-100) and blocked with 6% bovine serum albumin in PBST for 5h at room 567 

temperature (RT; 20 - 25 °C). Laminin-5 antibody (1:100 in PBST; ab14509, Abcam) was incubated 568 

overnight at +4°C, followed by 4h incubation at RT with highly pre-cross absorbed Alexa Fluor 633 569 

goat anti-rabbit IgG secondary antibody (1:200 in PBST; A21071, Invitrogen). The spheroids were 570 

mounted in 99% glycerol.  571 

siRNA experiments  572 

The following small inhibitory RNAs (siRNAs) from Eurofins Genomics were used: H-Ras (sense 573 

5’ GAACCCUCCUGAUGAGAGU, antisense 5’ ACUCUCAUCAGGAGGGUUC), and as a 574 

control, nontargeting negative control siRNA (sense 5’ UGCGCUAGGCCUCGGUUGC, antisense 575 

5’ GCAACCGAGGCCUAGCGCA). ON-TARGETplus SMARTpool siRNAs against human 576 

LAMA3 (L-011071-00-0005), human LAMB3 (L-011072-00-0005) and human LAMC2 (L-012119-577 

00-0005) were from Dharmacon RNA Technologies. The cells were transfected with 75 nM siRNAs 578 

(in co-transfections, each chain was silenced with 75 nM siRNA) using siLentFect Lipid Reagent 579 

(1703361, Bio-Rad) according to the manufacturer’s instructions. For 3D spheroid assays, the cells 580 

were constructed into spheroids after 24h siRNA transfections and the spheroids were allowed to 581 

grow for three days (invasion assays) or five days (Western blots). For 2D assays, the cells were 582 

transfected with siRNAs for 72h before harvesting for Western blotting.  583 
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Growth factor, cytokine and inhibitor treatments   584 

For growth factor and cytokine stimulations, HaCaT and RT3 cells were first constructed into 3D 585 

spheroids and let to grow for 24h in serum-free DMEM. After that, the spheroids were treated for 586 

additional 48h with epidermal growth factor (EGF; 20 ng/ml), fibroblast growth factor-2 (FGF-2; 20 587 

ng/ml), insulin-like growth factor-I (IGF-I; 20 ng/ml), keratinocyte growth factor (KGF; 20 ng/ml), 588 

tumor necrosis factor-a (TNF-a; 10 ng/ml), transforming growth factor-b (TGF-b; 5 ng/ml), vascular 589 

endothelial growth factor (VEGF; 20 ng/ml) (all from Sigma-Aldrich), transforming growth factor-a 590 

(TGF-a; 5 ng/ml, PeproTech), interferon-g (IFN-g; 100 U/ml, Promega) and interleukin-1b (IL-1b; 591 

10 ng/ml, Calbiochem), followed by harvesting for Western blotting. 592 

For inhibitor treatments, HaCaT and RT3 cells were treated with 10 µM SB431542 (Cat. No. S1067, 593 

Selleckhem) and control samples with 0.1% dimethyl sulfoxide (DMSO) in DMEM supplemented 594 

with 0.5% FCS for overnight at 37°C. The next day, 3D spheroids were constructed either with or 595 

without skin primary fibroblasts and the spheroids were allowed to grow in serum-free DMEM for 596 

three days (invasion assays) or for five days (Western blotting). Fresh serum-free medium 597 

supplemented with 10 µM SB431542 (or 0.1% DMSO) and ascorbic acid (50 µg/ml) was added daily. 598 

To test the inhibitor in 2D conditions, HaCaT and RT3 cells were treated with 10 µM SB431542 (or 599 

0.1% DMSO) in DMEM supplemented with 0.5% FCS for overnight at 37°C. After that, the cells 600 

were stimulated with TGF-b (10 ng/ml, 30 min/+37°C) and harvested for Western blotting. 601 

Invasion assays from 3D spheroids in collagen I 602 

Before making the spheroids, HaCaT and RT3 cells were treated with hydroxyurea (1 mM in DMEM 603 

supplemented with 1% FCS; H8627, Sigma) for 4h at +37 °C to prevent cell proliferation. The cells 604 

were then stained with CellTrackers, constructed into spheroids and allowed to grow for three days. 605 

Ascorbic acid (50 µg/ml in serum-free DMEM) and hydroxyurea (0.5 mM in serum-free DMEM) 606 

were added daily. Three-day-old spheroids were plated on collagen I coated 96-well plates (0.035 607 

mg/ml; Collagen solution from bovine skin, C4243, Sigma) and collagen I gel (2.0 mg/ml; Type I 608 
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Bovine Collagen Solution, 5010, Nutragen) was layered on the top of the spheroids. DMEM 609 

supplemented with 10% FCS was added above the collagen gel. To study the effect of TGF-b1 610 

receptor kinase inhibitor SB431542 on cell invasion, the medium on top of the collagen I gel was 611 

supplemented with 10 µM SB431542, or in control samples with 0.1% DMSO. In the a6 integrin 612 

blocking assay, a6 integrin antibody (40 µg/ml) or in control samples, normal rat IgG (40 µg/ml) was 613 

added to the medium (DMEM supplemented with 10% FCS) on top of the collagen I gel. Spheroids 614 

were allowed to invade for 96h and they were imaged every 24h with Zeiss LSM780 or Zeiss LSM880 615 

confocal microscope. Fiji, an image processing platform based on ImageJ [74] was used to calculate 616 

the invasion, i.e. the area covered by cells. The cell invasion of 2-4 spheroids from each sample were 617 

analysed from three independent biological replicates. 618 

 619 

a6 integrin blocking assay  620 

RT3 cells were first labeled in 2D monolayer cell cultures with red CellTracker for 1h/+37°C, as 621 

described above. After that, the cells were detached from tissue culture plastic with 0.025% 622 

trypsin/EDTA (Lonza) and incubated with 1 mg/ml trypsin inhibitor (T9128, Sigma-Aldrich) for 5 623 

min in suspension. The cells were then centrifuged (4 min/1500 rpm) and resuspended in serum-free 624 

DMEM containing function-blocking a6 integrin antibody (40 µg/ml) (CD49f, clone eBioGoH3 625 

(GoH3), #14-0495-81, eBioscience) for 1h at 37 °C. In control samples, normal rat IgG (40 µg/ml) 626 

(sc-2026, Santa Cruz Biotechnology) was used. The cells were then constructed into spheroids with 627 

skin primary fibroblasts (labeled in 2D monolayer cell cultures with green CellTracker) and after 628 

three days, the spheroids were used in invasion assays as described above. 629 

Western blot analysis 630 

Samples were harvested in RIPA buffer (89900, Thermo Scientific), separated in 6-13% SDS-631 

polyacrylamide gels and electroblotted onto nitrocellulose membrane (sc-3718, Santa Cruz). The 632 

following antibodies were used: laminin-5 (1:1000, ab14509, Abcam); phospho-p44/42 MAPK 633 
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(1:1000, #9101), p44/42 MAPK (1:1000, #9102), phospho-Smad2 (1:1000, #3108) and Smad2 634 

(1:1000, #5339) (all from Cell Signaling Technology); H-Ras (1:1000, 18295-I-AP, ProteinTech) and 635 

β-actin (1:50 000, A-1978, Sigma-Aldrich). 636 

The membranes were incubated with the primary antibodies overnight at +4 °C, followed by 637 

incubation with secondary antibodies (926-32213, 926-32212, 926-68072 or 926-68073, all diluted 638 

1:10 000, LI-COR Biosciences) for 1h/RT. The membranes were scanned with Odyssey infrared 639 

imaging system (LI-COR), and the band intensities were determined by densitometric analysis using 640 

the Odyssey software. Average from three or four independent biological replicates was calculated. 641 

Mass spectrometry 642 

The proteins from 3D spheroid culture were dissolved in 50 µl of 8 M Urea, 100 mM ammonium 643 

bicarbonate. The cysteines were reduced in 10 mM dithiotreitol at 37°C for 1h and alkylated in 40 644 

mM iodoacetamide at room temperature for 1h. LysC/Trypsin mixture (Promega) was added at a 25:1 645 

protein:protease ratio (w/w), and the proteins were digested at 650 rpm at 37°C for 4h. After dilution 646 

of the digestion mixture to 0.8 M urea with 100 mM ammonium bicarbonate, the digestion was 647 

continued for additional 16h, and subsequently filtrated by a Microcon ultrafiltration device with 10 648 

kDa cutoff (Merck-Millipore, Billerica, MA, USA). The peptides were desalted by StageTips [75] 649 

and vacuum dried before the LC-MS/MS run. 650 

An amount of 1 µg of the peptide mixture dissolved in 1 % formic acid at a concentration of 100 651 

ng/µl (determined by absorbance at 280 nm assuming that 1 absorbance unit equals 1 µg/µl) was 652 

loaded on a nanoflow HPLC system (Easy-nLC1000, Thermo Fisher Scientific) coupled to the Q 653 

Exactive mass spectrometer (Thermo Fisher Scientific) equipped with a nano-electrospray ionization 654 

source. The peptides were first loaded on a trapping column and subsequently separated inline on a 655 

15 cm C18 column (75 µm x 15 cm, ReproSil-Pur 5 µm 200 Å C18-AQ, Dr. Maisch HPLC GmbH, 656 

Ammerbuch-Entringen, Germany). The mobile phase consisted of 0.1% formic acid (solvent A) and 657 

acetonitrile/water (95:5 (v/v)) with 0.1% formic acid (solvent B). The peptides were separated with a 658 
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46 min gradient from 7 to 25 % of solvent B followed by 4 min gradient from 25 to 35 % of solvent 659 

B. Before the end of the run, the percentage of solvent B was raised to 100 % in 5 min and kept there 660 

for 5 min. Full MS scan over the mass-to-charge (m/z) range of 300-1750 with a resolution of 140,000 661 

followed by data dependent acquisition of with an isolation window of 2.0 m/z and a dynamic 662 

exclusion time of 30s was performed. The top 10 ions were fragmented by higher energy collisional 663 

dissociation (HCD) with a normalized collision energy of 27 and scanned over the m/z range of 200-664 

2000 with a resolution of 17,500. After the MS2 scan for each of the top 10 ions had been obtained, 665 

a new full mass spectrum scan was acquired and the process repeated until the end of the 60-min run. 666 

Data analysis for mass spectrometry 667 

Tandem mass spectra were searched using the MaxQuant software (version 1.5.2.8) against a 668 

database containing reviewed (SwissProt) human sequences, of UniProtKB release 2017_06. 669 

Peptide-spectrum-match- and protein-level false discovery rate thresholds were set to 0.01. 670 

Carbamidomethyl (C), as a fixed modification, and oxidation (MKP) as dynamic modifications were 671 

included. A maximum of two missed cleavages by trypsin (also before P) was allowed. The LC-MS 672 

profiles were aligned (within 20 min), and the identifications were transferred to non-sequenced or 673 

non-identified MS features in other LC-MS runs (within 0.7 min). The protein was determined as 674 

detected in the sample if its identification had been derived from at least two unique peptide 675 

identifications. Filtering for contaminating proteins, reverse identification and identification by site 676 

was used. The summed extracted ion intensities of the peptides of each identified protein from three 677 

repeated runs of each sample were normalized by the sum of intensities of all identified proteins. The 678 

corresponding gene names of all identified proteins along with their log2-transformed normalized 679 

intensities were fed to Morpheus tool (https://software.broadinstitute.org/morpheus) and hierarchical 680 

clustering of the gene names was performed. 681 

Spheroid intensity profiling  682 

The spheroid intensity profiles obtained from ImageJ were aligned by normalizing the distances from 683 

the spheroid edge by spheroid diameter. The original intensity values and spheroid diameter were 684 
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determined from a single z-stack (the middle stack of all the z-stacks) of confocal images by using 685 

the plot profile tool in ImageJ. For each channel separately, the aligned intensities were normalized 686 

by the total area under the intensity curve. 12 spheroids from three independent biological replicates 687 

were analysed. 688 

Confocal imaging 689 

The spheroids were imaged with Zeiss LSM780 confocal microscope or with Zeiss LSM880 690 

AiryScan confocal microscope (Zeiss, Jena, Germany) (10x objective; numerical aperture [NA] 0.3; 691 

green CellTracker excitation at 488 nm, orange CellTracker excitation at 543 nm, and Alexa Fluor 692 

633-secondary antibody excitation at 633 nm). The imaging was performed at the Cell Imaging Core, 693 

Turku Bioscience, University of Turku and Åbo Akademi University.  694 

Statistical analysis 695 

Since it was not possible to estimate the effect size before doing the experiments, initially three 696 

independent experiments were performed and the mean and standard deviation of each group were 697 

calculated to get the effect size. A program G*power [76] was used to calculate the minimal sample 698 

size that ensures power > 80 % to detect the calculated effect size. Sample size of at least three per 699 

group was chosen since it ensured power > 80 % in most cases. All quantitative data are presented 700 

as mean ± standard deviation (S.D.) or standard error of the mean (S.E.M.), as stated in the figure 701 

legends. All data were subjected to the Shapiro Wilk normality test. Levene’s test was used to detect 702 

the homogeneity of variances between the statistically compared groups. Statistical differences were 703 

determined using either analysis of variance (ANOVA) complemented by appropriate post hoc tests 704 

(Tukey (variances between the statistically compared groups were similar) or Dunnett’s T3 (variances 705 

between statistically compared groups were not similar)) or Student’s t-test. Origin 2015 software 706 

(OriginLab Corporation) and SPSS (IBM Corporation, version 25) were used to perform the analyses. 707 

Only two-tailed p values < 0.05 were considered as statistically significant. R software version 3.5.1 708 

was used to conduct Fisher’s exact tests.   709 
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SUPPLEMENTARY FIGURES 1006 

Supplementary Figure 1. Expression of laminin-332 γ2 chain and α-smooth muscle actin (α-SMA) in cSCC 1007 
tumor samples and laminin-332 in cSCC cell lines and HaCaT/ras-HaCaT cells. (A) cSCC tissue section was 1008 
stained with laminin γ2 antibody (left panel). Specific staining of laminin γ2 was seen in cytoplasm of cSCC 1009 
tumor cells (black arrow). The surrounding cSCC tumor stroma was negative (white arrow). Parallel tissue 1010 
section of cSCC was stained with α-SMA antibody (right panel). Specific staining of α-SMA was noted in 1011 
fibroblasts (white arrow) and the staining of cSCC cells was negative (black arrow). Scale bars=100µm. (B) 1012 
Quantification of laminin-332 a3, b3 and g2 chain, and phosphorylated ERK1/2 (p-ERK1/2) from Western 1013 
blots in Figure 1D. Box plots show data from three independent biological replicates (red dots), the second 1014 
and third quartiles (the box), the median (blue line) and the mean (star) from all experiments ± S.D. *p<0.05, 1015 
ns=non-significant (one-way ANOVA followed by Tukey or Dunnett’s T3 post hoc tests).  1016 
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Supplementary Figure 2. Distribution of matrisome proteins among 3D monocultures (HaCaT/ras-HaCaT 1017 
cells alone) and cocultures (HaCaT/ras-HaCaT cells with skin primary fibroblasts). (A, B) Venn diagrams 1018 
show the number and percentage of all detected matrisome proteins when keratinocytes have been cultured 1019 
alone (A) or as a coculture with fibroblasts (B). (C, D, E) Pie charts show the detected ECM proteins grouped 1020 
by their ECM categories. (C) Proteins from at least one keratinocyte monoculture (HaCaT, A5, II-4 or RT3). 1021 
(D) Proteins from at least one keratinocyte coculture with fibroblasts. (E) Proteins from fibroblast monoculture. 1022 
The protein was regarded as detected if its intensity in the sample was at least 10 times higher than in the blank 1023 
run and its identification was derived from at least 2 peptide-spectrum matches and transferred peptide 1024 
identifications.  1025 
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Supplementary Figure 3. Quantification of laminin-332 a3, b3 and g2 chain from Western blots in Figure 1026 
2C. Box plots show data from four independent biological replicates (red dots), the second and third quartiles 1027 
(the box), the median (blue line) and the mean (star) from all experiments ± S.D. ***p<0.001, *p<0.05 (one-1028 
way ANOVA followed by Tukey or Dunnett’s T3 post hoc tests).  1029 
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Supplementary Figure 4. Western blot analysis of 3D and 2D cultured HaCaT/ras-HaCaT cells after H-Ras 1030 
silencing. (A) Quantification of laminin-332 a3, b3 and g2 chain, and H-Ras from Western blots in Figure 3A. 1031 
Box plots show data from three independent biological replicates (red dots), the second and third quartiles (the 1032 
box), the median (blue line) and the mean (star) from all experiments ± S.D. (B) Quantification of laminin-1033 
332 a3, b3 and g2 chain, and H-Ras from Western blots in Figure 3B. Box plots show data from three 1034 
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independent biological replicates (red dots), the second and third quartiles (the box), the median (blue line) 1035 
and the mean (star) from all experiments ± S.D. (C) Quantification of laminin-332 a3, b3 and g2 chain, and 1036 
H-Ras from Western blots in Figure 3C. Box plots show data from three independent biological replicates (red 1037 
dots), the second and third quartiles (the box), the median (blue line) and the mean (star) from all experiments 1038 
± S.D. **p<0.01, *p<0.05 (one-way ANOVA followed by Tukey post hoc test).  1039 
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Supplementary Figure 5. Inhibition of fibroblast-derived TGF-b signaling decreases laminin-332 production. 1040 
(A) Western blot analysis of HaCaT cells that were grown as 3D spheroids for 24h. The spheroids were then 1041 
subjected to a panel of growth factors and cytokines for additional 48h. b-actin was used as a loading control. 1042 
(B) Quantification of laminin-332 a3, b3 and g2 chain from Western blots in Figure 4C. Box plots show data 1043 
from three independent biological replicates (red dots), the second and third quartiles (the box), the median 1044 
(blue line) and the mean (star) from all experiments ± S.D. **p<0.01 (one-way ANOVA followed by Tukey 1045 
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post hoc test). (C) RT3 cells were treated with SB431542 or DMSO for 24h, followed by 3D spheroid 1046 
formation. The spheroids were allowed to grow for five days before harvesting for Western blotting. b-actin 1047 
was used as a loading control. Representative Western blots from three independent biological replicates are 1048 
shown. (D) Quantification of laminin-332 a3, b3 and g2 chain from Western blots in Supplementary Figure 1049 
5C. Box plots show data from three independent biological replicates (red dots), the second and third quartiles 1050 
(the box), the median (blue line) and the mean (star) from all experiments ± S.D. **p<0.01 (Student’s t-test). 1051 
(E) Western blot analysis of 2D cultured RT3 cells that were either left uninfected or infected (100 MOI) with 1052 
control adenovirus RAd66 or kinase-defective ALK5 (RAdKD-ALK5) adenovirus for 72h. The cells were 1053 
then stimulated with TGF-b (10 ng/ml, 30 min/+37°C) and harvested for Western blot analysis for 1054 
phosphorylated Smad2 (p-Smad2) and total Smad2 (tot-Smad2). (F) Quantification of laminin-332 a3, b3 and 1055 
g2 chain from Western blots in Figure 4D. Box plots show data from three independent biological replicates 1056 
(red dots), the second and third quartiles (the box), the median (blue line) and the mean (star) from all 1057 
experiments ± S.D. ***p<0.001 (Student’s t-test).   1058 
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Supplementary Figure 6. RT3 cell invasion through collagen I requires active H-Ras signaling and fibroblast-1059 
derived TGF-b signaling. (A) RT3 cells were first treated with H-Ras or control siRNA for 24h, the cells were 1060 
then labeled with red CellTracker and constructed into 3D spheroids, and allowed to grow for three days. The 1061 
spheroids were then transferred to a 96-well plate and embedded with a collagen I gel. The invasion was 1062 
followed by a confocal microscope every 24h during five days. Scale bar, 500 µm. From each time point, 2-4 1063 
spheroids were imaged. Three independent biological replicates were performed. (B) RT3 cells were first 1064 
treated with SB431542 or DMSO for 24h, the cells were then labeled with CellTrackers (RT3 cells in red and 1065 
fibroblasts in green) and the spheroids were formed with fibroblasts and allowed to grow for three days. After 1066 
that, the spheroids were transferred to a 96-well plate and embedded with a collagen I gel. The invasion was 1067 
followed by a confocal microscope every 24h during five days. Scale bar, 500 µm. From each time point, 2-4 1068 
spheroids were imaged. Three independent biological replicates were performed. (C) RT3 cells were treated 1069 
with SB431542 or DMSO for 24h, the cells were then labeled with red CellTracker and constructed into 3D 1070 
spheroids, and allowed to grow for three days. After that, the spheroids were transferred to a 96-well plate and 1071 
embedded in a collagen I gel. The invasion was followed by a confocal microscope every 24h during five days. 1072 
Scale bar, 500 µm. From each time point, 2-4 spheroids were imaged. Three independent biological replicates 1073 
were performed. 1074 

 1075 

Supplementary Figure 6 

A 0h 48h 96h
si

C
on

tro
l

si
H

-R
as

R
T3

B C
RT3Fibroblast

DMSO
RT3Fibroblast

SB431542

0h
24

h
48

h
72

h
96

h

DMSO SB431542
RT3

0h
24

h
48

h
72

h
96

h



 55 

Supplementary Figure 7. Staining of laminin-332 γ2, p-ERK1/2 and p-Smad2 in cutaneous squamous cell 1076 
carcinoma (cSCC) xenograft tumors. Human metastatic cSCC cells (UT-SCC-7; 5x106) were injected 1077 
subcutaneously into the back of SCID/SCID mice. Xenograft tumors were harvested after 18 days and stained 1078 
for immunohistochemistry using laminin-332 γ2 (left panel), p-ERK1/2 (middle panel) and p-Smad2 (right 1079 
panel) antibodies. The staining for laminin-332 γ2, p-ERK1/2 and p-Smad2 showed colocalization in the 1080 
xenograft tumor invasive front. Scale bar =100 µm. 1081 
 1082 

Supplementary Figure 7 



 56 

  1083 

Supplementary Figure 8
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Figure 3B
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Figure 4C

75

100

135
180
kDa Laminin-332 β-actin

35

48

63

kDa

Probed from Laminin-332 blot

Figure 4D 

Laminin-332 β-actin

75

100
135
180

kDa

35

48

63

kDa

Probed from Laminin-332 blot

75

63

kDakDa

48

75

63

48

p-Smad2 tot-Smad2

Figure 4B 

kDa

Probed from Laminin-332 blot

Figure 6A 
β-actinLaminin-332



 59 

Supplementary Figure 7. Uncropped Western blots from indicated figures in the paper. The red boxes show 1086 
approximately the cropped parts of the blots presented in the figures.1087 
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Supplementary Data 1. Core matrisome and matrisome-associated proteins detected in HaCaT/ras-HaCaT 
cells that were cultured as 3D spheroids either alone or in coculture with skin primary fibroblasts.   


