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A non-immunological role for -interferon–inducible 
lysosomal thiol reductase (GILT) in osteoclastic  
bone resorption
Benjamin W. Ewanchuk1,2, Corey R. Arnold1,2, Dale R. Balce3, Priyatha Premnath4, 
Tanis L. Orsetti1, Amy L. Warren5, Alexandra Olsen4, Roman J. Krawetz4, Robin M. Yates1,2,3*

The extracellular bone resorbing lacuna of the osteoclast shares many characteristics with the degradative lysosome 
of antigen-presenting cells. -Interferon–inducible lysosomal thiol reductase (GILT) enhances antigen processing 
within lysosomes through direct reduction of antigen disulfides and maintenance of cysteine protease activity. In 
this study, we found the osteoclastogenic cytokine RANKL drove expression of GILT in osteoclast precursors in a 
STAT1-dependent manner, resulting in high levels of GILT in mature osteoclasts, which could be further augmented 
by -interferon. GILT colocalized with the collagen-degrading cysteine protease, cathepsin K, suggesting a role for 
GILT inside the osteoclastic resorption lacuna. GILT-deficient osteoclasts had reduced bone-resorbing capacity, 
resulting in impaired bone turnover and an osteopetrotic phenotype in GILT-deficient mice. We demonstrated 
that GILT could directly reduce the noncollagenous bone matrix protein SPARC, and additionally, enhance collagen 
degradation by cathepsin K. Together, this work describes a previously unidentified, non-immunological role for 
GILT in osteoclast-mediated bone resorption.

INTRODUCTION
The dynamic nature of bone is necessary for normal growth, repair, 
and calcium homeostasis and requires a fine balance of bone syn-
thesis and bone resorption. While the mesenchymal stem cell–derived 
osteoblasts synthesize new bone, the myeloid-derived osteoclasts are 
ultimately responsible for the resorption of bone (1). Dysregulation 
of bone turnover can lead to a net loss or net gain of bone density, 
resulting in osteoporosis or osteopetrosis, respectively. While the 
pathogenesis of osteoporosis is multifactorial, osteoclast dysfunction 
is principally blamed for the development of osteopetrosis (2).

Unique among tissue-resident macrophage populations, osteo-
clasts are giant multinucleated cells formed via the fusion of embryonic 
and hematopoietic stem cell precursors of erythromyeloid and myeloid 
lineages (3–6). The survival/proliferation and differentiation of osteo-
clasts are driven by the cytokines macrophage colony-stimulating 
factor (M-CSF; also known as CSF-1) and receptor activator of nucle-
ar factor B ligand (RANKL; also known as TNFSF11), respectively 
(7, 8). Once mature, osteoclast V3 integrins adhere to organic bone 
matrix to form a tight sealing zone against the surface of the bone, 
resulting in an isolated extracellular compartment termed the re-
sorption lacuna. Vacuolar (V-)ATPase proton pumps at the ruffled 
border of the lacuna serve to acidify the compartment, and polarized 
lysosomal secretion deposits numerous lysosomal proteins within 
the resorption lacuna including acid phosphatases, matrix metallo-
proteinases (MMPs), and lysosomal cysteine cathepsins (9–13). The 
end result is an acidic, highly degradative compartment optimized 

for the resorption of the inorganic and organic components of bone. 
Cathepsin K is the major protease within the resorption lacunae of 
osteoclasts and is principally charged with the degradation of col-
lagen (12, 14). In humans, an autosomal recessive deficiency in 
cathepsin K results in pycnodysostosis, a severe osteopetrotic phe-
notype further modeled in mice following genetic deletion of cathep-
sin K (15–17). Similar to other lysosomal cysteine protease members, 
cathepsin K has an acidic optimum, and the active site cysteine must 
remain in a reduced thiol state for protease activity (18).
-Interferon–inducible lysosomal thiol reductase (GILT) remains 

the sole reductase described within vesicles of the endolysosomal sys-
tem of mammalian cells (19, 20). Predominantly studied in the context 
of antigen presentation, GILT directly catalyzes the reduction of di-
sulfide bonds, which has been shown to be a requirement for the pro-
cessing of a variety of self-, infectious, and neoplastic protein antigens 
containing inter- or intramolecular disulfides (21–25). More recently, 
it has been found that GILT is also required for optimal activity of 
the lysosomal cysteine protease, cathepsin S, in alternatively activated 
macrophages—presumably, through maintaining the active-site cys-
teine in its thiol state within the acidic environment of the lysosome 
(18, 26). Despite evidence that the evolution of GILT preceded that of 
the adaptive immune system, functions for GILT beyond its well-
defined role in antigen processing remain mostly unexplored (27–30).

In contrast to cytosolic thioreductases such as thioredoxin, GILT 
has an acidic pH optimum for activity (19). The acidified, lysosom-
al content–rich resorption lacuna of the osteoclast thus offers an 
ideal microenvironment for GILT activity; however, expression and 
corresponding function of GILT within osteoclasts were previously 
uncharacterized. Herein, a key role for GILT in the maintenance of 
the bone resorptive capacity of osteoclasts is described. We found 
that the osteoclastogenic cytokine RANKL is a strong inducer of GILT 
expression, and genetic deletion of GILT significantly impaired 
bone resorption efficiency in vivo and in vitro. Additional evidence 
suggests that GILT contributes to bone resorption within the 
resorption lacuna via direct reduction of noncollagenous bone pro-
tein and the maintenance of proteolysis by the cysteine protease 
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cathepsin K. Collectively, this report identifies a previously unknown  
non-immunological role for GILT in osteoclastic bone resorption.

RESULTS
RANKL up-regulates GILT expression in a  
STAT1-dependent fashion
To evaluate expression of GILT in osteoclasts, M-CSF and RANKL, 
or M-CSF alone, were used to drive differentiation of murine bone 
marrow–derived monocytic precursors to osteoclasts and bone 

marrow–derived macrophages (BMMØs), respectively. At both the 
transcript and protein levels, GILT expression was significantly in-
creased in RANKL-treated osteoclasts compared with BMMØs 
(Fig. 1, A and B). By immunofluorescence, GILT was found to be 
highly expressed in multinucleated as well as individual mono-
nuclear cells stimulated with M-CSF and RANKL (Fig. 1C and fig. S1). 
In large multinucleated osteoclasts, GILT was found to colocalize 
with the lysosomal cysteine protease, cathepsin K (Pearson’s correla-
tion coefficient, 0.703 ± 0.07) (Fig. 1C and fig. S1). Similar to its expres-
sion in antigen-presenting cells (APCs) (19, 31, 32), RANKL-driven 
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Fig. 1. RANKL induces GILT expression in a STAT1-dependent manner. (A) mRNA expression of the osteoclast markers cathepsin K and tartrate-resistant acid phos-
phatase (TRAP), as well as GILT in M-CSF–stimulated WT bone marrow cells treated with or without RANKL as measured by quantitative polymerase chain reaction (qPCR) 
(n = 8 to 9). Expression was normalized to 18S ribosomal RNA and made relative to M-CSF control samples. (B) Representative Western blot image depicting GILT protein 
levels following lysis of WT BMMØs (−RANKL) or osteoclasts (+RANKL). Mature GILT expression was normalized to total protein levels (n = 5). (C) Detection of GILT (green) 
and cathepsin K (red) by immunofluorescence microscopy in BMMØs (M-CSF) or osteoclasts (M-CSF + RANKL). Scale bars, 50 m. Colocalization of the GILT and cathepsin 
K signals was assessed by calculating the Pearson’s correlation coefficient in BMMØs (0.743 ± 0.04) and osteoclasts (0.703 ± 0.07) (n = 3 to 4 images). (D) STAT1 phosphoryl
ation status within WT osteoclast precursors left untreated (−) or treated for 15 min (+) with RANKL (200 ng/ml) or IFN- (100 U/ml). Levels of phosphorylation were 
normalized to total STAT1 levels and made relative to untreated controls (n = 3). (E) GILT protein expression by WT or STAT1−/− osteoclast precursors following 48-hour 
treatment with M-CSF + RANKL (15 ng/ml + 100 ng/ml) or M-CSF only. Mature GILT levels were normalized to total protein levels and made relative to M-CSF–only controls 
(n = 3). (A to C) Cells were differentiated for 6 days with M-CSF (15 ng/ml) and RANKL (100 ng/ml), or M-CSF (15 ng/ml) only, throughout the entirety of each experiment. 
(D and E) Precursor cells were expanded in M-CSF (15 ng/ml) for 48 hours before described treatments. (A to E) Error bars are presented as means ± SEM. *P < 0.05, 
**P < 0.01 by paired (A to D) or unpaired (E) Student’s t test.
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expression of GILT could be further augmented in mature osteo-
clast populations with interferon- (IFN-) (fig. S2, A and B).

IFN-–driven expression of GILT is dependent on signal trans-
ducer and activator of transcription 1 (STAT1) signaling (32). Be-
cause RANKL results in phosphorylation of STAT1 at serine-727 
(S727) during osteoclast differentiation (33), we evaluated whether 
STAT1 is required to induce GILT expression in response to 
RANKL. RANKL treatment of M-CSF–derived monocytic precur-
sors led to phosphorylation of STAT1 at S727, but not tyrosine-701 
(Y701), whereas IFN- led to robust phosphorylation of STAT1 at 
both S727 and Y701, as previously reported (Fig. 1D). Consistent 
with the involvement of STAT1, the ability of RANKL to drive 
GILT expression in monocytic precursors from STAT1-deficient 
mice was significantly compromised (Fig. 1E). Collectively, these 
findings identify the osteoclastogenic cytokine RANKL as a potent 
activator of GILT expression mediated through a STAT1-dependent 
pathway. The high levels of GILT in mature osteoclasts, and its 
colocalization with cathepsin K, led us to investigate a potential 
functional role for the reductase in bone resorption.

GILT-deficient mice exhibit an osteopetrotic phenotype
On the basis of the reported function of GILT in lysosomes of APCs, 
we hypothesized that GILT may function to maintain the proteo-
lytic capacity of osteoclasts and, accordingly, play a role in bone re-
sorption. To assess the influence of GILT activity on bone turnover 
in vivo, we quantified bone parameters of tibiae of 20-week-old fe-
male wild-type (WT) and GILT-deficient mice by microcomputed 
tomography (CT). Tibiae from GILT−/− animals exhibited signifi-
cant increases in both cortical and trabecular bone mineral density 
(10 and 29%, respectively), as well as trabecular bone volume ratio 
(35%) compared with WT controls (Fig. 2, A to D). A discernable, 
albeit insignificant increase in trabecular connective density (34%) 
was also observed (P = 0.091) (Fig. 2E). Histological analysis likewise 
revealed increased trabecular bone within the tibiae of 20-week-old 
female GILT−/− mice compared with WT, despite equal numbers of 
mature osteoclasts (Fig. 2, F to H). In addition, serum concentrations 
of the collagen breakdown product CTX-I, but not the bone formation 
biomarker PINP (N-terminal propeptide of type I procollagen), were 
significantly decreased in GILT−/− mice, suggesting impaired bone re-
sorption, but not bone formation, in these animals (Fig. 2, I and J). To 
determine whether these changes modified the biomechanical proper-
ties of the bone, tibiae from WT and GILT−/− mice were compared by 
three-point flexural testing (Fig. 2K). Both the ultimate stress to frac-
ture and elastic modulus of GILT−/− tibiae were significantly higher 
than those of WT samples, suggesting increased bone strength and 
stiffness (Fig. 2, L and M). Notably, related models of osteopetrosis in 
adult mice with cathepsin K or V-ATPase deficiencies demonstrate 
similar increases in bone strength (34, 35). Overall, these data are con-
sistent with an appreciable osteopetrotic phenotype in GILT-deficient 
mice and point to a nonredundant role for GILT in bone resorption.

GILT deficiency impairs bone resorption by osteoclasts
To assess a potential influence of GILT in the derivation of osteo-
clasts, the efficiencies of WT and GILT−/− murine monocytic pre-
cursors to differentiate into mature osteoclasts in the presence of 
M-CSF and RANKL were evaluated. After 6 days in culture, WT 
and GILT−/− samples produced comparable numbers of tartrate-
resistant acid phosphatase (TRAP)–positive multinucleated osteo-
clasts, demonstrating that the absence of GILT did not affect the 
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Fig. 2. Tibiae from GILT-deficient mice exhibit osteopetrotic characteristics. 
(A) Representative longitudinal and cross-sectional CT images of tibiae from 
20-week-old female WT or GILT−/− mice. (B to E) Cortical bone mineral density [cortical 
BMD (B)], trabecular bone mineral density [Trab. BMD (C)], trabecular bone volume 
ratio [Trab. BV/TV (D)], and trabecular connective density [Trab. Conn.D (E)] of tibi-
ae from 20-week-old female WT or GILT−/− mice as determined by CT (n = 4 to 5). 
(F) Representative images of proximal tibiae from 20-week-old female WT or 
GILT−/− mice following hematoxylin and eosin (H&E) staining. Scale bars, 200 m. (G and 
H) Area of trabecular (Trab.) bone per region of interest (G) and numbers of osteo-
clasts (Oc.) per trabecular bone area (H) from each H&E-stained histological sample 
(n = 5). (I and J) Serum concentrations of the collagen breakdown product CTX-I (I) 
and bone formation product PINP (J) measured in 20-week-old female WT or 
GILT−/− mice (n = 6 to 7) (K) Schematic representing ex vivo analysis of 20-week-old WT or 
GILT−/− tibiae using three-point flexural testing. (L and M) Ultimate stress before 
fracture (L) and elastic modulus (M) of tibiae as measured by the three-point bend 
test (n = 16 to 20). (B to M) Error bars are presented as means ± SEM. *P < 0.05, 
**P < 0.01, ***P < 0.001 by unpaired Student’s t test.
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differentiation of osteoclasts in vitro (Fig. 3, A and B), corroborat-
ing our findings in vivo (Fig. 2H). To determine the efficiency of 
bone resorption by WT and GILT−/− osteoclasts, monocytic precur-
sors were differentiated into mature osteoclasts on bovine bone slic-
es for 12 days, and resulting areas of resorption were stained with 
toluidine blue and quantified. GILT-deficient osteoclasts were sig-
nificantly less efficient in their ability to resorb bone compared with 
WT osteoclasts (Fig.  3,  C  and  D). Impaired bone resorption by 
GILT−/− osteoclasts was further demonstrated by scanning electron 
microscopy (Fig. 3E) and reduced concentrations of the cathepsin 
K–dependent bone resorption by-product CTX-I (serum C-terminal 
telopeptide of type I collagen) in the supernatants of bone slices 
resorbed by GILT−/− osteoclasts (Fig. 3F). In contrast to CTX-I, release 
of the MMP-dependent collagenolytic by-product ICTP (cross-linked 
carboxyterminal telopeptide of type I collagen) was equal between 
WT and GILT−/− osteoclasts (fig. S3) (36). The presence of GILT had 
no discernable influence on the expression and processing patterns 
of cathepsin K in mature osteoclasts (fig. S4, A to D), nor on the pro-
duction of reactive oxygen species (fig. S5). Together, these results 
suggest that GILT deficiency does not affect osteoclastogenesis but 
confers a defect in osteoclastic bone resorption.

GILT denatures the bone matrix protein SPARC through 
direct disulfide reduction
Conceivably, disulfide-containing proteins within the organic bone 
matrix would be susceptible to direct reduction by GILT in the 
resorption lacuna. Because type I collagen, the main organic con-
stituent of bone tissue, contains no disulfides in its mature fiber 
structure, we explored the potential for GILT to reduce secreted 
protein acidic and rich in cysteine (SPARC; also known as osteo-
nectin). SPARC is one of the most abundant noncollagenous 

proteins in bone and contains seven intramolecular disulfide bonds 
within its 43-kDa structure that are essential for its role as a struc-
tural bone matrix protein (37). Principally, SPARC is thought to aid 
and nucleate bone mineralization with both collagen and hydroxy-
apatite (HA) crystal binding domains, and its deficiency leads to 
overt osteopenia in mice (38, 39). To determine whether GILT 
could directly reduce disulfides in SPARC, active recombinant 
human GILT was incubated with native human SPARC in a recon-
stituted system at 37°C, pH 5, with 100 M cysteine. Following 
labeling of liberated thiols with biotinylated iodoacetamide and de-
tection by Western blot under nonreducing conditions (Fig. 4A), it 
was found that incubation with GILT increased the amount of free 
thiols in SPARC as evidenced by enhanced SPARC biotinylation 
(Fig. 4B). Reduction by GILT also affected the native structure of 
SPARC, as reduced SPARC displayed a gel shift as previously de-
scribed (Fig. 4B) (40). Thus, SPARC, a major structural protein 
within the organic bone matrix, is susceptible to GILT-mediated 
reduction and subsequent denaturation.

GILT enhances the proteolytic activity of cathepsin K
Similar to SPARC, we found the number of free thiols in recombi-
nant cathepsin K was increased following incubation with active 
GILT (fig. S6). As with other cysteine cathepsins, the active-site cys-
teine of cathepsin K must be in a reduced thiol state for proteolytic 
function, leaving the enzyme susceptible to oxidative inactivation, 
particularly in acidic environments. We thus measured hydrolysis 
of a cathepsin K–specific peptide substrate (Abz-HPGGPQ-EDDnp) 
by human cathepsin K in a reconstituted system with or without 
active human GILT, hypothesizing that the reductase function of 
GILT would help maintain the proteolytic capacity of cathepsin K.  
In agreement with our previous work with cathepsin S (26), rates 
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Fig. 3. GILT deficiency results in decreased bone resorption in vitro. (A) Representative images of TRAP-stained WT and GILT−/− osteoclasts. (B) Enumeration of osteo-
clastogenesis following RANKL treatment of WT and GILT−/− cells (n = 5 to 6 biological replicates). Osteoclasts were defined as TRAP+ (purple) multinucleated cells (MNCs; 
≥3 nuclei). (A and B) Cells were differentiated using M-CSF (15 ng/ml) and RANKL (100 ng/ml) for 6 days on plastic dishes before TRAP staining. (C and D) Representative 
images (C) and quantification (D) of resorption pits on bovine bone slices (n = 15 biological replicates). WT and GILT−/− osteoclasts from age- and sex-matched mice were 
differentiated on top of individual bone slices for 12 days, and resulting resorption pits were stained with toluidine blue for quantification. (E) Representative scanning 
electron microscopy images of resorption pits on bovine bone slices generated by WT (left) or GILT−/− (right) osteoclasts over 12 days. (F) Concentrations of the collagen 
breakdown product CTX-I released from bone slices following 12 days of resorption as measured by ELISA (n = 15). (A to F) Scale bars, 500 m (E, white), 200 m (A and C, 
black), or 50 m (A, blue). Each n represents osteoclasts isolated from a single animal. Error bars are presented as means ± SEM. *P < 0.05 by unpaired Student’s t test 
(B and F) or Mann-Whitney U test (D).
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of hydrolysis of the Abz-HPGGPQ-EDDnp substrate by cathepsin 
K were increased in systems with active GILT compared with 
heat-inactivated GILT (Fig. 5, A and B). Similarly, cathepsin K–
mediated hydrolysis of type I collagen labeled with a self-quenched 
fluorophore (DQ collagen) was significantly more efficient in the 
presence of active GILT (Fig. 5, C and D). In the absence of cathepsin K, 
GILT displayed no direct effects on either fluorogenic substrate. 
Together, these data show that GILT can maintain the proteolytic 
function of the collagenase cathepsin K, and provide an additional 
mechanism by which GILT promotes bone resorption in osteoclasts.

DISCUSSION
The collective findings of this study demonstrate a nonredundant 
role for the lysosomal thioreductase GILT in the maintenance of 
optimal bone resorption by osteoclasts. We propose that GILT is 
highly expressed in osteoclasts in response to RANKL and acts in 
the resorption lacuna to enhance bone degradation via two syner-
gistic mechanisms: direct reduction of noncollagenous structural 
proteins such as SPARC, and through maintenance of the collage-
nase cathepsin K in its reduced, active state (Fig. 6).

The initial rational for this study was based on the prediction 
that GILT would be expressed in osteoclasts because GILT is consti-
tutively expressed in other monocyte-derived cells such as macrophages 
(19, 31). Osteoclasts were found not only to express GILT but also 

to express significantly higher levels of GILT than resting bone marrow 
macrophages, in line with publicly available microarray datasets 
(41). At both transcriptional and translational levels, cytokine stim-
ulation of monocytic precursors with M-CSF and RANKL signifi-
cantly increased GILT expression compared with M-CSF alone 
(Fig. 1). RANKL, a member of the tumor necrosis factor superfamily, 
initiates a tumor necrosis factor receptor–associated factor 6 (TRAF6)–
mediated signaling cascade via stimulation of the RANK receptor 
on the developing osteoclast’s surface. Among others, TRAF6 acti-
vates the mitogen-activated protein (MAP) kinase p38, resulting in 
p38-dependent phosphorylation of S727 within the transactivating 
domain of the transcription factor STAT1 (33, 42). Of note, IFN-–
mediated induction of GILT expression is dependent on STAT1 
activation, and multiple STAT1-recognition sites are found within 
the human GILT promoter (32). Because S727 phosphorylation by 
secondary signals [e.g., lipopolysaccharide, tumor necrosis factor– 
(TNF-)] greatly enhances STAT1-dependent signaling during an 
IFN- response (43–45), RANKL-mediated phosphorylation of STAT1 
S727 likely underpins, at least in part, the strong induction of GILT 
during osteoclastogenesis. Indeed, genetic deletion of STAT1 signifi-
cantly reduced the capacity of RANKL to drive GILT expression with-
in osteoclast precursors (Fig. 1E). Further supporting this conclusion 
is the induction of another IFN-–inducible protein, MIG (monokine 
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Fig. 5. GILT maintains cathepsin K proteolytic activity in a reconstituted sys-
tem. (A and C) Representative real-time kinetic measurement of the hydrolysis of a 
cathepsin K (CatK)–specific substrate (Abz-HPGGPQ-EDDnp, A) or the collagenase 
substrate DQ collagen (C) by recombinant human CatK with or without bioactive 
GILT in a reconstituted system. RFU, relative fluorescent units. (B and D) Averaged 
rates of Abz-HPGGPQ-EDDnp hydrolysis (B, n = 5 independent experiments) or DQ 
collagen hydrolysis (D, n = 4 independent experiments) relative to heat-inactivated 
(HI) GILT controls. Relative rates were calculated between 60 and 120 min (B) or 
between 0 and 30 min (D). (A to D) Reactions were performed in assay buffer (pH 5) 
with 50 mM sodium acetate and 500 M cysteine. A GILT:CatK ratio of 5:1 (175:35 ng, 
A and B) or 2:1 (400:200 ng, C and D) was used for each experiment. Where indi-
cated, heat inactivation of GILT was performed at 95°C for 10 min before addition. 
Error bars are presented as means ± SEM. *P < 0.05, **P < 0.01 by one-way analysis 
of variance with Tukey’s post hoc test.
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induced by IFN-), in osteoclasts by a RANKL/p38/STAT1-S727–
dependent, IFN-–independent mechanism (33).

Degradation of type I collagen by cathepsin K is a fundamental 
determinant of bone resorption efficiency (12, 14–17, 46) and sug-
gests the maintenance of cathepsin K activity by GILT (Fig. 5) is at 
least partially responsible for the impaired bone resorption associ-
ated with GILT deficiency in this study. Generation of cathepsin K–
dependent, but not MMP-dependent, type I collagen degradation 
products from bone was found to be impaired in the absence of 
GILT (Fig. 3F and fig. S3), further emphasizing the role GILT plays 
in specifically supporting the activities of redox-sensitive cysteine 
proteases in acidified environments (36). While we focused our at-
tention on cathepsin K, the impact of GILT on other cysteine prote-
ases, such as cathepsin S, and other redox-sensitive enzymes within 
the resorption lacunae of osteoclasts should also be considered. In 
addition, for GILT to function as a thioreductase, it requires the 
availability of reductive energy, usually in the form of free cysteine 
(18, 26, 47). Whereas the source and forms of reductive equivalents 
in the osteoclast lacuna have yet to be explored, early studies in the 
macrophage phagolysosome suggest both exogenous (e.g., extracel-
lular cysteine) and endogenous (e.g., NADPH, selenocysteine-con-
taining reductases) pathways contribute to the reductive capacity of 
this acidified compartment (48). We could predict that reduced cys-
teine liberated through the degradation of organic bone would 
provide a source of reducing equivalents within osteoclast lacunae, 

although similar to the phagolysosome of the macrophage, cytoso-
lic pathways may also contribute.

In addition to reductive maintenance of cathepsin K, we demon-
strate that disulfides within the structural bone matrix protein SPARC 
are susceptible to GILT-mediated reduction (Fig. 4). The presence 
of numerous disulfide bonds within SPARC is unique among bone 
matrix glycoproteins (49). While the GILT-mediated reduction and 
degradation of SPARC in vivo were not directly demonstrated and 
are a limitation of this study, the denaturation of the SPARC tertiary 
structure by GILT would theoretically destabilize the overall orga-
nization of the bone matrix, leaving SPARC increasingly susceptible 
to proteolytic cleavage. Similar to collagen, SPARC is directly de-
graded by cathepsin K (12, 50); thus, GILT-mediated reduction of 
SPARC and activation of cathepsin K may work synergistically to 
enhance SPARC turnover during bone resorption. Although we fo-
cused on SPARC, akin to its demonstrated promiscuity in antigen 
processing (51), GILT is likely to reduce other disulfide-containing, 
noncollagenous proteins within the resorption lacuna such as the 
proteoglycan biglycan (52), which may influence the physiological 
and biomechanical properties of bone in GILT-deficient animals. 
The potentially vast GILT interactome within the osteoclast lacuna 
could explain the distinct phenotype of adult GILT−/− bones, where-
by the increase in bone mineral density is associated with increased 
bone strength and stiffness, contrasting the brittle bone osteopetro-
sis seen in human pycnodysostosis (15). Nonetheless, related models 

Fig. 6. Proposed mechanisms by which GILT contributes to bone resorption. Increased expression of the lysosomal enzyme GILT in response to RANKL and IFN- fa-
cilitates accumulation of GILT within the resorption lacuna of the osteoclast. Bone matrix proteins (e.g., SPARC) containing disulfide bonds are consequently susceptible 
to GILT-mediated reduction and, conceivably, increased proteolytic digestion (mechanism 1, left). In addition, maintenance of cathepsin K (CatK) collagenase activity by 
GILT promotes increased breakdown of organic bone, improving the overall efficiency of osteoclastic bone resorption (mechanism 2, right).
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of osteopetrosis in adult mice with deficiencies in cathepsin K or 
V-ATPase have demonstrated similar increases in bone strength 
(34, 35).

In this study, we found that IFN- could further enhance GILT 
expression in mature murine osteoclasts (fig. S2). Long-term therapy 
with recombinant IFN- greatly improves bone resorption in human 
patients with severe malignant osteopetrosis (53, 54). Similarly, IFN- 
therapy is effective in increasing bone resorption in several mouse 
models of osteopetrosis (55, 56). The impact of IFN- on osteoclast 
biology is complicated—in vitro, IFN- is widely considered a strong 
suppresser of osteoclastogenesis (57,  58); however, contradictory 
findings have been reported depending on the IFN- concentration, 
degree of osteoclast differentiation, and presence of costimulating 
cytokines (59). Stimulated superoxide production by osteoclast pre-
cursors (54) and activation of T cells to release osteoclastogenic 
RANKL and TNF- (57) are proposed mechanisms for enhanced 
bone resorption in response to IFN- in humans and mice, respec-
tively; however, augmentation of GILT expression in osteoclasts 
presents a plausible parallel mechanism. Further investigation into 
the role of GILT during IFN- therapy, and bone remodeling in 
general, is warranted and may support the use of GILT-related ther-
apeutic strategies for bone disease.

Seminal discoveries by others have identified key, nonredundant 
roles for GILT in adaptive immunity, and as such, GILT has been 
primarily considered an enzyme of the immune system (18, 21–24, 60, 61). 
The existence of GILT homologs in a variety of primitive species that 
lack adaptive immune systems, however, suggests that GILT-like thiol 
oxidoreductases evolved to perform critical roles outside of antigen 
processing (27, 28, 30). This study identifies such a role for GILT in the 
homeostasis of bone. Given the widespread physiological necessity 
to reduce disulfides and maintain cysteine protease activities in acidic 
environments, we anticipate that GILT will continue to emerge as a 
critical enzyme for many biological processes spanning many species.

MATERIALS AND METHODS
Mice
C57BL/6 (WT) and B6.129S(Cg)-Stat1tm1Dlv/J (STAT1−/−) mice were 
purchased from the Jackson laboratory (62). Congenic C57BL/6 
GILT−/− (GILT−/−) mice were provided by P. Cresswell (Yale 
University School of Medicine) (23). All animals received iden-
tical husbandry within the Clara Christie Centre for Mouse 
Genomics (University of Calgary). Mouse experiments were per-
formed according to protocols approved by the University of 
Calgary Animal Use and Care Committee and designed in ac-
cordance with the Canadian Council for Animal Care. Age- and 
sex-matched participants were used within each experiment. For 
in vivo CT, 20-week-old female mice were euthanized and frozen 
at −20°C before analysis.

Osteoclast culture
Bone marrow cells were flushed from the tibia, femur, and ilium of 
6- to 8-week-old WT or GILT−/− mice. Following red blood cell lysis 
(4 min, 155 mM NH4Cl, 12 mM NaHCO3, and 0.1 mM EDTA) and 
filtration (70 m), cells were cultured in T-25 flasks overnight in 
basal media [10% fetal bovine serum, penicillin-streptomycin (100 U/ml), 
2 mM l-glutamine, and 1 mM sodium pyruvate in DMEM] with 
recombinant M-CSF (15 ng/ml). Resulting nonadherent precursor 
cells were plated at 5 × 104 cells per well (96-well plate with or without 

bone slices; Fig. 3 and fig. S3), 2 × 105 cells per well (24-well plate; 
Fig. 1C), or 1 × 106 cells per well (6-well plate; Fig. 1, A and B, and 
figs. S2 and S4) with M-CSF (15 ng/ml) for 24 hours. Subsequently, 
fresh osteoclast media [M-CSF (15 ng/ml) and RANKL (100 ng/
ml)] or control media [M-CSF (15 ng/ml) only] was added. Both 
macrophages and osteoclasts received stimulation with M-CSF 
(15 ng/ml) through the entirety of each experiment. Cells were dif-
ferentiated for 6 [quantitative polymerase chain reaction (qPCR), 
Western blot, immunofluorescence, and TRAP staining] or 12 (bone 
slice experiments) additional days, with half-media changes performed 
every 2 days. For 12-day bone slice experiments, only quarter-media 
changes were performed on days 8 and 10 to help maintain super-
natant CTX-I and ICTP concentrations. To assess the effect of IFN- 
on osteoclastic GILT expression, fully differentiated osteoclasts at 
day 6 were treated with IFN- (500 U/ml) for 24 hours before total 
RNA or protein isolation. Osteoclastogenesis was confirmed by TRAP 
staining using the Acid Phosphatase, Leukocyte kit (Sigma-Aldrich) 
according to the manufacturer’s recommendations. Cells were im-
aged with an Olympus IX71 inverted microscope using an Olympus 
DP72 digital color camera. For the purpose of enumeration, osteo-
clasts were defined as TRAP+, multinucleated cells (≥3 nuclei), and 
two randomized 4× fields of view were counted and averaged for 
cells from each biological replicate.

STAT1 signaling
WT or STAT1−/− nonadherent precursor cells (isolated as described 
above) were plated at 5 × 105 cells per well (12-well plate; Fig. 1, D and E) 
with M-CSF (15 ng/ml) for 48  hours to produce homogeneous 
monocytic populations. To evaluate STAT1 phosphorylation (Fig. 1D), 
WT cells were first cultured in low-serum media (0.1% fetal bovine 
serum) overnight, and then either left untreated, treated with RANKL 
(200 ng/ml) (15 min), or treated with IFN- (100 U/ml) (15 min) 
immediately before lysis and Western blot analysis. Alternatively, 
WT or STAT1−/− cells were stimulated with M-CSF (15 ng/ml) or 
M-CSF and RANKL (15 ng/ml and 100 ng/ml, respectively) for an 
additional 48 hours followed by Western blot analysis to evaluate 
the involvement of STAT1 during early induction of GILT expres-
sion (Fig. 1E).

Quantitative polymerase chain reaction
Total RNA was extracted using an RNeasy Mini Kit (Qiagen) and 
quantified by NanoDrop analysis (Thermo Fisher Scientific). qScript 
cDNA Supermix (Quanta BioSciences) was used for cDNA synthe-
sis, and iQ Supermix (Bio-Rad) was used for qPCR amplification. 
Reactions were run on an iQ5 thermocycler (Bio-Rad) under the 
following conditions: 95°C for 3 min, followed by 50 cycles of 95°C 
for 30 s and 58°C for 30 s. All primers were designed using Primer3 
as follows: GILT (gene name: IFI30, forward: 5′-CTGTTC-
CCACTCGAGGTTCC-3′, reverse: 5′-CCATCACCATCAGC-
CAGGTT-3′); cathepsin K (gene name: CTSK, forward: 5′-CTTTGGA 
AGGGAGTGGGCAT-3′, reverse: 5′-ACCAGCACAGAGTCCA-
CAAC-3′); TRAP (gene name: ACP5, forward: 5′-AAAATG-
CCTCGAGACCTGGG-3′, reverse: 5′-GTAGGCAGTGACCC 
CGTATG-3′); 18S (forward: 5′-CGCGGTTCTATTTTGTTGGT-3′, 
reverse: 5′-AGTCGGCATCGTTTATGGTC-3′). All products dis-
played a single melt curve, and each gene was normalized to 18S 
ribosomal RNA as an internal control. Biological replicates were 
tested under each experimental condition and made relative, and 
the results were paired for statistical analysis.
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Western blot
Cells were lysed on ice for 10 min with ice-cold lysis buffer [1% NP-40, 
150 mM NaCl, and 50 mM tris (pH 8)]. For STAT1 phosphorylation 
blots (Fig. 1D), cells were lysed using radioimmunoprecipitation 
assay buffer [0.1% SDS, 1% Triton X-100, 1 mM EDTA, 150 mM 
NaCl, and 25 mM tris (pH 7.5)] containing 1× protease/phosphatase 
inhibitor (Cell Signaling Technologies). Lysates were centrifuged at 
10,000g for 10 min, and supernatants were transferred to fresh tubes. 
Samples were prepared in SDS sample buffer, with (reducing; Fig. 1 
and figs. S2 and S4) or without (nonreducing; Fig. 4 and fig. S6) 
-mercaptoethanol, and boiled for 5 min before loading. Total GILT 
expression was measured using a mouse -mouse GILT primary anti-
body (clone MaP.mGILT6, Hycult Biotech) (63) followed by a horse 
-mouse immunoglobulin G (IgG)–horseradish peroxidase (HRP) 
secondary antibody (#7076, Cell Signaling Technology). Cell lysates 
were run on Mini-PROTEAN TGX Stain-Free protein gels (Bio-Rad), 
and expression of mature GILT was normalized to total protein levels 
using Image Lab software (Bio-Rad). Rabbit -mouse P-S727 STAT1 
(#9177), P-Y701 STAT1 (#9167), and total STAT1 (#9172) antibodies 
(all Cell Signaling Technologies) were used to evaluate STAT1 sig-
naling and were probed using a goat -rabbit IgG-HRP secondary 
antibody (#7074, Cell Signaling Technology). Following P-S727 and 
P-Y701 detection, blots were stripped and probed for total STAT1, 
and P-S727 and P-Y701 levels were normalized to total STAT1 protein 
levels. Cathepsin K expression was measured using a rabbit -cathepsin 
K primary antibody (ab19027, Abcam) followed by a goat -rabbit 
IgG-HRP secondary antibody. Cathepsin K expression was normalized 
to the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) (using rabbit -GAPDH primary antibody #2118, Cell Sig-
naling Technologies). Biotinylated SPARC and biotinylated cathepsin 
K were probed using Precision Protein Strep-Tactin HRP Conjugate 
(Bio-Rad). Equal SPARC loading was confirmed using goat -human 
SPARC (AF941, R&D Systems) followed by a donkey -goat IgG-
HRP secondary antibody (sc-2020, Santa Cruz Biotechnology). Equal 
cathepsin K loading was confirmed using rabbit -cathepsin K (ab19027, 
Abcam) followed by a goat -rabbit IgG-HRP secondary antibody.

Immunofluorescence
Cells plated on glass coverslips were fixed for 15 min with 4% para-
formaldehyde. After extensive washing with phosphate-buffered 
saline (PBS), cells were permeabilized with 0.1% Triton X-100 for 
15 min, and coverslips were blocked with 5% goat serum/1% bovine 
serum albumin for 1 hour at room temperature. Samples were incu-
bated with primary antibodies overnight at 4°C, including mouse 
-mouse GILT (clone MaP.mGILT6, Hycult Biotech) (63) and rab-
bit -mouse cathepsin K (ab19027, Abcam). Following PBS washes, 
secondary antibodies [Alexa Fluor 488 goat -mouse IgG (A11029) 
and Alexa Fluor 594 goat -rabbit IgG (A11037), Thermo Fisher 
Scientific] and Phalloidin-iFluor 647 (ab176759, Abcam) were added 
to each coverslip for 1 hour at room temperature. Last, nuclei were 
stained with Bisbenzimide H 33258 (VWR) (1 g/ml) for 10 min in 
the dark, and coverslips were mounted on microscope slides using 
Dako Fluorescence Mounting Medium (Agilent). Cells were imaged 
on an Olympus IX71 inverted epifluorescence microscope using a 
Retiga 2000R CCD digital camera (QImaging). Specificity of the -GILT 
antibody was confirmed using cells from GILT−/− mice, and no-primary 
controls were performed to assess nonspecific binding of secondary 
antibodies. Colocalization of GILT and cathepsin K signals was 
assessed using the JACoP colocalization plugin for ImageJ (64) to 

calculate Pearson’s correlation coefficient, a measure of linear asso-
ciation, across entire BMMØ or osteoclast images. Costes’ automatic 
threshold method was used to minimize background fluorescence.

Microcomputed tomography
Frozen euthanized mice were thawed overnight at 4°C and then 
brought to room temperature. The proximal 6.36 mm of the right 
limb of each mouse was scanned using a vivaCT 40 scanner (Scanco 
Medical) under the following conditions as previously described 
(65): isotropic resolution, 15 m; tube voltage, 45 kVp; tube current, 
133 A; and integration time, 200 ms. Scans consisted of 1000 pro-
jections over 180° and were reconstructed on a 2048 × 2048 matrix. 
Calibration of the scanner was performed using HA phantoms. 
Subsequent to the scans, Image Processing Language (IPL V5.08b, 
Scanco Medical) was used to extract the trabecular and cortical re-
gions of the tibiae via segmentation. The mean gray scale values of 
voxels in both the trabecular and cortical regions were converted to mg 
of HA/cm3 and reported individually as trabecular and cortical bone 
mineral density. Trabecular bone volume ratio (BV/TV) and trabecular 
connectivity density (Conn.D) were calculated after segmentation.

Three-point flexural test
After CT scanning, the mice were dissected, and their tibiae har-
vested. The samples were wrapped in gauze dipped in PBS and fro-
zen at −20°C until further use. The day of the biomechanical tests, 
samples were thawed to room temperature, and both left and right 
tibiae underwent three-point bending analysis using an ElectroForce 
3200 test instrument (Bose Corporation) as previously described 
(66). Briefly, the lateral surface of the tibia was placed on the bend-
ing jig with lower supports located 8.69 mm apart at the tibial crest 
and the tibia-fibula junction. Tibiae were stabilized by applying a 
1-newton preload to the midpoint between the two lower supports. 
Subsequently, load was applied and measured using a 450-newton 
load cell at a displacement rate of 0.033 mm/s. Force was applied to 
the bone until fracture, and force values in newtons were normalized 
to the geometry of the bone to calculate flexural stress ( = 3PL/2bd2, 
where P is the applied load in newtons, L is the span length of 
8.69 mm, b is the tibia width, and d is the tibia depth). Strength of 
each bone was quantified as the ultimate stress reached before frac-
ture. Elastic modulus, a measure of resistance to elastic deforma-
tion under stress, was calculated by plotting stress () versus strain 
( = 6Dd/L2, where D is the displacement in millimeters, d is the 
tibia depth, and L is the span length) and calculating the maximal 
slope of the linear region with an R2 ≥ 0.995.

Bone histomorphometry
Tibiae were isolated from 20-week-old WT and GILT−/− mice and 
fixed overnight in 10% buffered formalin at room temperature. 
Bones were washed in PBS, and then decalcified for 1 week in 
ddH2O with 10% EDTA at room temperature. Bones were sec-
tioned in series longitudinally at 3 m in paraffin and stained with 
hematoxylin and eosin (Prairie Diagnostic Services). Sections were 
imaged with an Olympus IX71 inverted microscope (4× fields of 
view) using an Olympus DP72 digital color camera and subse-
quently analyzed for trabecular bone area and osteoclast numbers 
using cellSens image analysis software (Olympus). Histopathological 
assessment was performed by an American College of Veterinary 
Pathology–certified pathologist (A.L.W.) in a blinded fashion. 
Regions of interest for measuring trabecular bone area and osteoclast 
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counts were defined using the cortical bone and growth plate as 
boundaries.

Bone resorption assay
Bovine bone slices (Immunodiagnostic Systems) were stained for 
areas of resorption as previously described (67). Briefly, supernatants 
from wells containing bone slices were collected for CTX-I and 
ICTP analyses, and the bone slices were washed twice with PBS fol-
lowed by 1 N NaOH for 30 s to remove cellular content. After three 
additional washes with distilled water, bone slices were removed 
from each well and left to air dry. Bone slices were stained with 1% 
toluidine blue in 1% sodium borate for 5 min, followed by three 
successive rinses with distilled water. Once air dried, bone slices 
were imaged with an Olympus IX71 inverted microscope using an 
Olympus DP72 digital color camera. Areas of resorption were de-
fined as pits/trenches positively stained with toluidine blue, and 
percentages of resorption within each total area were quantified 
using ImageJ. Two unrelated 4× fields of view representing maxi-
mal levels of bone resorption were quantified and averaged for each 
bone slice, with each bone slice representing osteoclasts from an 
individual biological replicate. For scanning electron microscopy, 
representative bone slices previously resorbed by WT or GILT−/− 
osteoclasts were loaded onto copper tape and sputter coated with 
gold-palladium before visualization using an XL30 scanning electron 
microscope (Philips).

Enzyme-linked immunosorbent assay
CTX-1 and PINP concentrations in 20-week-old female WT or GILT−/− 
mice were determined using a RatLaps (CTX-I) EIA Immunoassay 
(Immunodiagnostic Systems) and a Rat/Mouse PINP EIA Immuno-
assay (Immunodiagnostic Systems), respectively, according to the 
manufacturer’s instructions. Fasting blood samples were collected 
by cardiac puncture, centrifuged at 300g for 15 min to remove cellu-
lar content, transferred to fresh tubes, and stored at −80°C before 
analysis. Cell culture concentrations of CTX-I and ICTP were deter-
mined using a CrossLaps for Culture (CTX-I) ELISA (enzyme-linked 
immunosorbent assay) Immunoassay (Immunodiagnostic Systems) 
and a Bovine ICTP Competitive ELISA kit (MyBioSource), respec-
tively, according to the manufacturer’s instructions. Collected super-
natants from resorbed bone slices were centrifuged at 300g for 15 min 
and stored at −80°C until CTX-I/ICTP analysis. For all ELISA assays, 
samples were run in duplicate and averaged, and concentrations were 
interpolated from a sigmoidal four parameter logistic (4-PL) curve-
fit standard curve.

H2O2 quantification
The generation of extracellular hydrogen peroxide (H2O2) by WT 
and GILT−/− osteoclasts was assessed using the redox-sensitive re-
agent Amplex UltraRed (Thermo Fisher Scientific). Nonadherent 
osteoclast precursor cells were plated at high density (2.5 × 105 cells 
per well; 96-well plate) and differentiated into osteoclasts using 
M-CSF (15 ng/ml) and RANKL (100 ng/ml) for 6 days, as de-
scribed above. The following day, 150 l of osteoclast supernatant 
(or media-only control) was transferred to a fresh 96-well plate and 
incubated with 10 M Amplex UltraRed reagent and HRP (2 U/ml) 
(Sigma-Aldrich) in the dark for 30 min at room temperature. The 
absolute fluorescence intensity of the resulting oxidized product 
(resorufin) was measured using an EnVision Multilabel Plate Reader 
(PerkinElmer).

Recombinant GILT reductase activity
Recombinant human GILT expressed in human embryonic kidney 
(HEK) 293 cells (LS-G50826) was purchased from LifeSpan BioSciences. 
To confirm reductase bioactivity of the GILT enzyme (see fig. S7, A 
and B), the disulfide-containing fluorogenic cystine-based reagent 
BODIPY FL l-cystine (Thermo Fisher Scientific) was diluted to a 
final concentration of 5 M in assay buffer (50 mM sodium acetate, 
200 M cysteine, pH 5). Subsequently, 200 ng of GILT, 200 ng of 
heat inactivated GILT (enzyme heat inactivated at 95°C for 10 min 
before addition), or no GILT was added to the reaction mixture at a 
final total volume of 50 l, and fluorescence liberation was kineti-
cally measured in real time at 37°C for 180 min using a FLUOstar 
OPTIMA microplate reader (BMG Labtech). Following the sub-
traction of background fluorescence (samples with 5 M substrate 
in assay buffer, no cysteine), rates of disulfide reduction were deter-
mined by calculating the slope of the real-time trace between 45 and 
90 min (y = mx + c, where y is the relative fluorescence, m is the 
slope, and x is the time) and made relative to the no GILT control.

Free thiol labeling and quantification
We diluted 500 ng of recombinant human SPARC (PeproTech) or 
200 ng of recombinant human cathepsin K (EMD Millipore) in assay 
buffer (50 mM sodium acetate, 100 M cysteine, pH 5) with or with-
out the addition of 500 ng of recombinant human GILT (LifeSpan 
BioSciences) at a final reaction volume of 30 l, and the reaction 
mixture was incubated at 37°C for 1 hour. GILT (or vehicle) was pre-
activated with 50 M dithiothreitol (DTT) (15 min, 37°C) before ad-
dition. Identical samples containing excess DTT (25 mM) were also 
prepared as a positive control for disulfide reduction. To both quench 
the reaction and label newly liberated thiols, biotin ethylenediamine 
iodoacetamide (Biotium) in 10× borate-buffered saline (pH 8.8) was 
added to each reaction mix to a final concentration of 250 M. The 
labeling reaction was performed in the dark for 90 min at room tem-
perature, and final products were quenched with nonreducing SDS 
sample buffer before separation by SDS–polyacrylamide gel electro-
phoresis. Protein bands corresponding to biotinylated SPARC were 
analyzed using Image Lab software (Bio-Rad), and band intensity was 
made relative to 25 mM DTT-positive controls.

Recombinant cathepsin K activity assays
Maintenance of cathepsin K proteolytic activity by GILT was 
measured using a protocol adapted from our previous study with 
cathepsin S (26). Briefly, 35  ng (Fig.  5,  A  and  B) or 200  ng 
(Fig. 5, C and D) of recombinant human cathepsin K (ab157067, 
Abcam) was diluted in assay buffer (50 mM sodium acetate, 500 M 
cysteine, pH 5). Subsequently, recombinant human GILT (LS-Bio) 
or heat inactivated (HI) GILT (enzyme heat inactivated at 95°C 
for 10 min before addition) was added to the reaction at a 5:1 ratio 
(175 ng GILT; Fig. 5, A and B) or a 2:1 ratio (400 ng GILT; Fig. 5, 
C and D). Recombinant GILT activity was previously demonstrat-
ed to be completely heat labile (26), with heat-inactivated GILT 
having no effect on cathepsin activity in an acidic reconstituted sys-
tem (see fig. S7, C and D). GILT and heat-inactivated GILT were 
pretreated with 50 M DTT (15 min, 37°C) before addition. Imme-
diately before commencing measurements, 50 M of the fluorescent 
cathepsin K–specific substrate Abz-HPGGPQ-EDDnp (Anaspec) 
or 60 g/ml of the fluorescent collagenase substrate DQ collagen 
(type I, Thermo Fisher Scientific) was added to each reaction mixture to 
a final total volume of 50 l. Proteolytic cleavage of each substrate 
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was kinetically measured in real time at 37°C using a FLUOstar 
OPTIMA microplate reader (BMG Labtech). Following the subtrac-
tion of background fluorescence (samples containing substrate in assay 
buffer), rates of proteolysis were determined by calculating the 
slope of the real-time trace between 60 and 120 min (Fig. 5, A and B) 
or between 0 and 30 min (Fig. 5, C and D) (y = mx + c, where y is the 
relative fluorescence, m is the slope, and x is the time) and made 
relative to heat-inactivated GILT samples.

Statistical analysis
All statistical analyses were completed using Prism software (GraphPad). 
Analyses were performed using a two-tailed Student’s t test or 
one-way analysis of variance with a multiple comparison analysis 
(Tukey’s post hoc test). Nonparametric results were analyzed using 
a two-tailed Mann-Whitney U test. Outliers as identified by Grubbs’ 
test (P < 0.05) were excluded (n = 1 each for Figs. 1A, 2B, and 3, 
B and F). Where indicated, paired statistics were used for experi-
mental conditions arising from the same biological replicate. P < 
0.05 was considered statistically significant. The specific statistical 
test used and number of replicates for each experiment are outlined 
in the appropriate figure legends.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/17/eabd3684/DC1

View/request a protocol for this paper from Bio-protocol.
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