SUPPORTING INFORMATION
Materials and methods
Immunofluorescence staining of paraffin-embedded tissue
Formalin-fixed, paraffin-embedded (FFPE) tissue from healthy control subjects was sectioned at 5 m, deparaffinized and rehydrated. Antigen retrieval was performed with Proteinase K (Agilent Technologies, Kista, Sweden) for SDR9C7 and protease (Sigma-Aldrich, Stockholm, Sweden) for TGm-1 and filaggrin, for 5 min at room temperature (RT). Sections were blocked with Background Sniper (Biocare Medical, Pacheko, CA), 20 min, RT, and incubated with primary antibodies (see Table S1) over night at 4°C. The secondary antibodies were anti-mouse AF568, anti-rabbit AF594 and for filaggrin anti-mouse AF488 (all from Invitrogen, Stockholm, Sweden) used at a 1:500 dilution, and incubated for 30 min at RT.  Phosphate-buffered saline supplemented with 0.05 % Tween 20 (Scharlau, Barcelona, Spain) (PBS-T) was used for washing, and 2 % bovine serum albumin (Sigma-Aldrich) in PBS-T for dissolving the antibodies. Nuclei were counterstained with 600 nM DAPI (Sigma-Aldrich), 5-10 min, RT, and slides were mounted with Fluorescence Mounting Medium (Agilent Technologies).
Double IF of PNPLA1 and Laminin 5
Normal human skin biopsies were frozen and sectioned at 6 m in a cryostat. Tissue sections were fixed in ice-cold acetone for 10 minutes, air-dried and washed followed by blocking with Background Sniper (Biocare Medical) for 30 minutes at RT. The tissue samples were then incubated at 4C overnight with anti-PNPLA1 and anti-laminin 5 (see Table S1 for details). After rinsing, the specimens were incubated with anti-goat AF488 and anti-rabbit AF594 (Invitrogen), both diluted 1:500, and washed as above. The slides were mounted with Vectashield mounting medium containing DAPI (Vector Labs). 

Table S1. Primary antibodies used for IF and isPLA
	Antibody (Product number or clone)
	Species and type
	 Vendor
	Dilution
(IF)
	Dilution
(isPLA)

	TGm-1
(12912-3-AP)
	Rabbit polyclonal
	Proteintech, Manchester, UK
	1:75
	1:100

	SDR9C7
(10B4)
	Mouse monoclonal
	LifeSpan BioSciences, Seattle, WA
	1:400
	1:400

	Filaggrin
(15C10)
	Mouse monoclonal
	Leica Biosystems, Newcastle upon Tyne, UK
	1:300
	1:300

	Laminin-5
(ab14509)
	Rabbit polyclonal
	Abcam plc, Cambridge, UK
	1:1000
	-

	PNPLA1
(sc-49708)
	Goat polyclonal
	Santa Cruz, Heidelberg; Germany
	1:200
	-


TGm-1: transglutaminase-1, SDR9C7: Short Chain Dehydrogenase/ Reductase Family 9C Member 7, PNPLA1: Patatin-Like Phospholipase Domain-Containing Protein 1. 

In situ proximity ligation assay (isPLA)
[bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK45]We analyzed the colocalizations of TGm-1 with SDR9C7 or filaggrin in the epidermis of healthy controls by using DuoLink In situ PLA Probes and Detection Reagent Orange (Sigma). Normal skin biopsies were fixed in 4 % buffered formalin and embedded in paraffin. 5 µm sections were prepared, deparaffinized and rehydrated, and encircled with ImmEdge hydrophobic pen (Vector Labs). Antigen retrieval was performed with proteinase K for isPLA of TGm-1/SDR9C7 and with protease for TGm-1/filaggrin for 5 min at RT. After rinsing, the samples were blocked with Background Sniper (Biocare Medical) for 15 minutes at RT. The primary antibodies of anti-TGm-1 and anti-SDR9C7, or anti-TGm-1 and anti-filaggrin, were diluted according to Table S1 and mixed. The antibody combinations were added to tissue sections and incubated at 4C overnight. The following steps of isPLA include PLA probe incubation, ligation and amplification, and were performed according to the manufacturer’s instructions (Sigma).
Microscopy
Microscopic images were obtained with a Zeiss AxioImager Z1 microscope (Carl Zeiss, Stockholm, Sweden) at 40x magnification using the ZEN2012 (Blue edition) software and saved in .czi format. For IF staining, single-focal-plane images were taken. For isPLA, z-stack images were obtained, in order to collect isPLA signals present at different depths in the tissue section. For images used in the projection pipeline, the fluorescent channels and display colors should be used in the following order: first nuclear DAPI staining (blue) and second isPLA signal Cy3 (red).

Instructions on how to use the CellProfiler pipelines for analysis of epidermal protein expression and colocalization
In brief, the analysis of epidermal protein expression and colocalization was performed using three pipelines: I) Projection: isPLA signals in different focal planes of a z stack image were projected into a single .tif image. This step was bypassed for IF images, which were taken in single focal plane and directly exported as lossless .tif files. II) Region-of-interest (ROI): Using the output from step 1, a ROI was manually outlined by drawing a line along the uppermost nucleated epidermal layer, and including the epidermis and reticular dermis. III) Measurement: The epidermal outline from pipeline 2 was used to generate a segmentation of the image from pipeline 1. The segmentation included two layers above the outline (i.e., stratum corneum) and up to 18 layers below, depending on the epidermal thickness. The fluorescence intensity in red, green and blue image channels and the isPLA signal count was automatically measured for each layer.
The CellProfiler software and the pipelines used in this study will be available for downloading at www.cellprofiler.org. A schematic overview of how to use the pipelines to analyze staining results of IF and isPLA in skin section can be found in Figure S1.
[image: ]
Figure S1. Schematic illustration of the operating procedure using the CellProfiler pipelines. Microscope images are obtained (box 1). Single-focal-plane images of IF staining are used for direct export of .tif images from microscope software (box 2). When analyzing z-stack images of isPLA stainings, the stacks are subjected to the projection pipeline to generate .tif images (box 3). For both IF and isPLA, a region-of-interest (ROI) is manually outlined to generate a ROI image (box 4). The .tif and ROI images are used to divide the epidermis into up to 20 layers representing various stages of keratinocyte differentiation, and the median fluorescence intensity and the number of isPLA signals are calculated for each layer and exported to a spreadsheet (box 5).

A detailed instruction of how to use the CellProfiler pipelines follows:
1A)      Projection for the z-stack image of isPLA
a. Open CellProfiler. Import the images to be analyzed by dragging the folder containing .czi-files to the “File list”. Press “Apply filters to the file list” to exclude non-image files that might be in the folder. 
b. Open the pipeline via “File” – “Import” – “Pipeline from file”, then find the pipeline file location and choose “1_Projection.cppipe” for analysis of z-stack images of isPLA. 
Note 1. The pipelines can be modified according to how many color channels are used in the image – currently, for fluorescent images, CellProfiler can analyze up to three color channels (red, green and blue) simultaneously. 
c. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]In “Input modules”, choose “Metadata”. Under “Module settings”, choose “Update metadata”, then “Update”, to show the metadata information in lower panel. 
d. In “Input modules”, choose “NamesAndTypes”, then, choose “Update” in the lower right panel. 
Note 2. The pipeline can run in Test or Analysis Mode. Choose Test Mode to do a one-image test run and see if the pipeline is correctly set up. 
e. [bookmark: OLE_LINK3][bookmark: OLE_LINK4]Before the analysis is run, remember to set up a Default output folder. When ready, press “Analyze images”. This pipeline will generate a “.tif” image (“XX_projection.tif”), to be used in the following pipelines.
1B)     For the single-focal-plane image of IF staining, the projection step is skipped, and a .tif
            image is exported directly from ZEN Blue (Carl Zeiss) in a lossless manner.
2)        ROI
a. Drag the “XX_projection.tif” files or the .tif images of IF stainings to the “File list”. Open the pipeline “2_ROI.cppipe”. 
b. Then, click “Analyze images”. When asked to outline the ROI, press “F” (freehand) and draw a line just above the uppermost nucleated layer of the epidermis, starting a small distance from one of the edges of the image. Continue to draw the line out through the opposite edge of the image, then circle around the dermal part, excluding a small piece of each of the lower corners of the image. End the line at the starting point above the nucleated layer. 
Note 3. If the drawing goes wrong, press “Reset” and draw again. 
c. Wait for the software response and press “Done”. The binary ROI image will be automatically saved in the same folder as the “.tif” image. Drawing has to be done manually for all images. 
3)        Measurement
a. Drag the .tif images and corresponding ROI images to the “File list”, and open the pipeline “3_Measurement.cppipe”. 
b. In “Input modules”, choose “Metadata”. Under “Module settings”, click “Update” in the lower right panel, to show the metadata information. 
c. In “Input modules”, choose “NamesAndTypes”, then, choose “Update” in the lower right panel. 
Note 4. The pipeline can run in Test or Analysis Mode. Choose Test Mode to do a one-image test run and see if the pipeline is correctly set up. 
Note 5. In the test mode, the results of each individual step can be viewed by clicking on the eye (closed eye = result not shown, open eye = result is shown). This can be useful in steps where images are generated (e.g. step 4). If the pipeline works, press “Exit test mode”. 
d. Then, click “Analyze images”.
e. The generated results will consist of an image, “XX(_projection)_layers.png”, and a spreadsheet, “Results_layers.csv”, containing the number of isPLA signals (Children_PLASignals_Count) and the median intensity of nuclear DAPI staining (Intensity_MedianIntensity_OrigBlue), green (Intensity_MedianIntensity_OrigGreen) and red (Intensity_MedianIntensity_OrigRed).
f. Open “Results_layers.csv” with Excel. All data are in column A. Go to “Data”, choose “Text to columns”, choose “Delimited”, press “Next”, tick “Comma” and press “Next”. 
Note 6. If comma is used as a decimal limiter in your software, press the button “Advanced” and change Decimal separator from (,) to (.). 
g. Press “Finish”.
h. Check that the column “Intensity_MedianIntensity_DistanceMap” appear in the order of smallest to largest, otherwise sort the column in values from smallest to largest with ticking off “My data has headers”. 
i. Thereafter, the number of isPLA signals/1000 µm2 in each layer can be calculated by dividing the isPLA signal count (Children_PLASignals_Count) in each layer with the actual area calculated from the pixel area of that layer (AreaShape_Area).

Results
Applying the CellProfiler pipelines for epidermal basal protein expression analysis
The method can also be used to localize and quantify proteins expressed in the basal and suprabasal layers. This is exemplified by a double IF staining of laminin-5 (a basal membrane protein) and patatin-like phospholipase domain-containing protein 1 (PNPLA1), a protein mutated in one kind of autosomal recessive congenital ichthyosis (Figure S2a). The region-of-interest (ROI) is drawn following the epidermal-dermal border (Figure S2b) prior to generating the layers (Figure S2c). The results show that laminin-5 is only expressed in the epidermal basal membrane whereas PNPLA1 was expressed suprabasally, peaking in stratum granulosum and stratum corneum (Figure S2d).

[image: ]
Figure S2. Quantification of protein expression in lower epidermal layers. (a) A double IF staining of laminin-5 (red) and PNPLA1 (green) with nucleic counterstaining (blue) on a skin section from a healthy control. (b) A ROI image was generated via Pipeline II. (c) Figure S2a and S2b were used together in the Pipeline III to generate layers. (d) The median fluorescence intensity of each staining for each layer was plotted against skin depth from superficial dermis at far left to the skin surface at far right. sb, stratum basale, sc, stratum corneum, and AU, arbitrary unit. Scale bar = 16.1µm.

isPLA of TGm-1/filaggrin
To confirm the colocalization of TGm-1 and SDR9C7, we performed a control isPLA of TGm-1/filaggrin (Figure S3b). Both TGm-1 and filaggrin are expressed in stratum granulosum (Figure S3a), but do not have the same subcellular localization. Much fewer isPLA signals of TGm-1/filaggrin were observed compared to those of TGm-1/SDR9C7 (Fig. 2d and S3g) when analyzed with the same CellProfiler pipelines, which suggests that TGm-1 and SDR9C7 are actually colocalized.
[image: ]
[bookmark: _GoBack]Figure S3. Quantification of TGm-1 and filaggrin expression and their colocalization. A .tif image of double IF staining of TGm-1 (red) and filaggrin (green) (a) was used to generate a ROI image (b). Figure S3a and S3b were used together to generate a segmented image (c). The projected image of isPLA of TGm-1/filaggrin (d) was used together with its ROI image (e) to generate a segmented image (f). The median intensity of TGm-1, filaggrin and nuclei DAPI (transformed intensity) staining and isPLA signal density of TGm-1/filaggrin for each layer were plotted against skin depth from stratum corneum (sc, grey zone) at far left to superficial dermis at far right (g). sg, stratum granulosum; AU, arbitrary unit. Scale bar = 16.1 µm.
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