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Suppl. Fig. 1: Sanger sequencing confirming editing of the SPPL3 locus in HEK293 cells. Only truncated PCR products were 

amplified from gDNA of edited HEK293 clones #1, #5 and #6 (top panel, which is identical to the one shown in Fig. 1b) 

demonstrating that only edited alleles are present in these cells. Individual PCR products were gel-purified, Sanger sequenced and 

aligned to the human reference genome (top) confirming deletions between two sgRNA binding sites (colour-coded arrows). Note 

that clean assembly of Sanger reads was only possible for PCR products highlighted in magenta boxes, as additional bands in clone 

#5 and #6 (white boxes) displayed only marginal difference in length (confirmed by capillary gel electrophoresis, data not shown) 

and thus could not be separated sufficiently from each other. Grey arrowheads indicate indel variants occurring in addition to the 

larger deletions. Putative translation products of each read are shown above each assembled sequence starting with the first full 

codon in exon 8 (corresponding to Val204 in SPPL3 (Uniprot Q8TCT6-2)). 
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Suppl. Fig. 2: Sanger sequencing of predicted sgRNA off-target binding sites in HEK293 cells. Highly ranked putative off-target 

binding sites are listed for each of the three sgRNAs used (as predicted by IDT’s online tool (Coralville, USA) and CHOPCHOP [1]). 

Primers specifically amplifying a < 1,000 bp fragment comprising the predicted off-target site were designed using Primer-BLAST. 

PCR was performed on gDNA isolated from the generated SPPL3-deficient HEK293 clones #1, #5 and #6. PCR products were gel-

purified and Sanger sequenced. Clipped reads comprising the putative off-target binding site (indicated by arrows), a potential 3’ 

PAM as well as 10 nucleotides upstream and downstream are shown.  
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Suppl. Fig. 3: Identification of substrates of endogenous SPPL3 in HEK293 cells. (a) Pre-HYTANE analysis of HEK293 CM. Prior to 

HYTANE, TMT-labelled tryptic peptides were analysed and quantified. In total, 1,467 proteins were quantified. Data 

labelling/colouring and thresholds are set as in Fig. 2b. (b) 1D-LC FAIMS data highlighting the efficiency of the HYTANE strategy to 

deplete internal trypsin (Arg-C) generated peptides. Number of internal (left) and N-terminal (right) peptides (either acetylated of 

TMT-labelled) detected before enrichment (“Pre-HYTANE”) and after the depletion of internal tryptic (Arg-C) peptides using the 

HYTANE strategy (“HYTANE”). Prior to depletion, N-termini are rarely chosen for MS/MS fragmentation, which become the 

majority with ≈90% of detected peptides following HYTANE. (c) Data from Fig. 2c with enlarged area covering type II membrane 

protein-derived peptides (filtered for intramembrane origin with x = 30 aa, see Fig. 2e) significantly (p < 0.05) more abundant in 

CM of parental HEK293 cells, but with a log2-fold change in the indicated range below the median ± 2SD cut-off applied throughout 

Fig. 2. Large black dots depict N-terminal peptide derived from proteins previously found to be altered upon changes in SPPL3 

expression in secretome data [2]. Coloured dots denote peptides from the same type II protein. (d) Mapping of cleavage sites 

identified for substrates denoted by a black dot in (c). (e) (left) Post-nuclear supernatants of cell homogenates were loaded on a 

discontinuous sucrose gradient as depicted and separated by centrifugation. Vesicle fractions (F1 to F3) at the interphases were 

collected, sedimented at 100,000 g and lysed. (right) Immunoblot analysis of isolated fractions revealed marked enrichment of 

Golgi markers and SPPL3 in F1 (bottom half), while no other subcellular markers analysed were enriched in F1. mem, lysates of 

carbonate-washed membranes; WCL, whole cell lysate (RIPA). (f) Volcano plot depicting proteins identified by label-free 

quantification of F1 characterized in (e) and isolated from three SPPL3 KO HEK293 clones and three replicates of parental HEK293 

(ctrl) cells. 4,056 proteins were detected and 110 proteins had their values imputed. Type II membrane proteins are shown in 

black, unless significantly more abundant in SPPL3 KO or parental cells (red and blue, respectively). Thresholds are indicated by 

red dashed lines at p = 0.05 and a log2-fold change of Median ± 2 SD. 

  



 
 

 
 
 
  



 
Suppl. Fig. 4: Generation of SPPL3-deficient HeLa cells. (a) Transcript levels of genes encoding potential SPPL3 substrates in HeLa 
and HEK293 cells. A heatmap was generated from published transcriptome data [3]. Data were filtered for genes encoding type II 
membrane proteins implicated in Golgi glycosylation pathways (based on [4, 5]) and previously identified SPPL3 substrates. (b) 
Sanger sequencing confirming editing of the SPPL3 locus in HeLa cells. Only truncated PCR products were amplified from gDNA of 
edited HeLa clones (top panel, which is identical to the one shown in Fig. 3A) demonstrating that only edited alleles are present 
in these cells. Individual PCR products were gel-purified, Sanger sequenced and aligned to the human reference genome (top) 
confirming deletions between two sgRNA binding sites (colour-coded arrows). Note that clean assembly of Sanger reads was only 
possible for PCR products highlighted in magenta boxes, as additional bands in clone E5 (white box) displayed only marginal 
difference in length (confirmed by capillary gel electrophoresis, data not shown) and thus precluded clean Sanger sequencing. 
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Suppl. Fig. 5: Sanger sequencing of predicted sgRNA off-target binding sites in HeLa cells. For details, see Suppl. Fig. 2 legend.  



 
  



 

 
Suppl. Fig. 6: Immunoblot validation of novel SPPL3 substrates in SPPL3-deficient HEK293 cells. (a) Quantitative analysis of 

SPPL3-dependent secretion of CHST3, GALNT2 and MGAT1 in HEK293 SPPL3 KO cells. CHST3, GALNT2 and MGAT1 levels in TCA-

precipitated CM (top left) and lysates of carbonate-washed membranes (top right) were analysed in parental HEK293 cells (ctrl) 

as well as three HEK293 SPPL3 KO clones (each in three replicates, #1 to #3). The relative abundance of secreted CHST3, GALNT2 

and MGAT1 in TCA-precipitated CM of SPPL3 KO cells compared to parental cells was calculated and plotted (bottom right) 

following densitometric immunoblot quantification and normalisation to total protein content as assessed by CBB staining. Plotted 

data include individual data points for the three replicates as well as mean ± SD. *, unspecific band (not quantified). **, p < 0.01, 

***, p < 0.001 (one-way ANOVA). (b) Validation of B3GAT3 as SPPL3 substrate. TCA-precipitated CM and whole-cell lysates (WCL) 

were prepared from HEK293 cells and SPPL3-deficient HEK293 cells (clone #1) transfected with GFP or C-terminally V5-tagged 

B3GAT3. (c) Validation of CHST14 as SPPL3 substrate, conducted as detailed in (b), but cells transfected with GFP or C-terminally 

V5-tagged CHST14. (d) SPPL3-independent generation of a CHST14 neo-N-terminal peptide. (top) Volcano plot from Fig. 4d was 

modified to only show CHST14-derived peptides and only one peptide comprising aa 69 to 78 of CHST14 was detected in the 

dataset. (bottom) The identification of CHST14[69-78] suggests that SPPL3-independent cleavage of CHST14 can occur in the 

membrane-proximal luminal stem yet outside of the TMD.  

 

  



 

 
Suppl. Fig. 7: Immunoblot validation of novel SPPL3 substrates in SPPL3-deficient HeLa  and HEK293 SPPL3 D271A knock-in cells. 

(a) Quantitative analysis of SPPL3-dependent secretion of CHST3, GALNT2 and MGAT1 in SPPL3 KO HeLa cells. CHST3, GALNT2 and 

MGAT1 levels in TCA-precipitated CM (left) and lysates of carbonate-washed membranes (right) were analysed in parental HEK293 

cells (ctrl) as well as three HeLa KO clones (each in three replicates, #1 to #3). The relative abundance of secreted CHST3, GALNT2 

and MGAT1 in TCA-precipitated CM from KO cells compared to parental cells was calculated and plotted (bottom left panel) 

following densitometric immunoblot quantification and normalisation to total protein content as assessed by CBB staining. Plotted 

data include individual data points for the three replicates as well as mean ± SD. (b) Immunoblot analysis of GALNT2 secretion 

from HeLa cells as shown in Fig. 5b but with a different GALNT2-specific antibody. (c) Quantitative analysis of SPPL3-dependent 

secretion of CHST3, GALNT2 and MGAT1 in HEK293 SPPL3 D271 knock-in cells. CHST3, GALNT2 and MGAT1 levels in TCA-

precipitated CM (left) and lysates of carbonate-washed membranes (right) were analysed in parental HEK293 cells (ctrl) as well as 

three HEK293 SPPL3 D271A knock-in clones (each in three replicates, #1 to #3). The relative abundance of secreted CHST3, GALNT2 



and MGAT1 in TCA-precipitated CM from SPPL3 D281A knock-in cells compared to parental cells was calculated and plotted (centre 

panel) following densitometric immunoblot quantification and normalisation to total protein content as assessed by CBB staining. 

Plotted data include individual data points for the three replicates as well as mean ± SD. *, unspecific band (not quantified). ***, 

p < 0.001 (one-way ANOVA). n.s., not significant. 

 

 

 

 

 

 
Suppl. Fig. 8: IceLogo analyses of SPPL3 substrates. (a, b) IceLogo analyses of regions flanking SPPL3 cleavage sites (P15 to P3’). 

Peptide sequences used for the analysis are detailed in Suppl. Tab. S10 and are identical to the ones used for Fig. 6b. The reference 

dataset consisted of the last 18 aa of the annotated TMDs of all (a) or only Golgi-localised (b) type II membrane proteins. Aa 

enrichment and depletion was calculated using the fold change (top panels) and the % difference setting (middle panels). Note 

that at p = 0.05 no de-enrichment of aa residues in region analysed was noted. The relative abundance of individual aa at specific 

positions is also plotted (bottom panel). Residue colouring is based on IceLogo’s hydrophobicity scale (hydrophobic residues in 

blue). (c) IceLogo analysis of the last 18 TMD residues of all confidently identified SPPL3 substrates (see Suppl. Fig. 10). The 

reference dataset included the corresponding region of all type II proteins, yet excluding proteins in the input dataset. All input 

and reference data are listed in Suppl. Tab. S10. 

 



Suppl. Fig. 9: Potential Golgi GME-derived intramembrane cleavage products and membrane proximal peptides found in human 

plasma. (a) Semi-tryptic peptides present in the Human Plasma PeptideAtlas (Build 2021-07) that map to the transmembrane 

domain of Golgi GMEs displaying a type II membrane protein topology and not yet conclusively identified as SPPL3 substrates. 

Arrows indicate intramembrane cleavage events that would give rise to such neo-N-termini. Numbers under the arrow indicate 

“times observed” in the database. (b) Semi-tryptic and tryptic peptides for type II membrane protein Golgi GMEs found in Human 

Plasma PeptideAtlas that map to the first 10 luminal aa acids (position = last residue of annotated TMD). Relative peptide 

abundance was calculated for each parent protein by dividing the number of observations for each peptide by the total 

observations made for any peptide deriving from the parent protein. Numbers in brackets indicate peptide positions. 

 
  



 

 
Suppl. Fig. 10: Summary of the SPPL3 substrates identified in this study and previous studies. For all substrates, given here by 

gene name and listed in alphabetical order, this figure summarises evidence presented in this study (right) and in previous studies 

(left) that support their SPPL3-mediated proteolytic processing. Note that, for the purpose of this simplified overview, evidence 

for both murine and human experimental models is considered and summarized under the gene name of the human substrate 

orthologue. For B4GALT1 and B4GALT3 the previously reported cleavage sites Tyr41|Leu42 and Met24|Tyr25, respectively (which 

were based on the identification of semi-tryptic peptides originating in the respective TMDs), are not in agreement with the 

cleavage sites determined here (Fig. 2h & 3e). To be considered in this table, a given SPPL3 substrate needs to fulfil at least two 

of the criteria leading to the omission of several candidate SPPL3 substrates identified to be secreted in a SPPL3-dependent fashion 

following secretome enrichment by Kuhn et al. [2]. 
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