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SUMMARY
Calreticulin (CALR) is an endoplasmic reticulum (ER)-retained chaperone that assists glycoproteins in obtain-
ing their structure. CALR mutations occur in patients with myeloproliferative neoplasms (MPNs), and the ER
retention of CALRmutants (CALRMUT) is reduced due to a lacking KDEL sequence. Here, we investigate the
impact ofCALRmutations on protein structure and protein levels inMPNs by subjecting primary patient sam-
ples andCALR-mutated cell lines to limited proteolysis-coupledmass spectrometry (LiP-MS). Especially gly-
coproteins are differentially expressed and undergo profound structural alterations in granulocytes and cell
lines with homozygous, but not with heterozygous, CALR mutations. Furthermore, homozygous CALR mu-
tations and loss of CALR equally perturb glycoprotein integrity, suggesting that loss-of-function attributes of
mutated CALR chaperones (CALRMUT) lead to glycoprotein maturation defects. Finally, by investigating the
misfolding of the CALR glycoprotein client myeloperoxidase (MPO), we provide molecular proof of protein
misfolding in the presence of homozygous CALR mutations.
INTRODUCTION

Myeloproliferative neoplasms (MPNs) comprise essential throm-

bocythemia (ET), polycythemia vera (PV), and myelofibrosis

(MF).2 MPNs are characterized by cytokine-independent activa-

tion of the Janus kinase-signal transducer and activator of tran-

scription (JAK-STAT) signaling pathway. MPN-associated driver

mutations typically hyperactivate the Janus kinase 2 (JAK2) or

the upstream thrombopoietin receptor. Moreover, calreticulin

(CALR) mutations give rise to mutated CALR chaperones

(CALR MUT), which induce thrombopoietin-receptor-mediated

signaling.3 Approximately 20%–30% of patients with ET and

MF carry insertion/deletion CALR mutations, of which 80%

exhibit either a type 1 (T1) or a T2 mutation.4–6 To date, JAK-

STAT-signaling-independent effects of CALR mutations remain

underexplored. CALR is a vital calcium buffer and, as a chap-

erone, aids glycoproteins in obtaining their mature structure,

which allows proper function.7–9 CALR acts as a holdase that

preferentially binds glycosylated precursors via its N-terminal

lectin domain and binds to non-glycosylated proteins, thereby

preventing the aggregation, premature oligomerization, oxida-

tion, and degradation of unfolded proteins.10–14 During chaper-
Ce
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oning, the CALR P-domain serves as a docking site for foldases

like peptidyl-prolyl cis-trans isomerase (CYPB) or protein disul-

fide isomerase A3 (PDIA3 or ERp57), which ensure proper re-

shuffling of proline residues or disulfide bonds of the client glyco-

protein.15 The various insertion/deletion CALRmutations lead to

a +1 frameshift that generates a conserved mutant-specific C

terminus. The mutant C terminus alters the biochemical

properties of CALR MUT by promoting CALR MUT multimer

formation and increasing the lectin-mediated affinity of CALR

MUT to the thrombopoietin receptor, which consequently

promotes thrombopoietin receptor dimerization and cytokine-in-

dependent JAK-STAT signaling.3,16–18 In addition, calcium-bind-

ing stretches are lost in CALR T1 mutations, leading to impaired

calcium buffering in CALR-mutated cells.6,19 In primary mega-

karyocytes, a defective association of CALR MUT with the

store-operated calcium entry complex leads to uncontrolled cal-

cium fluxes into the cytosol.19 Furthermore, the C terminus lacks

the KDEL sequence, leading to reduced endoplasmic reticulum

(ER) retention of CALR MUT.20 Recent studies suggest that

protein folding might be affected in CALR-mutated cells; one

study suggested that CALR mutations lead to an upregulation

of the unfolded protein response (UPR), whereas another
ll Reports 41, 111689, November 22, 2022 ª 2022 The Author(s). 1
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study reported an impaired UPR response in CALR-mutated

cells.21,22 Furthermore, patients with homozygous CALR muta-

tions develop amyeloperoxidase (MPO) glycoprotein deficiency.

The MPO deficiency is characterized by the loss of protein

expression due to premature proteasomal degradation, but

whether this is a direct cause of a chaperone defect remains to

be determined.23 Similarly, human embryonic kidney cells ex-

pressing CALR MUT solely exhibited a compromised major his-

tocompatibility complex (MHC) class I glycoprotein maturation

and partially reduced MHC class I levels.24

To date, the impact of CALR mutations on chaperone function

remains unclear. Since protein function is tightly linked to the

structural integrity of the folded polypeptide chain, we analyzed

primary CALR-mutated granulocytes with the recently developed

limited proteolysis-coupled mass spectrometry (LiP-MS) work-

flow. LiP-MS is a technology that simultaneously probes for pro-

tein-level changes and altered in situ structure-specific proteolytic

patterns between different proteotypes.25–28 More precisely,

exposure or masking of LiP protease cleaving sites by structural

changes, but also other effects (e.g., altered protein-protein inter-

actions) dictate the proteolytic patterns. By characterizing the

conformational landscape and protein abundance profile of pa-

tient-derived ET and MF granulocytes and comparing them with

healthy blood donors, we show that perturbations to glycoprotein

integrity requires mutations on both CALR alleles. In addition,

mutant CALR differentially affected protein groups, with certain

perturbations being only detectable on a structural level. Further-

more, to follow up on the structurallymost altered protein fromour

screen, we further elucidated the mechanism of MPO deficiency.

Our data demonstrate that apart from a quantitative CALR chap-

erone defect caused by CALR MUT secretion, CALR mutations

also qualitatively affect CALR MUT chaperone function by inter-

fering with glycoprotein and co-chaperone binding. This study

demonstrates the applicability of LiP-MS for primary patient sam-

ples and increases the knowledge of the impact of CALR muta-

tions on CALR function. Our findings also contribute to a deeper

understanding of homozygous CALR mutations, which have

been associated with disease progression.29,30

RESULTS

LiP-MS detects proteomic perturbations in MPN
granulocytes with a homozygous CALR mutation
We aimed at investigating the in situ impact of CALRMUT on gly-

coproteins and other protein groups. Therefore, we tested the

ability of LiP-MS to assess proteome-wide alterations in protein

abundance and conformations in primary granulocyte of patients

with CALR-mutated MF and ET (Figure 1A; Table 1). Overall, we

quantified abundance changes of 1,090 granulocytic proteins

(Figure 1B). In addition, we detected 13,091 altered peptides,

which enabled probing the structural features of 1,837 granulo-

cytic proteins, respectively.

We first compared the proteotypes between patients and

healthy donors (HDs). The extent of proteins with altered abun-

dance and/or structural perturbations in patients with heterozy-

gous CALR mutations was low and comparable to patients

with JAK2 mutations (Figure 1B). In contrast, patients with ho-

mozygous CALR mutations showed marked alterations in pro-
2 Cell Reports 41, 111689, November 22, 2022
tein abundance (64 proteins, 2.2% of detected proteomes) and

structural alterations (118 proteins, 4%) or both (30 proteins,

1%) (Figure 1B; Table S1). Moreover, we detected various

MPO-derived structurally altered peptides in patients with ho-

mozygous, but not heterozygous, CALR mutations, which is in

line with previous observations (Figure 1C).23 Based on the mo-

lecular functions of CALR, we next grouped the affected proteins

into glycoproteins, non-glycosylated and calcium-regulated/

related proteins, or neither of both (OTHER). The overlap be-

tween altered protein abundance levels and structural alter-

ations was low between patients with hetero- and homozygous

CALR mutations (Figures 1D and 1E). This suggests that certain

cellular processes are only affected by homozygous, but not by

heterozygous, CALR mutations. In summary, LiP-MS can reli-

ably detect predicted structural perturbations in patient-derived

samples, and extensive proteome perturbations occur mainly in

the homozygous CALR-mutated state.

Gene ontology enrichment analysis reveals that
homozygous CALR mutations perturb the
glycoproteome and differentially affect protein
subclasses
Since patients with homozygous CALR mutations showed the

strongest proteomic perturbations, we further pursued our anal-

ysis on these patients in order to gain insights on the conse-

quences of CALRmutations for CALR function. In line with previ-

ous reports, we observed a consistent upregulation of UPR

effectors,which is indicativeofproteinmisfolding (FigureS1A).21,22

To determine the proteins impacted by CALR mutations, we per-

formed a Gene Ontology (GO) enrichment analysis of the proteins

with abundance changes and/or structural changes occurring in

the proteomes of patients with homozygous CALR mutations

versus JAK2-mutated controls (Table S2). Glycoproteins (GO

term ‘‘glycoprotein’’), which are chaperoned by CALR, enriched

for structural and abundance level changes (Figures 2A and 2B).

Thiswas paralleledby an enrichment of disulfide-bond-containing

proteins (GO term ‘‘disulfide bond’’), of which 69.6% were glyco-

proteins that naturally require reshuffling of disulfide bonds by fol-

dases (Figure 2C). Furthermore, the majority of glycoproteins with

structural alterations exhibited reduced abundance levels (48.9%)

(Figure 2D). This further supports aCALRchaperone defect result-

ing in the degradation of disulfide-bridge-containing glycoprotein

clients in thepresenceof homozygousCALRmutations.Structural

perturbations also enriched in calcium-regulated proteins (GO

term ‘‘calcium’’), but, in contrast toglycoproteins,CALRmutations

affected 67%of calcium-regulated proteins,mainly on a structural

level,without significant changes inprotein abundance (Figures2A

and 2D). LiP-MSalsodetected changes occurring exclusively on a

structural level in several of the remaining proteins groups. These

groups included cytoskeletal proteins and ubiquitin-pathway-

related proteins (Figure 2C). Taken together, LiP-MS was able to

capture the consequences of homozygous CALR mutations on

protein structure and abundance levels of protein groups.

In order to elucidate whether the proteome perturbations

observed in patients with a homozygous CALR mutation

also occur in the heterozygous state, we next searched for

similarities between the proteomes of patients with hetero-

and homozygous CALR mutations by comparing the



Figure 1. LiP-MS detects proteomic perturbations in MPN granulocytes with a homozygous CALR mutation

(A) Overview of patient and healthy donor (HD) samples investigated in the study. Proteomes of primary peripheral blood-derived polymorphonuclear cells

(PMNs) from patients with JAK2- and CALR-mutated ET/MF and age-matched HDs were subjected to LiP-MS.

(B) Number of proteins with altered expression levels and/or structural changes in hetero- or homozygous patients with CALR- and JAK2-mutated ET/MF

compared with HDs.

(C) Conformational alterations detected in the proteomes of hetero- or homozygous patients with CALR-mutated and JAK2-mutated MF compared with HDs.

Volcano plots show log2(fold change) (FC) of structurally altered peptides versus log of adjusted p value (q value). FCs of the structurally altered peptides were

normalized to a significant (triangles) or non-significant (spheres) log2(FC) of the underlying protein. The color code indicates whether the log2(FC) of the

structurally altered peptide is significant (green), non-significant (gray), or did not reach the q-value cutoff (red) or the log2(FC) cutoff (orange). MPO-derived

peptides are indicated.

(D and E) Number of proteins with altered abundance (D) or structural changes (E) when the proteomes of patients are compared with HD controls. Dots indicate

the patient group that was comparedwith HDs, whereas lines connecting the dots indicate the overlap between the comparisons (the number of shown intersects

in [E] was limited to 9). The bar plot on the right-hand side indicates the total number of altered proteins compared with HDs.
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respective LiP-MS profiles. The proteotypes shared structur-

ally perturbed proteins that enriched for 15 GO terms

including cytoskeletal-, protein degradation-, and calcium-

related pathways (GO keywords ‘‘cytoskeleton’’, ‘‘actin-bind-

ing’’, ‘‘Ubl conjugation,’’ and ‘‘calcium’’) and calcium-binding

EF-hand proteins (Figures S1B and S1C). Importantly, howev-

er, glycoprotein abundance levels and structural integrity re-
mained unchanged in context of heterozygous, but not

homozygous, CALR mutations. In contrast, calcium- or cyto-

skeleton-related processes were similarly affected in both ge-

notypes. We conclude that glycoprotein maturation is only

negatively impacted in the homozygous state, whereas other

CALR-mediated processes are less dependent on the muta-

tional burden (Figure S1B).
Cell Reports 41, 111689, November 22, 2022 3



Table 1. List of patient samples used in the study

PID Group

Disease

group

MF

subtype

Age

(years) Sex

1 CALR type 1 MF PET-

MF

71 M

2 CALR type 1 MF PMF 47 F

3 CALR type 1 MF PMF 58 M

4 CALR type

1a
MF PMF 50 F

5 CALR type 1 ET – 53 M

6 CALR type 1 ET – 63 F

7 CALR type 1 ET – 69 M

8 CALR type 2 MF PET-

MF

89 M

9 CALR type

2a
MF PET-

MF

69 M

10 CALR type

2a
MF PMF 81 M

11 CALR type 2 ET – 43 F

12 CALR type 2 ET – 76 F

13 CALR type 2 ET – 61 M

14 CALR type 2 ET – 45 M

15 JAK2 MF PMF 64 F

16 JAK2 MF PMF 86 M

17 JAK2 MF PMF 53 M

18 JAK2 MF PET-

MF

79 F

19 JAK2 ET – 55 M

20 JAK2 ET – 65 F

21 JAK2 ET – 65 M

22 JAK2 ET – 60 M

23 HD HD – 54 M

24 HD HD – 64 F

25 HD HD – 60 M

PID, patient identification number; PMF, primary myelofibrosis; PET-MF,

post essential thrombocythemia myelofibrosis; M, male; F, female.

Related to Figure 1.
aPatient has a homozygous CALR mutation.
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CALR mutations induce a localized conformational shift
in calcium-regulated proteins, whereas glycoproteins
exhibit global structural perturbations
To further delineate the impact of CALR mutations on glycopro-

teins and calcium-regulated proteins, we mapped the structur-

ally altered peptides detected in homozygous CALR-mutated

granulocytes to the protein sequence of representativemembers

of each protein group (Figure 3A). Interestingly, we observed a

high number of structurally altered peptides for the glycoprotein

MPO, which spanned the entire sequence of the protein and

were not limited to specific domains of the mature protein (Fig-

ure 3B). This suggests a global rearrangement of the protein,

which could be caused by misfolding. Also, cathepsin S

(CTSS), another abundant neutrophilic glycoprotein, displayed

similar LiP patterns, while the other glycoproteins detected in
4 Cell Reports 41, 111689, November 22, 2022
the screen showed too little sequence coverage to perform a

similar analysis (Figure 3C). We next assessed the site of struc-

tural rearrangements in calcium-regulated proteins by mapping

the peptides. In contrast to glycoproteins, the conformational

changes of calcium-regulated proteins predominantly occurred

in functional calcium-binding domains such as EF-hands or

EF-related hinge areas (as shown for the representative mem-

bers LCP1 and S100A12), and EF-hand domains also enriched

in theGO analysis (Figures 3D–3G). Among the non-glycosylated

proteins, various upregulated cytoskeletal proteins also dis-

played a high degree of structural alterations, which may reflect

altered cytoskeletal assembly dynamics in CALR-mutated

MPNs (data not shown).

Homozygous CALR mutations phenocopy a CALR
knockout with respect to glycoprotein folding
To further confirm that homozygous CALR mutations lead to

CALR loss of function, we next investigated the CMK acute

megakaryocytic leukemia cell line with a CALR knockout (KO)

or a hemizygous CALR mutation by LiP-MS. CMK cells with a

hemizygous CALRmutation contain a CALR allele with a prema-

ture stop codon and carry a CALR mutation on the remaining

allele, therefore resembling a homozygous CALR mutation. We

profiled the protein levels of 3,828 proteins and detected

22,124 structurally altered peptides mapping to 2,914 proteins

(Figure 4A). We confirmed that the CALR protein levels of CMK

cells with a hemizygous CALR mutation were similarly reduced

when compared with patients with a homozygous CALR muta-

tion (Figure 4B). Furthermore, the impact of hemi- or homozy-

gous CALR mutations on the proteome were comparable to

CALR KO (Figure 4B). The GO analysis revealed that signaling

proteins, glycoproteins, and disulfide-bond-containing proteins

were the only protein groups that exhibited significantly altered

protein levels and structural changes across all three proteo-

types (Figure 4C; Tables S2 and S3).

Next, we compared the proteome of CALR KO with CALR

hemizygous CMK cells to investigate mechanisms that may

affect glycoprotein integrity. The proteotypes of CMK CALR

KO and CMKCALR hemizygous cells only shared approximately

20% of structurally altered or differentially expressed proteins

(Figure 4D). This implies that hemizygous CALR-mutated

CMKs only partially phenocopy CALR KO CMKs. However, the

altered proteins shared between both genotypes significantly

enriched for processes that were differentially regulated in

patients with homozygous CALR mutations such as the cal-

cium-regulated-, ubiquitination-, and protein-folding pathways

(Table S4). Furthermore, we interpreted the abundance and

structural changes detected in various chaperones, including

the CALR-associated chaperones ERp57 (PDIA3) or CYPB

(PPIB), as further indication of protein misfolding (Figure 4E).

Taken together, our data suggest that hemi- and homozygous

CALR mutations affect protein folding and glycoprotein integrity

due to CALR loss of function.

Restoration of intracellular CALR mutant expression
does not rescue MPO deficiency
Glycoproteins exhibited structural perturbations in patients with

MPN with homozygous CALR mutations and our previous data



Figure 2. Gene ontology enrichment analysis reveals that homozygous CALRmutations perturb the glycoproteome and differentially affect

protein subclasses

Proteomes of patients with homozygous CALR mutations were compared with JAK2-mutated MF controls.

(A) Gene ontology (GO) enrichment analysis of proteins with altered abundance levels and/or structurally altered peptides (DAVID Functional Annotation Bio-

informatics Microarray Analysis GO enrichment tool). Heatmap shows significantly enriched UniProt keyword terms (adjusted [adj.] p < 0.05). Gray values

represent missing values. ABU, enriched on the abundance level; STR, enriched on the structural level.

(B) Glycoproteins that indicated structural alterations. For each glycoprotein, the abundance levels (ABUs) and the amount of significantly structurally altered

peptides (STRs) is indicated.

(C) Barplot showing fractions of glycoproteins, calcium-regulated proteins, or all remaining proteins (OTHER) proteins of respective GO terms ‘‘disulfide bond,’’

‘‘cytoskeleton,’’ ‘‘actin-binding,’’ and ‘‘Ubl conjugation.’’

(D) Abundance changes of proteins with structural alterations in homozygous CALR-mutated MF versus JAK2-mutated MF controls.
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suggested a posttranslational defect in MPO biosynthesis.23

However, the mechanism for this posttranslational maturation

defect remains to be elucidated. Consequently, we next investi-

gated whether an altered CALR chaperone function may ac-

count for disturbed proteostasis in the presence of CALR muta-

tions. We selected MPO as a candidate protein to further

elucidate the mechanisms that lead to structural proteome

changes in the presence of CALR mutations. CALR associates

with apopro MPO, which can be detected together with the

reduced heavy chain (HC) of the mature MPO monomer (Fig-

ure 5A).31,32 We first investigated whether increased secretion

of CALRMUT resulted in a quantitative chaperone defect caused

by low CALR chaperone availability within the ER. To test this

assumption, we knocked out CALR expression in the promyelo-

blast HL-60 cell line using CRISPR-Cas9. Indeed, MPO protein

expression was reduced in HL-60 CALR KO cells, which pheno-
copy primary granulocytes from patients with a homozygous

CALR mutation (Figure 5B). To reliably detect the mutant CALR

protein, we next used an antibody that specifically recognizes

the mutant C terminus. CALR KO cells expressed low levels of

apopro MPO precursors, which could not be rescued by overex-

pression of the CALR MUT variants T1 or T2 (Figure 5C). More-

over, restoring intracellular levels of CALR MUT by blocking its

secretion with brefeldin A (BFA) did not restore apopro MPO

levels. We further confirmed our findings in a second model

that consisted of CALR KO K42 mouse embryonic fibroblasts

co-transfected with human CALR and MPO (Figure 5D). In

accordance with our previous finding, the MPO expression

was equally low in K42 cells lacking CALR and their counterparts

that expressed CALR MUT T1 or T2. In addition, we observed

that the artificially induced secretion of CALR wild type (WT),

which lacks the ER-retention signal, also leads to strongly
Cell Reports 41, 111689, November 22, 2022 5



(legend on next page)

6 Cell Reports 41, 111689, November 22, 2022

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
reduced MPO levels (Figures 5D and S2A). To rule out BFA-

induced artifacts on MPO expression, we retained CALR MUT

within the ER by reendowing CALR MUT T1 or T2 with the

KDEL sequence, leading to a 9 (±0.6)-fold and 6 (±0.8)-fold in-

crease of intracellular levels, respectively (Figure S2B). We

backed our previous observation that retention of CALR MUT

does not result in higher apopro MPO expression (Figure 5D).

We, therefore, concluded that apopro MPO levels are equally

low in the absence of CALR or the presence of CALRMUT. How-

ever, reduced intracellular levels of CALR MUT are not the sole

mechanism causing MPO deficiency since the restoration of

CALR MUT expression in the ER did not correct apopro MPO

expression.

CALR mutants bind glycoproteins via the lectin holdase
domain with reduced affinity but cannot bind to the
foldase ERp57
We, therefore, investigated whether CALR mutations impact

the chaperone function of CALR. More precisely, CALR func-

tions as a lectin holdase that binds to the glycan residue of

the glycoprotein precursor. Furthermore, CALR functions as

an adaptor that brings foldases and glycoprotein precursors

into close proximity, which supports the rearrangement of di-

sulfide bonds or residues of the maturing glycoprotein.15

When comparing homozygous CALR-mutated proteomes with

JAK2-mutated controls, we did not detect any significant struc-

tural changes in the CALR C terminus. However, detecting

structural changes in the mutant C terminus of CALR poses

challenges. First, the frameshifted amino acid sequence may

generate peptides that do not have a comparable counterpart

in the WT samples. Second, the high occurrence of trypsin-cut-

ting sites in the CALR C terminus impedes the sufficient gener-

ation of long-enough MS peptides (Figures S4A and S4B). We

detected four CALR-specific structurally altered peptides in the

N- and P-domains, suggesting structural alterations of mutant

CALR and/or altered protein binding (Figure 6A). In accordance,

one peptide mapped into the N-terminal lectin-binding site of

an available murine CALR structure34 (Figure 6B). We, there-

fore, assessed the holdase function of the CALR variants using

a proximity ligation assay (PLA) and an ELISA-based binding

assay to probe for binding between MPO and CALR

(Figures 6C and 6D). Our data suggested that CALR MUT T1

and T2 bind to MPO, and we noted an increased number of

CALR MUT T2-MPO complexes compared with their CALR

MUT T1-MPO counterparts in the PLA (Figure 6C). The higher
Figure 3. CALR mutations induce a localized conformational shift in
structural perturbations

(A) Scatterplot visualizing the total number of structurally altered peptides per pr

peptides for each protein (y axis). Proteins are grouped in three categories: gly

sentative members of each group used for subsequent structurally altered pepti

(B–E) Panels showing the mapping of structurally altered peptides to the amino a

structural change at each amino acid position of the protein polypeptide chain (e

gray area indicates the total amount of LiP peptides detected at each amino aci

(F) Representative members of EF-hand-containing proteins LCP1 and S100A12

structures (green) of calcium-free (wheat-colored) or calcium-bound (green) stru

Calcium ions are shown as orange spheres.

(G) GO enrichment as described in Figure 2A for structural motifs (INTERPRO) th

compared with JAK2-mutated MF controls.
intracellular CALR MUT T2 levels may explain this difference

(see Figures 5C and 5D). Blocking the secretion of the CALR

mutants further increased the number of CALR MUT-MPO

complexes. Our PLA setup did not allow us to directly compare

MPO binding with CALR WT and with CALR MUT since CALR

WT- and CALR MUT-specific antibodies were used for protein

detection, respectively. Thus, to better quantify the amount of

MPO bound to the CALR variants, we next overexpressed

and purified glutathione-s-transferase (GST)-tagged CALR var-

iants (Figures S3A and S3B). The immobilized GST-CALR con-

structs were then incubated with purified MPO (Figure 6D) or

MPO-containing HL-60 lysates (Figure S3C). The binding be-

tween CALR and MPO was quantified using an anti-MPO anti-

body and a horseradish-peroxidase-mediated ELISA-based

readout. In line with altered proteolytic patterns in the CALR

MUT lectin-binding site, we observed a significant shift in the

binding curves of GST-CALR MUT T1 and T2 to purified MPO

compared with GST-CALR WT. This suggests that CALR

MUT has a reduced MPO holdase activity compared with

CALR WT. In conclusion, our data show that CALR MUT ex-

hibits a mixed chaperone defect comprised of quantitative

and qualitative attributes.

The LiP-MS screen indicated that the majority of structurally

altered glycoproteins contained disulfide bridges. Therefore,

we next assessed whether CALR MUT can still bind to fol-

dases. Since the foldase ERp57 is involved in the maturation

of MPO, we queried our LiP-MS dataset for patterns indicative

of a potential defect of the CALR MUT-ERp57-MPO-complex

assembly. Indeed, three out of the four CALR-specific structur-

ally altered peptides mapped to the beginning of the P-domain

of CALR MUT, suggesting an altered occupation of the

P-domain by foldases (Figures 6A and 6B). There is no pub-

lished crystal structure of the CALR-ERp57-MPO complex.

Instead, we used the MHC peptide-loading complex (PLC)

since, as for MPO, MHC class I requires both CALR and

ERp57 for maturation.35 Moreover, MHC class I is also a glyco-

protein chaperoned by CALR and might be similarly affected as

MPO since MHC class I expression is reduced in CALR MUT-

expressing cell lines.24 The structurally altered peptides map-

ped close to protein-protein interaction surfaces of the PLC

members, suggesting that a suboptimal assembly of CALR to

co-chaperones could be responsible for the generation of the

structurally altered peptides (Figure 6E). We detected structur-

ally altered peptides that map adjacent to the interaction sur-

face of the CALR-associated foldase CYPB, which, similar to
calcium-regulated proteins, whereas glycoproteins exhibit global

otein (x axis) versus the fraction of structurally altered peptides in all detected

coproteins, calcium-regulated/related proteins, and all other proteins. Repre-

de mapping are shown.

cid sequence of MPO, CTSS, LCP1, and S100A12. The red line indicates the

xpressed as coverage since multiple peptides can map to the same area). The

d position.

. Structurally altered peptides (red) were mapped to publicly available protein

ctures of LCP1 (PDB: 5JOL and 5JOJ) and S100A12 (PDB: 2WC8 and 1E8A).

at significantly enriched in patients with MF with homozygous CALRmutations
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Figure 4. Homozygous CALR mutations phenocopy a CALR knockout with respect to glycoprotein folding

(A) Number of proteins with altered abundance and/or structural changes in CMKCALR knockout (KO) or CMKCALR hemizygous (hemi) cell lines compared with

CMK WT controls.

(B) Number of proteins with altered abundance and/or structural changes for CMK CALR KO, CMK CALR hemi proteomes (versus CMKWT controls), or primary

granulocyte proteomes (versus HD controls). For each proteotype, the fraction of proteins with altered structure or protein levels from the total amount of detected

proteomes is indicated.

(C) UniProt keyword terms that significantly enriched on an abundance and structural level for CMK CALR KO (versus CMK WT), CMK CALR hemi (versus CMK

WT), and CALR homozygous MF patient proteotypes (versus JAK2 MF controls). Bar plots express fraction of proteins of all proteins with abundance/structural

changes that enriched for the respective GO term.

(D) Amount of proteins with altered structure or abundance that are shared between the CMK CALR KO or CALR hemi proteomes.

(E) Heatmap showing abundance levels and structural perturbations for selected chaperones of the significantly enriched GO terms ‘‘ER’’ and ‘‘chaperone’’ (see

also Table S4).
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ERp57, also binds the CALR P-domain (Figure S5).36 This is an

additional indication for a reduced recruitment of foldases to

the CALR MUT P-domain. The PLA assay confirmed the in

situ LiP-MS data since CALR WT, but not CALR MUT, bound
8 Cell Reports 41, 111689, November 22, 2022
ERp57 (Figure 6F). In summary, we conclude that the mutant

C terminus partially affects the binding of CALR MUT to glyco-

proteins, which does not fully explain the mechanism of glyco-

protein deficiency. Another contributing factor is the lack of



Figure 5. Restoration of intracellular CALR mutant expression does not rescue MPO deficiency

(A) Cartoon depicting the maturational stages of MPO and its interaction with CALR and calnexin (CANX).31–33

(B) Left, representative flow cytometry histograms showing MPO expression in HL-60 CALR KO clone 1 cells (red) compared with PMNs of patient 9 with a

homozygous CALRmutation (P9, red). The respective WT CALR controls and unstained samples are indicated (blue and dashed line, respectively). Right, MPO

expression of primary PMNs of patients with homozygous CALR mutations in the cohort (patients 4, 9, and 10) compared with JAK2-mutated, heterozygous

CALR-mutated controls, HL-60 CALR KO clones 1 (C1) and 2 (C2), and parental HL-60 (CALR WT).

(C) Left, CALR (WT) or CALRMUT (T1 or T2) were transduced into CALRKOHL-60 clone 1 cells (KO), and secretionwas blocked using brefeldin A (BFA). MARIMO

(MAR) cells are used as an additional positive control to confirm the correct location of apoproMPO andMPOheavy-chain bands inwestern blots. Representative

experiment shown (n = 2). Right, quantification of CALR and MPO log2(FC) expression change before and after BFA treatment (mean ± SD, n = 2).

(D) Left, theCALRKOmurine fibroblast cell line K42was co-transfectedwithMPO and either CALR (WT), CALRMUT T1 or T2, or ‘‘secretion-resistant‘‘ CALRMUT

T1 or T2mutants expressing KDEL sequences (+KDEL). eV, empty vector; eV +MPO, empty vector with MPO; UTR, untransfected control cells. A representative

experiment is shown (n = 2). Right, quantification of MPO expression (mean ± SD, n = 2; see also Figure S2). ns, not significant; asterisks indicate p values as

calculated by ordinary one-way ANOVA: *p % 0.05; **p % 0.01; ***p % 0.001; ****p % 0.0001.
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association observed between ERp57 and CALR MUT, which

may impede the ERp57-mediated rearrangement of disulfide

bonds within the nascent MPO chain, leading to a conforma-

tional arrest at the apopro MPO level.
Overall, we infer that CALRmutations lead to a complex com-

bination of quantitative and qualitative loss-of-function traits,

which compromise CALR MUT chaperone function. The LiP-

MS data show that this mixed chaperone defect affects the
Cell Reports 41, 111689, November 22, 2022 9
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structural integrity of the glycoproteome of patients with homo-

zygous CALR mutations.

DISCUSSION

By combining the in situ approach of LiP-MS with mechanistic

data, we demonstrate that a complex amalgam of quantitative

and qualitative chaperone defects of CALR MUT compromises

glycoprotein maturation. Patients with hetero- and homozygous

CALR mutations exhibited structural perturbations of cytoskel-

etal and calcium-related proteins, but the protein expression

levels remained unaffected. In contrast, homozygous CALRmu-

tationsaffectedbothprotein expression andstructural integrity of

glycoproteins. The LiP-MS data imply that this is the conse-

quence of CALR MUT loss-of-function attributes since chaper-

ones, ubiquitin-dependent protein degradation pathways, and

glycoprotein integrity were equally affected in patient granulo-

cytes with homozygous CALR mutations and CALR KO CMK

cells. The increased detection of structurally altered peptides

within the N-terminal lectin domain of CALR MUT suggests that

an altered occupation of the lectin-binding site could expose it

to increased LiP protease digestion. We confirmed this by

demonstrating adecreased affinity of the lectin domain to the sol-

uble CALR client MPO. Our immunological protein-protein bind-

ing assays involve fusion proteins and/or rely on antibody speci-

ficity, thereby allowing a cautious interpretation of reported

protein interactions. However, the data do support recent find-

ings showing that CALR mutations affect the glycoprotein bind-

ing ofCALRMUT in a client-specific fashion tomembrane-bound

CALR clients TPOR andMHC class I.18,24 Experiments with trun-

cated CALRMUT variants suggested that the mutant C terminus

affects theN-terminal lectin binding to the TPOR indirectly via the

P-domain.3 Possibly, glycoprotein binding by CALR MUT is

further influenced by collaborating chaperones that bind the

P-domain. In addition to affecting the holdase function, the

mutant C terminus also prevented the foldase ERp57 from bind-

ing the CALR P-domain, which is consistent with previous

data.19,37 The altered structural fingerprints in CALR, ERp57,

and CYPB imply that this binding defect could extend to other

CALR-associated foldases.34,38 We conclude that the disulfide

bridges of glycoprotein precursors cannot be correctly rear-
Figure 6. CALR mutants bind glycoproteins via the lectin holdase dom

(A) The occurrence of structural changes across the CALR amino acid sequen

peptides (red) and all detected peptides (shaded gray area) were mapped across t

peptides shown in the panel are also indicated in the protein structure (shown in B

the WT and mutant CALR C terminus due to differential protein sequences and t

(B) Structurally altered peptides (red) mapped to the protein structure (green) of m

Met131, Cys137, His145, Ile147, Trp319) involved in the binding of the N-linked

(C) Left panel, representative images of PLA probing the interaction of CALR andM

CALR MUT antibodies in CALR KO cells transduced with either CALR or CALR M

CALR antibodies were omitted.Middle panel, PLA signal probing the interaction b

BFA = 173, T2 + BFA = 175). Right panel, PLA signal of MPO and CALR WT (coun

from two independent experiments. Asterisks indicate p values as calculated by

(D) Representative binding curves of immobilized purified GST-CALR variants to

as calculated by an ordinary one-way ANOVA.

(E) Structurally altered peptides (red) mapped to the peptide loading complex m

(F) CALR-ERp57 interaction probed by PLA as described above. Left panel, PLA

T1 + BFA = 175, T2 + BFA = 216). Right panel, PLA signal of ERp57 and CALR (

p values as indicated in (C), (D), and (F): ns, not significant; *p % 0.05; **p % 0.0
ranged in the presence of CALR MUT, which consequently

causes a conformational arrest. Future studies unraveling the

crystal structures ofCALRMUTwill shedmore light on the impact

of the mutant C terminus on the holdase and the co-chaperone-

mediated foldase function of the CALR chaperone complex.

By characterizing the LiP profiles of primary neutrophils, we

demonstrate the applicability of LiP-MS to patient-derived cell

populations. One limitation of LiP-MS is the need of high protein

concentrations since the proteins have to be extracted under

native conditions. More precisely, our studies show that >10

million neutrophils are needed for LiP-MS, which at this point

precludes us from analyzing rare cell populations such as he-

matopoietic stem and progenitor cells and megakaryocytes.

Recently, upregulation of ER chaperones as part of the UPR

was described in primary CD34+ cells from patients with MPN

with CALR mutations.21 Our proteotype profiling shows that

the conformational integrity of glycoproteins is mainly affected

in the proteome of patients with homozygous CALR T1 and T2

mutations. This finding was particularly apparent in glycopro-

teins with a high peptide coverage such as MPO or CTSS, which

both exhibited global structural alterations and a concomitant

downregulation of protein abundance. Presumably, the UPR-

induced upregulation of the remaining WT CALR copy in cells

with heterozygous CALRmutations prevents reduced glycopro-

tein expression. In accordance with this notion, we did not

observe reducedMPO in the context of heterozygousCALRmu-

tations. Our data further imply that UPR chaperones cannot

compensate for a complete loss of WT CALR, as observed in ho-

mozygous patients.23 It remains to be determined whether

increased protein degradation contributes to disease progres-

sion as described in patients with a high CALR mutant allele

burden.29,30 A link between differential activation of the UPR

branches and the maintenance of healthy and leukemic stem

cells has previously been established.39,40 Moreover, CALR hap-

loinsufficiency in a CALR-mutated mouse model augmented he-

matopoietic stem cell activity in a JAK-STAT-signaling-indepen-

dent manner, which was paramount for MPN onset.41 Since the

UPR pathways rely on protein degradation pathways, it will be of

interest to elucidate whether the targeting of protein degradation

pathways may be strategically combined with existing treatment

modalities for CALR-mutated MPNs.
ain with reduced affinity but cannot bind to the foldase ERp57

ce (CALR WT versus mutant CALR variants). Significantly structurally altered

he CALR protein sequence. The two protein segments with significantly altered

), as denoted by the +/++. Note that the peptide generation/coverage is low for

he high occurrence of trypsin-cutting sites (Figures S4A and S4B).

urine CALR (PDB: 3RG0).34 Orange spheres indicate residues (Phe74, Cys105,

glycan of glycoproteins (yellow).

PO (scale bar: 20 mm). PLAwas performed using anti-MPO, anti-CALR, or anti-

UT T1 or T2. Secretion was blocked using BFA. In the PLA control, the primary

etweenMPO and CALRMUT (counted cells: KO = 112, T1 = 134, T2 = 157, T1 +

ted cells: KO = 113, WT = 111). Each bar plot shows pooled data (mean ± SD)

Kruskal-Wallis or Mann-Whitney test.

MPO (one of two independent experiments shown). Asterisks indicate p values

embers CALR, B2M, ERp57, HLA-A, and TAPBP (PDB: 6ENY).

signal of ERp57 and CALR MUT (counted cells: KO = 178, T1 = 168, T2 = 135,

counted cells right: KO = 95, WT = 146).

1; ***p % 0.001; ****p % 0.0001.
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In contrast to glycoprotein folding, other pathways such as

calcium-related and cytoskeletal processes (among others)

were affected in both hetero- and homozygous CALR-mutated

cells. For instance, calcium-regulated proteins were mainly

affected on a structural level in homozygousCALR-mutated pro-

teomes. Our list of calcium-regulated proteins included several

members of the S100 family that adjust their biological activity

to calcium levels using EF-hand domains. The significantly en-

riched conformational rearrangements within calcium-regulated

domains were likely caused by aberrant calcium homeostasis,

as previously reported in CALR-mutated cells.6,19 Presumably,

altered activation of S100 proteins may also contribute to the

clinical differences observed between patients with CALR- and

JAK2-mutated MPN.6,42

In conclusion, we show that CALR mutations compromise

CALR chaperone function with profound implications on glyco-

proteins and other protein classes in patients with homozygous

CALR mutations. This study contributes to a better understand-

ing of JAK-STAT-signaling-independent mechanisms in patients

with MPN with CALRmutations, which might improve future pa-

tient stratification and treatment regimens. Finally, our results

encourage the application of LiP-MS to primary samples of pa-

tients with hematopoietic stem cell neoplasms and other dis-

eases characterized by protein misfolding.

A list of abbreviations can be found in Table S5.
Limitations of the study
We conducted our LiP-MS analysis in primary neutrophils and

acute megakaryocytic leukemia cell lines, focusing on glycopro-

teins, but our findings encourage extending the investigation to

other protein groups and more rare cell types essential for

MPN biology including hematopoietic stem cells and megakar-

yocytes. This will be possible once LiP-MS allows the analysis

of smaller cell numbers.

We are aware that the in vitro characterization of the MPO defi-

ciency only partly validates the assumption that glycoprotein mis-

folding is responsible for most in situ structural perturbation of the

glycoproteome since we did not evaluate the interaction of the

mutant CALR glycoprotein chaperone to other glycoprotein cli-

ents. Our protein-protein interaction data obtainedby immunolog-

ical assays provide valuable insights on alteredmutant CALR pro-

tein biology. However, despite using validated antibodies and the

appropriate controls, we cannot fully rule out any effects of anti-

body specificity or protein tags on in vitro protein binding. This

study did not dissect themutant CALR interactome further by em-

ployingmore robust surface plasmon resonance assays. Also, the

generation of crystal structures for human WT and mutant CALR

would be of immense experimental value to further investigate

pathological protein interactions with CALR mutants.

Lastly, our HL-60 and K42 cell line models are highly valuable

but remain inferior to primary cells since they exhibit a CALR KO

or express the CALR variants at non-physiological levels.
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362del; 93_113delinsATCCAAACA;

115G>A; 117A>G])

This study N/A

HL-60 CALRKO clone 2 (c.[94_124 del]/

c.[100_101 AC>GA; 105_106del])

This study N/A

K42 Prof. Marek Michalak (University Alberta,

Alberta)

N/A

MARIMO Prof. Hitoshi Kiyoi (Nagoya University,

Nagoya)

N/A

CMK 11-5 (wildtype and mutant CALR) Prof. Kazuya Shimoda (University of

Miyazaki, Miyazaki)

N/A

(Continued on next page)
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CMK 11-5 CALRKO Wildschut M. H. E. et al., manuscript in

preparation

N/A

Oligonucleotides

PCWX_CALR_ATTB1_F 50- GGGGACA

AGTTTGTACAAAAAAGCAGGCTTCAC

CATGCTGCTATCCGTGCCGCTG-30

This study N/A

PCWX_CALR_WT_ATTB1_R 50- GGGGAC

CACTTTGTACAAGAAAGCTGGGTTCTA

CAGCTCGTCCTTCTTATCGTCGTC-30

This study N/A

PCWX_CALR_MUT_ATTB1_R 50- GGGGA

CCACTTTGTACAAGAAAGCTGGGTTTTA

CTTATCGTCGTCGTCCTTGTAGTCG-30

This study N/A

PCDNA5_CALR_F 50-ATATATAAAGC

TTGCCACCATGCTGCTATCCGTGCCG-30
This study N/A

PCDNA5_CALR_R 50- ATATATAGCG

GCCGCCTACAGCTCGTCCTTGGCC

TGGCCGGGGACATCTTC-30

This study N/A

PCDNA5_CALR_MUT_R 50-ATATAT
AGCGGCCGCTCAGGCCTCAGTCC

AGCCC-30

This study N/A

PCDNA5_CALR_MUT_KDEL_R

50-ATATATAGCGGCCGCTCACA

GCTCGTCCTTGGCCTCAGTCCA

GCCC-30

This study N/A

PCDNA5_CALR_WT_NOKDEL_R 50-
ATATATAGCGGCCGCCTAGGCCTG

GCCGGGGACATCTTC-30

This study N/A

Recombinant DNA

pcDNA5-CALRWT This study N/A

pcDNA5-CALRMUT-T1 This study N/A

pcDNA5-CALRMUT-T2 This study N/A

pcDNA5-CALRMUT-T1-KDEL This study N/A

pcDNA5-CALRMUT-T2-KDEL This study N/A

pcDNA5-CALRWT-NOKDEL This study N/A

pET21-10XHis-CALRWT This study N/A

pET21-10XHis-CALRMUT-T1 This study N/A

pET21-10XHis-CALRMUT-T2 This study N/A

mEmerald-MPO-N-18 Addgene Cat. # 54187

Pcwx-UBI-mCHERRY Dr. Renier Myburgh, Dr. P. Salmon

(University of Geneva, Geneva)

N/A

Pcwx-UBI-CALRWT-FLAG-PGK-EGFP This study N/A

PCWX-UBI-CALRMUTT1-FLAG-

PGK_EGFP

This study N/A

PCWX-UBI-CALRMUTT2-FLAG-

PGK_EGFP

This study N/A

Software and algorithms

GraphPad Prism (v9) GraphPad Software, Inc.). https://www.graphpad.com

RStudio (v1.2.5042) RStudio https://rstudio.com

R (v3.6.1) R Foundation https://www.r-project.org

Adobe Illustrator (CS6) Adobe https://www.adobe.com

ImageStudio LI-COR Biosciences https://www.licor.com/bio/image-studio/

ImageJ National Institutes of Health https://imagej.nih.gov/ij/
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FloJo BD Biosciences https://www.flowjo.com/

Database for Annotation, Visualization and

Integrated Discovery

DAVID Knowledgebase https://david.ncifcrf.gov/

PyMOL Molecular Graphics System (v2.4) Schrödinger, LLC https://pymol.org/

Spectronaut (v11) Biognosys AG https://biognosys.com/software/

spectronaut

Other

LCP1 structure (Entry ID 5JOL) RCSB Protein DataBank https://www.rcsb.org

LCP1 structure (Entry ID 5JOJ) RCSB Protein DataBank https://www.rcsb.org

S100A12 structure (Entry ID 2WC8) RCSB Protein DataBank https://www.rcsb.org

S100A12 structure (Entry ID 1E8A) RCSB Protein DataBank https://www.rcsb.org

CALR structure (Entry ID 3RG0) RCSB Protein DataBank https://www.rcsb.org

PLC structure (Entry ID 6ENY) RCSB Protein DataBank https://www.rcsb.org

CYPB structure (Entry ID 3ICI) RCSB Protein DataBank https://www.rcsb.org
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Alexandre Theocharides

(alexandre.theocharides@usz.ch).

Materials availability
The CALR knockout cell lines and plasmids generated from this study are available from the lead contact.

Data and code availability
d The datasets generated in this study have been deposited at PRIDE1 and are publicly available as of the date of publication.

Accession numbers are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary mass spectrometry samples
Granulocytes were isolated from human peripheral blood using Ficoll-Paque PLUS (Cytiva) density gradient centrifugation. 11 ET, 11

MF patient and three age-matched healthy donors (HDs) from the blood donation center (Blutspendedienst Z€urich) (Table 1) were

included in the study. Written informed consent was obtained from all patients. The study was approved by the local ethics commit-

tee (KEK-ZH-NR: 2009-0062/1 and BASEC-NR: 2018-00539). The cohort included individuals aged between 43 and 89 years with a

median age of 63 years. The median age and sex composition was comparable between the groups: healthy donors (median age of

60 years and 33.3% female samples); heterozygous CALR-mutated (61 years and 45.5%); homozygous CALR-mutated (69 years

and 33.3%); JAK2-mutated (64.5 years and 37.5%).

Cell lines
The K42mouse embryonic fibroblast cell line, MARIMO cell line, CMK 11-5 cell lines (WT and clone 751),43 and CMKCALR knockout

(KO) cell line were kindly provided by Prof. Marek Michalak (University Alberta, Alberta), Prof. Hitoshi Kiyoi (Nagoya University, Na-

goya), Prof. Shimoda (University of Miyasaki, Miyasaki), and Mattheus H. E. Wildschut (unpublished data), respectively. K42 cells

were grown in Dulbecco’s Modified Eagle’s Mediumwith 10% fetal bovine serum and 1%penicillin-streptomycin (all Thermo Fisher).

CALR knockout (CALR KO) HL-60 cell lines were generated using CRISPR-Cas9 and transduced with FLAG-tagged CALR con-

structs. HL-60 and MARIMO cells were grown in Roswell Park Memorial Institute 1640 with 10% fetal bovine serum and 1% peni-

cillin-streptomycin (all Thermo Fisher).
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Generation of CALR knockout HL-60 cells
Four CALR exon 2 guide RNAs were designed and complexed with Cas9 according to the manufacturer’s protocol yielding ribonu-

cleoprotein complexes (SynthegoGene Knockout Kit, Synthego), whichwere subsequently transfected into HL-60 cells as described

previously.44 CALR knockout clones were confirmed by western blotting. The selected clones were sequenced using the Zero Blunt

PCR Cloning Kit (Thermo Fisher) and are outlined in the key resources table.

METHOD DETAILS

DNA plasmids and lentiviral transduction
A plasmid encoding human MPO with a C-terminal Emerald-tag (mEmerald-MPO-N18) was obtained from Addgene (#54187). Hu-

man CALR wildtype (WT), type 1 (T1), type 2 (T2), T1/T2 plus C-terminal KDEL sequence were PCR-amplified and subsequently

cloned into the pcDNA5/FRT/TO (provided by Dr. N. Chatain, RWTH, Aachen) plasmid using HindIII, NotI restriction sites.20 To obtain

lentiviral constructs with an enhanced green fluorescent protein (eGFP) reporter, eGFP was PCR-amplified from pCLX-UBI-GFP and

cloned into pcwx-UBI-PGK-mcherry using AgeI and EcoRV restriction sites yielding pcwx-UBI-PGK-eGFP. Second, CALR WT, T1,

and T2 with a C-terminal FLAG tag were cloned into pcwx-UBI-PGK-eGFP by gateway cloning (Invitrogen). The CAG-VAVG,

psPAX-2, pCLX-UBI-GFP, and pcwx-UBI-mcherry plasmids were obtained from Dr. R. Myburgh (University Hospital Zurich, Zurich)

and Dr. P. Salmon (University of Geneva, Geneva). All Primers are listed in the key resources table. The lentiviral particles were gener-

ated using the pcwx-UBI-CALR-PGK-eGFP, psPAX2, CAG-VAVG (MD2G), plasmids and the jetPRIME buffer/reagent (Polyplos

transfection). The virus was concentrated using PEG-it (System Biosciences). HL-60 CALR KO cells were transduced with pcwx-

UBI-CALR-PGK-eGFP in the presence of 10 mg/mL polybrene via spinoculation at 32�C and 800 g for one hour and sorted using

fluorescence-activated cell sorting to obtain similar CALR expression levels among transduced clones.

Western blot
Per replica, 20 mg of denatured lysate was stained overnight at 4�C using the following antibodies (key resources table): 1:1000 anti-

MPO (Thermo Fisher), 1:5000 anti-CALR (clone FMC75, Millipore) or 1:2000 anti-CALR MUT (i.e., the monoclonal antibody SSI-HYB

285-06 anti-mutated Calreticulin, IgG1/Kappa, clone SSI-4F10 was developed andmanufactured by Statens Serum Institut, Copen-

hagen, Denmark (Cat. # 100808)).45 The images were developed using horseradish peroxidase–catalyzed chemiluminescence and

analyzed using ImageStudio (LI-COR Biosciences).

Proximity ligation assay (PLA)
HL-60 cells expressing CALR or CALR MUT were cultured for 7 h as described above with or without 1 ug/mL of brefeldin A (BFA).

Cells were cytospun on glass slides, fixed in PBS with 4% PFA and permeabilized using PBS with 0.2% Triton X-. After blocking in

PBS with 10% donkey serum, the primary antibodies were added; anti-CALR 1:100, anti-CALRMUT 1:50, anti-MPO 1:100, and anti-

ERp57 (Thermo Fisher) 1:100. The PLA kit was used according to the manufacturer’s protocol (Sigma Aldrich) using a DAPI concen-

tration of 1:2000. PLA images were acquired using an LSM 800 microscope (Zeiss), and the maximal signal intensity of the z stack (3

or 5 stacks) was quantified using ImageJ/FIJI software.46,47

Flow cytometry
Primary granulocytes and HL-60 cells were fixed and permeabilized as previously described.23 The following antibodies were used in

the study: phycoerythrin-conjugated anti-human MHC-I (clone W6/32, Thermo Fisher), fluorescein-conjugated anti-human MPO

(Beckman Coulter), allophycocyanin-conjugated anti-human CD66b (clone G10F5, Biolegend), and brilliant violet 711-conjugated

anti-human CD15 (cloneW6D3, BDHorizon). Live cells were detected using Zombie Aqua Fixable Viability Kit (Biolegend). The acqui-

sition was performed on a BD LSRFortessa or CantoTM cell analyzer. Data was analyzed using FlowJoTM.

Elisa-based binding assay
CALR WT, T1, and T2 were cloned into pET21-10XHis-GST-HRV-dL5 (addgene #73214) using the EcoRI and AgeI restriction, which

yieldedN-terminallyGST-taggedCALRconstructs (C-terminalHis-tagwasexcluded)GST-CALRWT,orGST-CALRMUTT1orT2.Plas-

midswereexpressed inE. coliBL21DE3.Cellswereharvestedafter growing for 18hat37�Cpost IPTG induction (OD600 of0.8, 0.25mM).

Cells were lysed on ice using lysis buffer (50mMHEPES pH 7.5, 300mMNaCl, 10%glycerol). GST-taggedCALR variants were purified

using GST resins (Merck) according to the manufacturer’s guidelines and eluted using elution buffer (50mM Tris, 150mM NaCl, pH 8.0

with 10mM reduced glutathione). To test the specificity of each antibody, 20mL of each protein (1mg/mL in PBS) was immobilized on

384-well plates (OptiPlate-384 HB, PerkinElmer) for 2 h at 37�C. After three washes in sample buffer (SB, PBS-Tween (T) 0.1%, 1%

SureBlockTM), wells were blocked by adding 100mL of blocking buffer (BB, PBS-T 0.1%, 5% SureBlockTM) for 1h at room temperature

(RT). Primary antibodieswere serially diluted in SB and incubated for 1h at RT. 20mL of goat anti-mouse or goat anti-rabbit HRP-coupled

secondary antibodies (diluted 1:4000 in SB, Jackson ImmunoResearch) were added to the respective well for 1h at RT. The signal was

developed using 20mL TMB (Thermo Fisher), quenched with 20mL 0.5M H2SO4, and quantified at 450nm using an EnVision Multimode

Plate Reader (PerkinElmer). To assess the binding betweenCALR variants andMPO, 20mL of GST-CALR variants (1mg/mL in PBS)were

immobilized.After blockingandwashing,nativehumanMPO (Abcamref. ab91116,16mg/mL inPBS)andMPO-containingHL-60 lysates
e4 Cell Reports 41, 111689, November 22, 2022
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(64mg/mL in PBS) were added to CALR-containing wells by serial dilution. After a 2h incubation at 37�C,wells werewashed and 20mL of

primary anti-MPO antibody (1:1250) was added for 1h at RT.

Limited proteolysis coupled to mass spectrometry (LiP-MS)
Snap frozen pellets from primary granulocytes were resuspended in lysis buffer (20mMHEPES, 150mMKCl, 10mMMgCl2, pH = 7.4,

protease inhibitor), lysed by sonication, and centrifuged at 5000g to remove debris. Limited proteolysis was performed as described

previously.26,48 In brief, samples were treated with proteinase K (PK) under controlled conditions (enzyme:substrate ratio of 1:100 for

5min, LiP samples) or with ddH2O (control samples). PK was thermally inactivated at 99�C for 5min. Then, the samples were sub-

jected to complete digestion in denaturing conditions using a sequential digest with LysC and trypsin (1:100 enzyme:substrate).

The generated peptides were desalted using C18 columns (The Nest Group Inc.) according to the manufacturer’s protocol and

analyzed as described previously.48,49 For data dependent acquisition (DDA) replicates were pooled and LiP and control samples

were injected independently. For data independent acquisition (DIA), each replicate a sample was injected.

The DDA spectra were searched against the human Uniprot fasta database (version October 2017) using the SEQUEST HT data-

base search engine (Thermo Fischer Scientific) as described previously.49 Spectral library generation and targeted data extraction of

DIA spectra was performed using the software Spectronaut (Biognosys AG, version 11) with default settings. Cross run normalization

of peptide intensities was performed using a global normalization strategy. Differential abundance analysis of protein and peptides

was performed using paired student‘s t test and p values were adjusted for multiple testing using the Benjamini-Hochberg method.50

LiP peptides were considered structurally altered (referred to in text as ‘‘structurally altered peptides’’) if they passed a cut-off of |FC|

>2 andq-value<0.05. LiP peptideswere corrected for significant underlying protein abundance changes (|FC|>1.5 andq-value < 0.05)

as described previously.26 Glycoproteins, calcium-regulated proteins and the remaining proteins (termed ‘‘OTHER’’) were grouped

according to the log2(FC) values into upregulated (log2(FC) > 0.585), unchanged (0.585R log2(FC)R�0.585) or downregulated fold

change (log2(F) < �0.585) (see dashed line). Proteomic data was analyzed in R (Version 3.6.1).51–54 Enrichment analysis was per-

formed using the DAVID Functional Annotation Bioinformatics Microarray Analysis tool (https://david.ncifcrf.gov).55 Structurally

altered peptides weremapped to protein structures obtained from the RCSB Protein DataBank (www.rcsb.org) using PyMol (Version

2.4, Schrödinger Inc.). The Protein DataBank Entry IDs of the structures are listed in the key resources table.

QUANTIFICATION AND STATISTICAL ANALYSIS

Western blots, PLA analysis, and elisa-based protein-protein interaction assays consisted of two independent experiments. Statis-

tical analyses were performed with R (R Foundation, version 4.0.3) or GraphPad Prism 9 (GraphPad Software, Inc., version 9). Ordi-

nary ANOVA or Kruskal-Willis tests were performed for multi-group comparisons and Mann-Whitney tests were used for pairwise

comparisons. Data is presented as mean ± SD unless otherwise stated. Statistical details are listed in the figure legends.
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