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Interleukin-11 (IL-11) is a member of the IL-6 family of cytokines and is an

important factor for bone homeostasis. IL-11 binds to and signals via the

membrane-bound IL-11 receptor (IL-11R, classic signaling) or soluble

forms of the IL-11R (sIL-11R, trans-signaling). Mutations in the IL11RA

gene, which encodes the IL-11R, are associated with craniosynostosis, a

human condition in which one or several of the sutures close prematurely,

resulting in malformation of the skull. The biological mechanisms of how

mutations within the IL-11R are linked to craniosynostosis are mostly unex-

plored. In this study, we analyze two variants of the IL-11R described in

craniosynostosis patients: p.T306_S308dup, which results in a duplication

of three amino-acid residues within the membrane-proximal fibronectin type

III domain, and p.E364_V368del, which results in a deletion of five amino-

acid residues in the so-called stalk region adjacent to the plasma membrane.

The stalk region connects the three extracellular domains to the transmem-

brane and intracellular region of the IL-11R and contains cleavage sites for

different proteases that generate sIL-11R variants. Using a combination of

bioinformatics and different biochemical, molecular, and cell biology

methods, we show that the IL-11R-T306_S308dup variant does not mature

correctly, is intracellularly retained, and does not reach the cell surface. In

contrast, the IL-11R-E364_V368del variant is fully biologically active and

processed normally by proteases, thus allowing classic and trans-signaling

of IL-11. Our results provide evidence that mutations within the IL11RA

gene may not be causative for craniosynostosis and suggest that other regu-

latory mechanism(s) are involved but remain to be identified.

Introduction

Interleukin-11 (IL-11) is a member of the IL-6 cyto-

kine family [1]. Originally identified as an anti-

inflammatory cytokine and approved by the FDA to

treat thrombocytopenia in patients undergoing chemo-

therapy, recent studies have uncovered a plethora of

additional functions, especially in developmental
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processes, inflammatory diseases and certain types of

tumors. These are located e.g. in the stomach [2,3], the

colon [4], the breast [5] and the endometrium [6]. Sev-

eral studies show that blockade of IL-11 signaling

offers a therapeutic opportunity for these tumors [4,6].

IL-11 activates its target cells via binding to the

membrane-bound IL-11 receptor (IL-11R), whose

expression pattern determines which cells can be acti-

vated by IL-11. The IL-11R is a type I transmembrane

protein that consists of an Ig-like domain (also termed

D1 domain), followed by two fibronectin type III

domains (the D2 and D3 domains), which contain the

cytokine-binding module and are thus required for

ligand binding. The D3 domain contains the typical

WSXWS motif found in all class I cytokine receptors

[7]. The three extracellular domains are followed by a

stalk region, which connects them to a transmembrane

helix and an intracellular region [8]. The intracellular

region is not required for the activation of signaling

cascades but contains motifs required for IL-11R sorting

in polarized cells [9]. Formation of the IL-11/IL-11R

complex leads to the recruitment and homodimerization

of two molecules of the signal-transducing b-receptor
gp130, which then activates intracellular signaling cas-

cades, including the Jak/STAT, PI3K and ERK path-

ways [10,11].

We have previously shown that also soluble variants

of the IL-11R (sIL-11R) exist [12–15]. IL-11 binds to

the sIL-11R with similar affinity as to the

membrane-bound IL-11R, and the resulting IL-11/sIL-

11R complex can agonistically activate cells via gp130

homodimerization, a mode of action that has been

termed IL-11 trans-signaling [14]. Olamkicept

(sgp130Fc), which is currently in clinical development

and has been successfully used to treat patients with

inflammatory bowel disease in an open-label, prospec-

tive phase 2a trial [16] and a randomized, double-

blind, placebo-controlled phase 2 trial [17], is also an

effective inhibitor of IL-11 trans-signaling [14,18]. We

have shown previously that sIL-11R is generated by

proteolytic cleavage of the membrane-bound IL-11R

and that this can be performed by different proteases,

including the metalloprotease ADAM10 [14,19], the

neutrophil-derived serine proteases neutrophil elastase

and proteinase 3 [14] and the rhomboid-like protease

RHBDL2 [12]. sIL-11R can be detected in the serum

of healthy volunteers [14] and is part of the human

plasma proteome [20]. However, a functional role has

not been established yet.

Besides its pro-inflammatory role, IL-11 has impor-

tant functions in developmental processes. It is

required for female fertility [21–23] and bone

homeostasis (reviewed in [24]). A single nucleotide

polymorphism (SNP) within IL-11 causes instability of

the protein [25] and is linked to reduced height in

human adults [26,27]. Furthermore, several mutations

within the IL11RA gene, which encodes the IL-11R,

have been reported in patients with craniosynostosis.

Craniosynostosis is a human condition in which one

or several of the sutures which line the head bones

close prematurely, resulting in malformation of the

skull and several accompanying symptoms [28–32].
The IL11RA is not the only gene in which coding vari-

ants have been linked to craniosynostosis. Previous

studies reported variants in MSX2, TWIST1, RAB23

and especially in the fibroblast growth factor-receptor

encoding genes FGFR1, FGFR2 and FGFR3 in patients

with craniosynostosis [32–34].
IL-11 supports differentiation of osteoblasts and oste-

oclasts and is important for osteoblast function. Muta-

tions which cause craniosynostosis are known to either

increase the proliferation of osteoblast precursor cells or

to induce their premature differentiation into osteo-

blasts [29]. Previous studies reported a reduction in bone

formation and resorption in Il11ra�/� mice in vivo and

impaired osteoclast differentiation in vitro [35], suggest-

ing that a defect in bone resorption as the underlying

cause for premature closure of the sutures in human

patients. However, the definite functional role of IL-11

in skull development and why lack of IL-11 signaling

results in craniosynostosis is not entirely clear.

Biological studies exploring the underlying (patho)

mechanisms are lacking for most of the IL-11R vari-

ants. Our previous work has shown that the four IL-

11R mutations P200T, P221R, R296W, and W307R

result in no functional IL-11R at the cell surface

[36,37]. After translation, the IL-11R is transported

through the endoplasmic reticulum (ER) and the Golgi

apparatus before being inserted into the plasma mem-

brane. The amino-acid sequence of the IL-11R con-

tains two sequons for N-linked glycosylation at the

two asparagine residues N127 and N194 [38]. N-

glycosylation is initiated in the ER, and the sugar

chains are then further processed in the Golgi. There-

fore, the fully matured IL-11R at the plasma mem-

brane has a higher molecular weight compared to

intermediates still located in intracellular organelles

[36,38]. Additionally, the ER has an important role in

terms of quality control, as it retains not correctly

folded proteins and prevents their onward transporta-

tion to the Golgi. For the IL-11R-R296W variant, we

have shown that it is retained within the ER and

not transported further to the Golgi [36]. Furthermore,

IL-11R-R296W and the three other IL-11R variants

lack the fully matured IL-11R band when analyzed by

western blot, confirming incomplete maturation of the
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IL-11R. In contrast, different IL-11R variants anno-

tated in the genome aggregation database (gnomAD,

[39]) differ in their amount at the cell surface, but

show in principle normal biological function [40].

In this study, we analyze a duplication (c.916_

924dup/p.T306_S308dup) and a deletion variant

(c.1090_1104delGAGCAGGTAGCTGTG/p.E364_V368

del) variant of the IL-11R. We find that the duplication

affects the WSXWS motif within the D3 domain, pre-

vents maturation and transport to the cell surface and

results in a complete loss-of-function. In contrast, the

deletion of five amino-acid residues in the stalk region

is tolerated and the IL-11R variant is fully functional.

Results

The mutation p.T306_S308dup affects the

WSXWS motif within the D3 domain of the

IL-11R

The duplication p.T306_S308dup is located within

exon 9 of the IL11RA gene, which encodes part of the

membrane-proximal fibronectin type III domain

(termed D3) of the IL-11R (Fig. 1A). Intriguingly, the

duplication occurs within the so-called WSXWS motif,

an important feature shared upon all class I cytokine

receptors [41–43]. It represents a classical site for C-

mannosylation, a post-translational modification that

was shown to be vital for ER exit [44,45]. For the IL-

11R, this motif is formed by W304, S305, T306, W307

and S308 (Fig. 1B). Because no data are available

whether the IL-11R is indeed C-mannosylated, we sub-

sequently reanalyzed raw public proteomic data for

modified peptides of the IL-11R. The IL-11R-derived

tryptic peptide containing the potential site for C-

mannosylation with an additional mass of 163 Da was

identified by Fragpipe in open search mode (Fig. 1C).

Manual evaluation of y- and b-ions led to an unam-

biguous identification of the respective peptide. The

mass difference of 163 Da can be explained by addi-

tion of one hexose in combination with a selection of

the second isotope peak for fragmentation. We con-

firmed the latter by a view at the MS spectrum at the

retention time of the identified MS2 spectrum.

Unequivocal proof that the hexose was localized on

the first tryptophan could not be obtained as the b-

and y-ions did not cover this amino acid residue.

Due to the duplication of the three amino-acid resi-

dues T306_S308, the IL-11R variant has an extension

of the usual motif with an additional WS

(WSXWSXWS), which should also represent a motif

for C-mannosylation. Because no structure for this IL-

11R variant is available, we used COLABFOLD [46] and

ROSETTAFOLD [47] to obtain five structural models of

IL-11R-T306_S308dup by each algorithm. The best

structures of both algorithms showed alterations in the

loop that contains the WSXWS motif (Fig. 1D,E).

Importantly, both structural models were in pretty

good agreement with each other with a root mean

square deviation (RMSD) of 5.095 �A over all atom

pairs (Fig. 1F). In addition, we tried to determine

whether we could use the structural models of IL-11R-

T306_S308dup to predict in silico whether the duplica-

tion of three amino-acid residues has an impact on the

overall backbone structure of the IL-11R. For this, we

next used COLABFOLD to generate models of the IL-

11R-WT structure and compared these and the

COLABFOLD-generated models of IL-11R-T306_S308dup

to the crystal structure of the IL-11R. We observed a

reduced overall RMSD of the whole structures of IL-

11R-T306_S308dup compared to IL-11R-WT

(P = 0.13, Fig. 1G), indicating that the duplication

may indeed cause alterations of the IL-11R structure

that are detectable using this method. We then per-

formed the same analysis with the structural models

generated by ROSETTAFOLD. The overall RMSD was

significantly lower for IL-11R-T306_S308dup com-

pared to IL-11R-WT (P < 0.001, Fig. 1H). We also

observed a sharp drop of the per-residue confidence

score (pLDDT) at the site of the duplication, which

was not seen for the IL-11R-WT, likely due to steric

hindrance by the extra residues (Fig. 1I). Altogether,

these results suggest that the duplication affects the

backbone of the IL-11R structure and could possibly

compromise its biological function.

The mutation p.E364_V368del is located in the

stalk region of the IL-11R

The deletion p.E364_V368del is located within the

stalk region of the IL-11R in close proximity to

the transmembrane region (Fig. 2A). The stalk region

connects the three extracellular domains to the plasma

membrane and has to be of a certain length in order

to allow signaling [48]. Furthermore, several cleavage

sites used by different proteases to generate soluble

forms of the IL-11R, thereby initiating trans-signaling,

exist within the stalk region in close proximity to the

here analyzed deletion [12,14]. We have previously

shown that cleavage by the metalloprotease ADAM10

requires Arg-355 (Fig. 2B and [14]). It is possible that

the deletion of the five amino-acid residues in the vari-

ant IL-11R-E364_V368del, therefore, affects

ADAM10-mediated cleavage. However, this appears

rather unlikely, as a deletion variant encompassing 10

amino-acid residues (V363_L372) was still efficiently
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cleaved by ADAM10 [14]. Additionally, the rhomboid

protease RHBDL2 cleaves the IL-11R at position Ala-

370, which is in close proximity to the deletion in this

IL-11R variant (Fig. 2B and [12]). Previous work has

shown that the aforementioned deletion variant IL-

11RDV363-L372 was resistant toward RHBDL2-

mediated cleavage. However, this deletion included the

actual cleavage site. In contrast, deletion of 10 amino-

acid residues further N-terminal (H353_S362) did not

affect proteolysis by RHBDL2 at all [12]. It is there-

fore tempting to speculate how the deletion will affect

proteolysis of this IL-11R variant. Of note, the stalk

region is considered flexible and non-structured and is

therefore not included in the crystal structure of the

IL-11R, preventing a comparison between structural

models of IL-11R-E364_V368del and IL-11R-WT.

Indeed, a structural model by COLABFOLD showed a

very low certainty for the stalk region in contrast to

the three extracellular domains (Fig. 2C).

Impaired maturation and lack of cell-surface

appearance of IL-11R-T306_S308dup, but not of

IL-11R-E364_V368del

We further sought to complement our in silico analyses

with biochemical data to confirm or refute our results.

For this purpose, we generated expression plasmids

encoding IL-11R-T306_S308dup and IL-11R-

E364_V368del, respectively, fused to an N-terminal

Myc-tag. We have used similar constructs in previous

studies and therefore know that a small tag at the N-

terminus does not affect the biological activity of the

IL-11R [12,14,36,40]. We transiently expressed both

constructs and IL-11R-WT and IL-11R-R296W, which

we have previously shown to be misfolded and thus

inactive, as controls in HEK293 cells and analyzed IL-

11R expression via western blot. In line with our pre-

vious results [12,36,40], IL-11R-WT was detected as at

least three distinct bands, whereas IL-11R-R296W

lacked the band with the highest molecular weight

(Fig. 3A). We have previously shown that the upper

band corresponds to the fully matured IL-11R at the

plasma membrane and that IL-11R-R296W, therefore,

does not mature properly and is not transported to the

cell surface [36,38]. We detected two bands for IL-

11R-T306_S308dup and three bands for IL-11R-

E364_V368del, suggesting that the latter one matures

properly, whereas the duplication has a defect in matu-

ration (Fig. 3A).

We further substantiated this finding by analyzing

N-linked glycosylation of both IL-11R variants. In a

previous study, we have shown that overexpressed IL-

11R is N-glycosylated at the two asparagine residues

N127 and N194 [38]. Whether this holds true in vivo is

not known. Therefore, we reanalyzed public raw prote-

omic data for modified peptides of the IL-11R. One

identified peptide covered one of the two putative N-

glycosylation sites (N194) (Fig. 3B). This showed the

characteristics of an N-glycosylated peptide with a

peak pattern of the naked peptide and y-ions with one

and two HexNAcs. In addition, the MS2 spectrum

contained the typical glycan fragments. However, we

could not assign the exact N-glycan structure to the

observed additional mass of 1866.641 Da. The same

peptide has been identified in deaminated form after

cleavage of N-glycans, indicating its N-glycosylation,

in proteomic data of gastric cancer samples [49]. The

other potentially N-glycosylated peptide was not found

in these experiments. We also did not find this N127

containing peptide in N-glycosylated form in the

Fig. 1. The mutation p.T306_S308dup affects the WSXWS motif within the D3 domain of the IL-11R. (A) Schematic representation of the

exons encoding the IL-11R protein. The individual domains of the IL-11R are given in the same color code as the exons. The T306_S308dup

mutation within the D3 domain is indicated. (B) Section of the crystal structure of the IL-11R (pdb: 6O4P [61]) containing parts of the D2

and D3 domains. The amino acid residues which form the WSXWS motif within the D3 domain are highlighted in red. (C) MS2 spectrum of

a 2+ ion of 1486.194 Da, which has a delta mass of 163.078 compared to the calculated monoisotopic mass of the peptide (2807.308 Da)

derived from sample 20200724_cell_18 spectrum number 48328 of reanalyzed proteomics data from a brain cancer cell line [50]. (D, E) Sec-

tions of models of IL-11R-T306_S308dup generated by COLABFOLD [46] and ROSETTAFOLD [47] containing parts of the D2 and D3 domains. The

amino acid residues which form the extended WSXWS motif within the D3 domain are highlighted in red. (F) Overlay of the structures

shown in panels D and E. The structure generated by COLABFOLD is shown in dark petrol, whereas the structure generated by ROSETTAFOLD is

shown in the same colors as in panel D. Visualization of the structures in panels B to F was done with CHIMERAX. (G) Structural models of IL-

11R-WT were generated by COLABFOLD. They were compared to the crystal structure of the IL-11R (pdb: 6O4P) in terms of total RMSD (light

blue bars). Similarly, the COLABFOLD-generated models of IL-11R-T306_S308dup were compared to the crystal structure of the IL-11R (orange

bars). Five models were analyzed per condition and shown as box and whiskers plots with all individual data points including the

mean � SD. Statistical analysis was performed by two-tailed unpaired t-tests. (H) The experiment was performed as described for the previ-

ous panel, but with the ROSETTAFOLD-generated structural models. Five models were analyzed per condition and shown as box and whiskers

plots with all individual data points including the mean � SD. Statistical analysis was performed by two-tailed unpaired t-tests (***:

P < 0.001). (I) Plot of the pLDDT scores of the IL-11R-WT and IL-11R-T306_S308dup models generated by COLABFOLD (mean � SD, n = 5).

The drop of the pLLDT score due to the duplication is marked by a black arrow.
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reanalysis of the brain cancer cell line data of Zhang

et al. [50]. They, however, identified this peptide in a

non-glycosylated form in their analysis.

IL-11R-T306_S308dup appeared as two distinct

bands upon western blotting and treatment with

PNGaseF led to one sharp band with reduced molecu-

lar weight. This observation suggests that the two vari-

ants of IL-11R-T306_S308dup are caused by different

types or degrees of N-glycosylation. In contrast, IL-

11R-E364_V368del displayed as one major and two

heavier, but less intensive variants on the blot and

treatment with PNGase F similarly reduced the

molecular weight of all these variants but did not

result in a single molecular weight form. Therefore, we

assume that all size-variants of IL-11R-E364_V368del

contain a PNGaseF-sensitive N-glycosylation. As there

are still three size-variants upon the digestion, there

must be different degrees of a PNGaseF-insensitive

posttranslational modification, which could be O- or

C-glycans. These findings would fit to our model that

glycosylation of IL-11R-E364_V368del properly

matured while the protein passed through the Golgi,

similar to IL-11R-WT, while IL-11R-T306_S308dup

was retained within the cell (Fig. 3C). In line

Fig. 2. The mutation p.E364_V368del is located in the stalk region of the IL-11R. (A) Schematic representation of the exons encoding the

IL-11R protein. The individual domains of the IL-11R are given in the same color code as the exons. The E364_V368del mutation within the

stalk region is indicated. (B) Close-up of the stalk region showing the amino-acid residues from Gly (G)-318 to Leu (L)-372 according to [48].

The sequence of IL-11R-WT and of IL-11R-E364_V368del are shown. Arg (R)-355, which is important for proteolytic cleavage by ADAM10

[14], is highlighted in bold red. Ala (A)-370, which is important for proteolytic cleavage by RHDBL2 [12], is highlighted in bold orange. (C)

COLABFOLD-generated model of the IL-11R-E364_V368del variant. The highest ranked model is depicted in cartoon representation colored

according to the pLDDT (predicted local distance difference test) score in [%].
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with that, we could detect via flow cytometry that the

IL-11R-E364_V368del and the IL-11R WT were pre-

sent at the plasma membrane in stably transduced

Ba/F3-gp130 cell lines (Fig. 3D). In contrast, both IL-

11R-R296W and IL-11R-T306_S308dup were not

detectable at the cell surface (Fig. 3D). Finally, we

used confocal microscopy to analyze cell-surface locali-

zation of the four IL-11R variants in transiently trans-

fected HeLa cells. We first stained non-permeabilized

cells and could clearly detect IL-11R-WT and IL-11R-

E364_V368del at the cell surface where they co-

localized with the plasma membrane marker WGA

(Fig. 3E). IL-11R-T306_S308dup could not be detected

at the cell surface, which is in line with our previous

results arguing for improper maturation and subse-

quently intracellular retention. Of note, when we per-

meabilized the cells to allow staining of IL-11R species

inside of the cell, all variants were visible, confirming

that the difference is really due to intracellular trans-

port and not simply a lack of expression of IL-11R-

T306_S308dup (Fig. 3E).

Biological activity of Ba/F3-gp130-IL-11R-

T306_S308dup and Ba/F3-gp130-IL-11R-

E364_V368del

Having analyzed the expression and maturation of the

two IL-11R variants, we next wanted to determine their

biological activity. For this purpose, we used stably

transduced Ba/F3-gp130 cell lines. Ba/F3 cells are

murine pre-B cells that proliferate in the presence of

IL-3 and undergo apoptosis otherwise. Stable expression

of gp130 and IL-11R makes them susceptible to

stimulation by IL-11 and Ba/F3 cells are therefore a

versatile tool to investigate the biological function

of IL-11R variants. We first serum-starved Ba/F3-

gp130-IL-11R-WT, Ba/F3-gp130-IL-11R-R296W, Ba/

F3-gp130-IL-11R-T306_S308dup and Ba/F3-gp130-IL-

11R-E364_V368del and stimulated them with either

10 ng�mL�1 Hyper-IL-6, 10 ng�mL�1 IL-11 for 15 min

or left them untreated. Hyper-IL-6 is a fusion protein of

IL-6 and the sIL-6R that directly activates a gp130

homodimer without the need for a functional alpha-

receptor and serves as the positive control. We observed

an increase in phosphorylation of the transcription fac-

tor STAT3 in all four cell lines when stimulated with

Hyper-IL-6 compared to unstimulated cells (Fig. 4A). In

contrast, only Ba/F3-gp130-IL-11R-WT and Ba/F3-

gp130-IL-11R-E364_V368del cells responded to IL-11

stimulation (Fig. 4A), confirming our previous experi-

ments that demonstrated absence of IL-11R at the cell

surface for Ba/F3-gp130-IL-11R-R296W and Ba/F3-

gp130-IL-11R-T306_S308dup (Fig. 3D and [36]).

Further, full maturation of the IL-11R was only visible

for IL-11R-WT and IL-11R-E364_V368del, but not for

IL-11R-R296W and IL-11R-T306_S308dup, via western

blot (Fig. 4A). Because we did not want to rely on a sin-

gle time point, we next performed a kinetic experiment

over 120 min. As shown in Fig. 4B, the phosphorylation

of STAT3 in Ba/F3-gp130-IL-11R-WT cells peaked

30 min after stimulation and declined afterward.

In contrast, we observed no pSTAT3 over 120 min in

Ba/F3-gp130-IL-11R-T306_S308dup cells, underlining

that this cell line is completely unable to be activated by

IL-11 and has not just an altered pSTAT3 kinetic that is

not detectable 15 min after stimulation (Fig. 4C).

Ba/F3-gp130-IL-11R-E364_V368del cells phenocopied

Ba/F3-gp130-IL-11R-WT cells, indicating no influence

of the deletion on IL-11-mediated signaling (Fig. 4D).

Finally, we analyzed the viability of the different

Ba/F3-gp130 cell lines over 48 h. Ba/F3-gp130-IL-11R-

WT cells proliferated in a dose-dependent manner when

stimulated with increasing amounts (0–100 ng�mL�1) of

either Hyper-IL-6 or IL-11 (Fig. 4E). Ba/F3-gp130-IL-

11R-R296W and Ba/F3-gp130-IL-11R-T306_S308dup

only proliferated in the presence of Hyper-IL-6, but not

when stimulated even with high amounts of IL-11

(Fig. 4F,G). In line with our previous results, Ba/F3-

gp130-IL-11R-E364_V368del cells responded to both

Hyper-IL-6 and IL-11 stimulation (Fig. 4H). Taken

together, these results show that IL-11R-E364_V368del

is biologically functional, whereas cells expressing

Ba/F3-gp130-IL-11R-T306_S308dup are not able to

respond to stimulation by IL-11.

Proteolysis of IL-11R-E364_V368del results in

trans-signaling of soluble IL-11R-E364_V368del

We have previously shown that proteolytic cleavage of

the IL-11R results in the generation of a sIL-11R that,

in combination with IL-11, can perform trans-signaling

[13,14,51,52]. Proteolysis by ADAM10 is thought to

occur at the plasma membrane, and we therefore first

analyzed ADAM10-mediated shedding for IL-11R-WT

and IL-11R-E364_V368del. For this, we transiently

transfected HEK293 cells, stimulated them 48 h after

transfection for 60 min with the calcium ionophore

ionomycin, and determined sIL-11R in the supernatant.

Both IL-11R variants were indeed cleaved, suggesting

that the reduced distance between the plasma membrane

and the critical amino-acid residue Arg-355 does not sig-

nificantly alter cleavage by ADAM10 (Fig. 5A). As

RHBDL2 is able to cleave IL-11R even within the ER

[12], we next analyzed cleavage of both IL-11R-

T306_S308dup and IL-11R-E364_V368del by this pro-

tease. We co-expressed the two IL-11R variants either
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with RHBDL2 or mCherry as control transiently in

HEK293 cells and analyzed IL-11R cleavage in the cell

lysate and sIL-11R generation in the cell supernatant via

western blot. As shown in Fig. 5B, both IL-11R variants

were proteolytically processed by RHBDL2, as seen by

the occurrence of a band of lower molecular weight in

the cell lysate whenever RHBDL2 was present, indicat-

ing that the duplication and the deletion do not alter

RHDBL2 cleavage per se. However, sIL-11R could only

be detected in the supernatant of cells expressing

IL-11R-E364_V368del, but not IL-11R-T306_S308dup.

This indicates that the cleaved form of IL-11R-

T306_S308dup is retained within the cell and not

released into the cell culture supernatant, most probably

due to misfolding caused by the duplication. Finally, we

added IL-11 to supernatants containing RHBDL2-

cleaved sIL-11R-WT or sIL-11R-E364_V368del and

found that like its wild-type counterpart, sIL-11R-
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E364_V368del in complex with IL-11 was able to induce

IL-11 trans-signaling via phosphorylation of STAT3

(Fig. 5C). In conclusion, our results show that RHBDL2

is able to cleave both IL-11R variants independent of

their cellular localization, but that only cleavage of the

IL-11R-E364_V368del variant results in the release of a

soluble IL-11R in the cell supernatant.

Discussion

Mutations within the IL11RA gene have been identi-

fied in patients with craniosynostosis [28–32]. For most

of these mutations, it is unclear how they affect the

receptor and which mechanisms cause the phenotype

of the patients. Our previous studies comprising four

point mutations (P220T, P221R, R296W and W307R)

showed unequivocally that these IL-11R variants do

not mature properly, do not reach the cell surface and

thus result in a total loss of IL-11 signaling in these

patients [36,37]. We have recently additionally ana-

lyzed five point mutations annotated in the gnomAD

database [39] and found that some of these mutations

alter the amount of IL-11R at the cell surface, but that

nevertheless all of these variants are biologically active

[40]. Based on these two studies, one could assume

that IL-11R variants that do not reach the cell surface

cause craniosynostosis in humans, whereas other

mutants that do not significantly affect IL-11R func-

tion are tolerated and do not cause a phenotype with

craniosynostosis-like features.

The results of this study do not fully support this

simplistic view. The duplication variant IL-11R-

T306_S308dup behaves as we have seen for the four

point mutations studied previously. IL-11R-

T306_S308dup is expressed in different cell lines at

levels comparable to IL-11R-WT and other IL-11R

variants, but shows a severe maturation defect

(Fig. 5D). The band with the highest molecular weight

corresponding to the mature IL-11R is absent in west-

ern blots, and no IL-11R can be detected at the cell

surface, resulting in a complete loss of IL-11 signaling

in cells expressing this variant. Digestion with PNGa-

seF which removes N-linked oligosaccharides, led to a

single molecular weight variant for IL-11R-

T306_S308dup whereas still different size variant could

be observed for IL-11R-E364_V368del. Therefore, we

hypothesize that IL-11R-T306_S308dup is retained

within the cell and does achieve a mature pattern of

glycosylation (Fig. 5D). The affected C-mannosylation

motif is known to be an important ER-exit feature

[45]. Recently, Shcherbakova et al. [44] demonstrated

that C-mannosylation supports the stability of proteins

in the ER. The duplication within the C-mannsylation

motif WSXWS motif leads to WSXWSXWS, which

itself would also represent a C-mannosylation motif.

However, whether this simple extension of the

sequence translates to a functional C-mannsylation

motif in IL-11R-T306_S308dup is currently unknown.

It is well established that the quality control systems in

the ER ensure that only properly folded glycoproteins

are allowed to exit and to progress to the Golgi appa-

ratus [53–55]. Therefore, it is safe to assume that the

duplication results in at least partial misfolding of the

IL-11R and thus intracellular retention of this variant.

Our MS data verify that the endogenous IL-11

receptor is both C-mannosylated and N-glycosylated.

The double band shown in the western blot of IL-

11R-T306_S308dup, which converts to a single lower

band after digestion of the N-glycans (Fig. 3C), sug-

gests that one site is fully occupied and a second site

only partially. The MS data indicate that N194 is the

site that is probably fully used.

Fig. 3. Impaired maturation and lack of cell-surface appearance of IL-11R-T306_S308dup, but not of IL-11R-E364_V368del. (A) HEK293 cells

were transiently transfected with expression plasmids encoding the indicated IL-11R variants. 48 h later, the cells were harvested, lysed

and analyzed by western blotting. GAPDH was detected on the same membrane in order to ensure equal protein loading. Samples unrelated

to this manuscript have been spliced out. One of three experiments with similar outcome is shown. (B) MS2 spectrum of a 3+ ion of

1113.149 Da, which has a delta mass of 1866.641 compared to the monoisotopic mass of the peptide (1469.784 Da), from a sample

(20200721_cell_18 spectrum 25 355) from a from a brain cancer cell line [50]. Green circle: hexose (162 Da), Blue square: HexNAc

(203 Da). (C) Lysates of HEK293 cells transiently transfected with expression plasmids encoding either IL-11R-T306_S308dup or IL-11R-

E364_V368del were left untreated or treated with PNGaseF. One of three experiments with similar outcome is shown. (D) Cell surface

expression of the different IL-11R variants stably expressed in Ba/F3-gp130 cells were analyzed via flow cytometry. Shown is one of three

independent experiments with similar outcome and the quantification of normalized geometric mean fluorescence intensity in all three

experiments in panel D (mean � SD). (E) Immunofluorescence staining of IL-11R-WT, IL-11R-T306_S308dup and IL-11R-E364_V368del in

HeLa cells. HeLa cells were seeded on coverslips and transiently transfected with expression plasmids encoding the indicated IL-11R vari-

ants. 48 h after transfection, cells were fixed and stained with DAPI, myc antibody, and wheat germ agglutinin (WGA) using a blocking solu-

tion with saponin (permeabilized, total staining) or without saponin (non permeabilized, surface staining). Stained slides were visualized on a

confocal microscope. Scale bar: 10 lm.
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In contrast to the duplication variant, the deletion

variant IL-11R-E364_V368del does not display any

maturation defect. It is present at the cell surface in

amounts comparable to IL-11R-WT and fully biologi-

cally active in terms of IL-11 classic signaling

(Fig. 5D). Further, it is cleaved by the proteases

ADAM10 and RHBDL2 and able to perform IL-11

trans-signaling undistinguishable from IL-11R WT.

Although the deletion of five amino-acid residues

within the stalk region close to the plasma membrane

is in close proximity to proteolytic cleavage sites that

we have identified previously [12,14], the deletion

appears not to directly affect the cleavage events,

which can also be explained, at least for the

Fig. 4. Biological activity of Ba/F3-gp130-IL-11R-T306_S308dup and Ba/F3-gp130-IL-11R-E364_V368del. (A) Equal amounts of Ba/F3-gp130

cells stably expressing the indicated IL-11R variants were stimulated for 15 min with either 10 ng�mL�1 Hyper-IL-6, 10 ng�mL�1 IL-11 or left

unstimulated. Cells were lysed and phosphorylation of STAT3 and IL-11R expression were determined via western blotting. Total STAT3

levels and GAPDH were visualized to ensure equal protein loading. Shown is one representative western blots of three independent experi-

ments with similar outcome. (B–D) Equal numbers of stably transduced Ba/F3-gp130 cells expressing (B) IL-11R-WT, (C) IL-11R-

T306_S308dup and (D) IL-11R-E364_V368del were stimulated for 0–120 min with recombinant IL-11 (10 ng�mL�1). Cells were lysed and

phosphorylation of STAT3 was determined via western blotting. Total STAT3 levels and GAPDH were visualized to ensure equal protein

loading. All panels show representative western blots of three independent experiments with similar outcome. (E–H) Equal numbers of (E)

Ba/F3-gp130-IL-11R-WT, (F) Ba/F3-gp130-IL-11R-R296W, (G) Ba/F3-gp130-IL-11R-T306_S308dup and (H) Ba/F3-gp130-IL-11R-E364_V368del

cells were incubated in triplicates with increasing amounts (0–100 ng�mL�1) of either recombinant IL-11 or Hyper-IL-6. After 48 h, cell viabil-

ity was measured. Shown are the mean � SD from one representative experiments out of three independent experiments with similar

outcome.
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metalloprotease ADAM10, with the flexibility of the

protease toward the actual cleavage site [56,57]. From

these experiments alone, one would argue that a

human with the IL-11R-E364_V368del variant should

not have a phenotype with features of craniosynosto-

sis. Furthermore, the variant occurred in a single

patient in a heterozygous fashion [29], whereas most

of the other patients are either homozygous for a

mutation or display compound heterozygosity [24].

The fact that the other allele of this patient is unal-

tered and that the deletion variant is obviously biologi-

cally active raises the question of whether the IL-11R

mutation is indeed the causative mutation responsible

for the craniosynostosis or whether another, so far

undetected mutation in a different gene is responsible

for the patient’s phenotype. Several other genes have

been implicated to contribute to craniosynostosis,

including FGFR2, TWIST1 and SKI [58]. Our data

suggest that the craniosynostosis-causing variant in

this patient has not been identified so far.

The duplication mutation has been reported in a

homozygous state in several individuals with cranio-

synostosis [29,31], which is in line with our results that

it is indeed a loss-of-function mutation. However, the

data in this manuscript have been obtained using cell

lines overexpressing IL-11R and its variants. It would

be desirable to perform similar experiments with cells

or cell lines with an endogenous IL-11R expression,

which could either be cells from the respective patients

or cells which have been genetically modified to

express the different IL-11R variants.

Interestingly, the phenotypes of the patients with

this mutation differ, even among affected siblings, and

it is to date not clear what causes the incomplete pene-

trance in patients with IL11RA mutations. Alterations

in skull formation can also be seen in Ill11ra�/� mice

[29], and also here are only a fraction of the animals

affected, whereas others showed no craniosynostosis-

like features at all [36]. It appears that another regula-

tory mechanism is involved, but the nature of this is

not known and requires further investigation.

Biochemical characterization of IL-11R variants to

determine their biological activity is rather

time-consuming, and thus the usage of in silico

methods to investigate whether a certain mutation

leads to loss-of-function of the IL-11R would be

desirable. However, our approaches in this direction

indicated alterations of the IL-11R structure for both

variants analyzed in this study, although our

functional data clearly showed that only the variant

IL-11R-T306_S308dup is affected, whereas the IL-

11R-E364_V368del variant retained its biological

activity. This suggests that such an in silico analysis

Fig. 5. Proteolysis of IL-11R-E364_V368del results in trans-

signaling of soluble IL-11R-E364_V368del. (A) HEK293 cells were

transiently transfected with expression plasmids encoding IL-11R-

WT and IL-11R-E364_V368del variants. Cells were stimulated with

1 lM ionomycin (Iono) or DMSO as control for 1 h at 37 °C. After-

ward, cells were lysed and proteins in the supernatant were pre-

cipitated. IL-11R in the cell lysate and soluble IL-11R in the

supernatant of the two variants was analyzed via western blot-

ting. GAPDH was visualized as loading control. (B) HEK293 cells

were transiently co-transfected with expression plasmids encod-

ing either IL-11R-T306_S308dup or IL-11R-E364_V368del in combi-

nation with either RHBDL2 or mCherry as a control. Cells were

lysed and proteins in the supernatant were precipitated. sIL-11R

in the supernatants and IL-11R, RHBDL2 and actinin in the cell

lysates were analyzed via western blot. (C) Equal numbers of Ba/

F3-gp130 were washed, serum-starved for 120 min and incubated

with supernatants of HEK293 cells that were transfected with

expression plasmids encoding either IL-11R-WT and RHBDL2 or

IL-11R-E364_V368del and RHBDL2 for 15 min. Where indicated,

500 ng�mL�1 IL-11 was added to the supernatants prior to stimu-

lation. Cells were lysed and phosphorylation of STAT3 was deter-

mined via western blotting. Total STAT3 levels and GAPDH were

visualized to ensure equal protein loading. All panels show repre-

sentative western blots of three independent experiments with

similar outcome. Samples unrelated to this manuscript that have

been spliced out are indicated by a vertical dashed line. (D)

Graphical summary of the findings in this study. Like IL-11R-WT,

IL-11R-E364_V368del (yellow) matures properly, is transported to

and presented at the plasma membrane and is biologically active.

In contrast, IL-11R-T306_S308dup (red) is retained within the cell,

not transported to the cell surface and thus not able to perform

signal transduction. The two N-linked glycans are shown as cir-

cles linked to the D2-domain of the IL-11R and are either colored

light gray (indicating pre-mature glycans) or green (indicating

mature glycans).
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alone at the moment is not sufficient to reliably pre-

dict the influence of such changes on the biological

function of the IL-11R.

In summary, our study uncovers the molecular basis

for two IL11RA mutations found in patients with cra-

niosynostosis. Further studies are required to fully

understand which mutations of the IL11RA are toler-

ated by the protein and which can be linked to

disease.

Materials and methods

Cultivation of cell lines

HEK293 (RRID:CVCL_0045), and HeLa (RRID:

CVCL_0030) cells were obtained from ATCC (Manassas,

VA, USA). Phoenix-Eco (RRID:CVCL_H717) cells were

provided by Stefan Rose-John (Kiel University, Germany).

Ba/F3-gp130 cells were obtained from Immunex (Seattle,

WA, USA). Original stocks of the cell lines are stored at

�150 °C and cells in use were replaced every 10–12 weeks.

Morphological and proliferative changes were constantly

monitored by all investigators. For the Ba/F3-derived cell

lines, the ability to proliferate cytokine-dependently was

constantly monitored. All experiments were performed with

mycoplasma-free cells; mycoplasma was tested for by PCR

quarterly. The authenticity of cell lines was verified through

STR profiling. All cells were cultured in DMEM

high-glucose culture medium (Pan-biotech, Aidenbach, Ger-

many) supplemented with 10% fetal bovine serum, penicillin

(60 mg�L�1), and streptomycin (100 mg�L�1). The medium

of Ba/F3-gp130 cells was further supplemented with

10 ng�mL�1 Hyper-IL-6. Stably transduced Ba/F3-gp130

cell lines expressing an inactive IL-11R variant were also

cultivated with Hyper-IL-6, while Ba/F3-gp130 cell lines

expressing a biologically active IL-11R variant were cul-

tured with IL-11 instead. All cells were kept at 37 °C and

5% CO2 in a standard incubator with a water-saturated

atmosphere.

Reagents

Ionomycin was purchased from Thermo Fisher Scientific

(Waltham, MA, USA). Hyper-IL-6 and IL-11 were produced

in house [25,59]. The following antibodies were used: a-HA-

tag (C29F4), a-myc-tag (71D10), a-myc-tag (9B11), a-actinin
(D6F6), a-GAPDH (14C10), a-pSTAT3 (pTyr705, D3A7),

a-STAT3 (124H6), a-GM130 (D6B1), a-rabbit-IgG-HRP-

linked and a-mouse-IgG-HRP-linked were obtained from

Cell Signaling Technology (Frankfurt, Germany). The fluo-

rescently labeled antibody a-mouse-IgG-Alexa Fluor488

was purchased from Thermo Fisher Scientific, a-rabbit IgG
antibody DyLight488 (DI-1488) was purchased from Vector

Laboratories (Burlingame, CA, USA) and anti-rabbit-IgG-

IRDye 680RD was obtained from LICOR Biosciences (Lin-

coln, NE, USA). Wheat Germ Agglutinin (WGA) CF�640R

Conjugate was purchased from Biotrend (Cologne,

Germany).

Construction of expression plasmids

pcDNA3.1 expression plasmids for myc-tagged hIL-11R

have been described previously as well as the expression

plasmid encoding the IL-11R variant IL-11R-R296W [36].

The duplication and deletion variants used in this study

were generated via splicing by overlapping extension

(SOE)-PCR using pcDNA3.1-myc-hIL-11R as template

and BoxI/NheI restrictions sites. For stable transduction of

Ba/F3-gp130 cells, the open reading frames were sub-cloned

into pMOWS plasmids using BoxI/BlpI restriction sites.

pcDNA3.1-HA-mRHBDL2 was kindly provided by Dr

Matthew Freeman (Sir William Dunn School of Pathology,

Oxford, UK) and described previously [60].

Transduction of Ba/F3-gp130 cells

In order to generate Ba/F3-gp130-IL-11R cells stably

expressing the variants T306_S308dup and E364_V368del,

5 9 105 Phoenix-Eco cells were seeded and the following

day transiently transfected with 1 lg of the generated

pMOWS plasmids using Turbofect (Thermo Fisher Scien-

tific) according to supplier’s instructions. The following

day, 1 mL supernatant of the transfected cells was centri-

fuged at 15 000 g at 4 °C for 5 min, before 250 lL of the

supernatant with 8 lg�mL�1 Polybrene (Sigma-Aldrich,

Taufkirchen, Germany) and 1 9 105 Ba/F3-gp130 were

centrifuged at 500 g for 2 h at room temperature. After-

ward, cells were cultured in DMEM and cells stably expres-

sing different IL-11R constructs were selected with

puromycin (1.5 lg�mL�1) and cultivated with 10 ng�mL�1

recombinant Hyper-IL-6 or IL-11.

Analysis of IL-11R proteolysis by RHBDL2

In order to analyze IL-11R proteolysis by RHBDL2,

1 9 106 HEK293 cells were seeded and the next day tran-

siently co-transfected with the different IL-11R variants and

RHBDL2 or mCherry as control using TurboFect according

to suppliers’ instructions. The cells were incubated at 37 °C
for 48 h, washed with PBS and then incubated in serum-free

medium for 5 h. Afterward, supernatants and cells were har-

vested and prepared for western blot analysis. Supernatants

were filtered and then precipitated with 20% trichloroacetic

acid, centrifuged at 18 000 g, pellets were washed with ace-

tone and centrifuged again at 18 000 g. The cells were lysed

in 250 lL lysis buffer (50 mM Tris–HCl pH 7.5, 150 mM

NaCl, 1% Triton-X-100, complete protease inhibitor cock-

tail). 30 lg cell lysate were boiled in 2.59 Laemmli buffer

and used for western blot analysis.
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Analysis of ectodomain shedding by ADAM10

IL-11R cleavage by ADAM10 was analyzed as described

previously [14]. In brief, 1 9 106 HEK293 cells were tran-

siently transfected with the different IL-11R variants using

TurboFect according to manufacturer’s instructions. The

next day, the transfected cells were transferred into 6-wells

plates. After 24 h, cells were washed with PBS and incu-

bated with 1 lM ionomycin or DMSO as negative control

in 1 mL serum-free medium for 1 h at 37 °C. Afterward,

supernatants and cells were harvested and prepared for

western blot analysis as described above.

Western blotting

Cell lysates and TCA-precipitated proteins were separated

under reducing conditions using a SDS/PAGE. For this,

30 lg total protein was loaded onto a 10% SDS gel and

run for 2 h at 100 V. Proteins were transferred onto PVDF

or nitrocellulose membrane (fluorescence blot) at 100 V for

2 h. Afterward, PVDF membranes were blocked in 5%

milk powder whereas nitrocellulose membranes were

blocked in 5% BSA in TBS-T for 1 h at room temperature,

washed with TBS-T, and incubated with the indicated pri-

mary antibody at 4 °C overnight. Membranes were washed

with TBS-T and probed with an appropriate secondary

antibody conjugated to horseradish peroxidase or a

fluorescent-dye (protected from light) for 1 h at room

temperature. Afterward, the membrane was washed with

TBS-T, and either first incubated with EMD Millipore

Immobilon Western Chemiluminescent HRP Substrate

(Merck Millipore, Darmstadt, Germany) or immediately

detected using the ChemiDocTM MP Imaging System

(BioRad, Feldkirchen, Germany). For the detection of total

STAT3 levels, the membrane was stripped for 20 min at

room temperature using the Restore Western Blot Stripping

Buffer (Thermo Fisher Scientific). The membrane was

washed with TBS-T and blocked again for 1 h at room

temperature. Afterward, the membrane was washed again

with TBS-T and incubated with primary antibody against

STAT3 at 4 °C overnight. Secondary antibody incubation

and detection were performed as described above.

Immunofluorescence staining and confocal

microscopy

Staining of IL-11R variants in transiently transfected HeLa

cells has been described previously in detail [40]. In brief,

1 9 106 HeLa cells were seeded on coverslips and tran-

siently transfected 24 h later as described above. 48 h later,

cells were fixed for 15 min (4% paraformaldehyde/PBS and

0.02% glutaraldehyde), washed three times and stained

with WGA640R (20 lg�mL�1 in HBSS) for 10 min at room

temperature. Cells were either blocked with 1% BSA/PBS

for 10 min or permeabilized with 0.12% Glycine/0.2%

Saponin in PBS for 10 min. After three additional washing

steps, cells were blocked with 1% BSA/PBS for 10 min.

0.2% Saponin was added to the blocking solution when the

cells were stained intracellularly. After another washing

step, cells were stained with a-myc-tag and a-GM130 anti-

body (1 : 200 in 1% BSA/PBS) for 1 h at room tempera-

ture. Afterward, the cells were washed with PBS again and

blocked in 1% BSA/PBS before being incubated with sec-

ondary AlexaFluor488 and AlexaFluor568 antibodies

(1 : 300 in 1% BSA/PBS) for an additional period of 1 h

at room temperature. Then, the cells were washed three

times with PBS and post fixed with 4% paraformaldehy-

de/PBS and 0.05% glutaraldehyde. After further washing

three times with PBS and once with PBS (pH 8.9), cells

were mounted with Vectashield mounting medium contain-

ing DAPI (Vector Laboratories, Burlingame, CA, USA)

onto microscopy slides.

Slides were visualized using an inverted Confocal Micro-

scope System LeicaSP8 (Leica Mannheim, Germany)

equipped with an acousto-optical beam splitter and a Plan

Apo 639/1.4 oil objective and controlled by LASX software

(Leica). For the exact setting, please see our previous publi-

cation [40].

Flow cytometry

In order to determine IL-11R cell surface levels, transfected

HEK293 or stably transduced Ba/F3-gp130-IL-11R cell

lines were analyzed via flow cytometry. Cells were washed

once in 1% bovine serum albumin/phosphate-buffered

saline (BSA/PBS) and stained against IL-11R (a-myc-tag;

1 : 100 in 1% BSA/PBS) for 1 h on ice. Afterward, cells

were washed once with 1% BSA/PBS and incubated with a

secondary fluorophore-coupled antibody (1 : 100 in 1%

BSA/PBS) for 1 h on ice protected from light. Cells were

washed three times in 1% BSA/PBS and analyzed using a

BD� LSR I Flow Cytometer (BD Bioscience, Franklin

Lakes, NJ, USA) controlled by the CELL QUEST PRO software

(BD Bioscience). Data analysis was performed using

FLOWJO software (BD Bioscience).

Activation of signaling pathways

To analyze pSTAT3 levels in different Ba/F3-gp130-IL-11R

cell lines in response to IL-11, cells were washed three times

in PBS and 1 9 106 cells were serum-starved for 2 h in

DMEM without any supplements. After 2 h, the cells were

either stimulated with recombinant IL-11 (10 ng�mL�1),

Hyper-IL-6 (10 ng�mL�1) as a positive control or left

untreated for 15 min at 37 °C. To analyze pSTAT3 kinet-

ics, the serum-starved cells were stimulated with recombi-

nant IL-11 (10 ng�mL�1) for 0, 15, 30, 60 and 120 min at

37 °C. For the analysis of trans-signaling 300 lL superna-

tants from RHBDL2 shedding experiments were pre-
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incubated with recombinant IL-11 (500 ng�mL�1) for

30 min at 37 °C and serum-starved Ba/F3-gp130 cells were

subsequently stimulated with the supernatants for 15 min

at 37 °C. Afterward, cells were centrifuged and pellets were

resuspended and boiled in 100 lL 2.59 Laemmli buffer.

Samples were analyzed via western blot.

Cell viability assay

The response of different Ba/F3-gp130-IL-11R cell lines to IL-

11 was measured via the CellTiter Blue Viability Assay (Pro-

mega, Fitchburg, WI, USA) following manufacturer’s instruc-

tions. For this purpose, 5000 cells were seeded in triplicates in a

96-well plate and stimulated with increasing doses of IL-11 or

Hyper-IL-6 as a positive control (0–100 ng�mL�1) at 37 °C.
After 48 h reaction reagent was added and the fluorescent

intensity was measured at 590 nm using FLUOstar Omega

(BMG Labtech, Ortenberg, Germany) and normalized to the

value received at the starting point.

Deglycosylation of cell lysates

Removal of N-glycans with PNGaseF (New England Bio-

labs, Inc., Ipswich, MA, USA) was performed as described

previously [40]. In brief, 30 lg total protein of cell lysates

were denatured at 100 °C for 10 min, incubated with

500 units of PNGaseF at 37 °C overnight, boiled in 59

Laemmli buffer and analyzed via western blot.

Structural analysis of the IL-11R mutations

The structure of the IL-11R and the corresponding amino-

acid sequence were obtained from the protein database

(pdb: 6O4P, [61]). The amino-acid sequence was modified

to obtain the IL-11R variants p.T306_S308dup and

p.E364_V368del. Structural models were generated by using

either COLABFOLD [46] via the Colab notebook

(https://colab.research.google.com/github/sokrypton/Colab

Fold/blob/main/AlphaFold2.ipynb) or by ROSETTAFOLD

[47] via the Robetta server (https://robetta.bakerlab.org/).

Obtained structures were superimposed and analyzed to

determine the average distance between backbone atoms of

superimposed structures. The Matchmaker command

(‘mm’) in UCSF CHIMERAX was used to generate the sequence

alignment, superposition, to calculate the root-mean-square

deviation (RMSD) of all pruned atom pairs and to visual-

ize the structures [62,63].

Analysis of proteomic datasets

Aiming at the identification of so far unrecognized glycosy-

lated peptides of IL-11R, we used PeptideAtlas [64] to

search for proteomic data sets in which IL-11R was identi-

fied with high sequence coverage. One of the few samples

in which any peptides of IL-11R were observed was from a

brain cancer cell line [50]. Using Fragpipe in open search

mode [65], we subsequently reanalyzed the public raw data

for modified peptides.

Statistical analysis

Statistical analysis was performed using GRAPHPAD PRISM 8

(GraphPad Software, San Diego, CA, USA), and the

applied statistical tests were indicated in the respective fig-

ure legends.
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