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ABSTRACT Macrophages are professional phagocytes that are essential for host de-
fense and tissue homeostasis. Proper membrane trafficking and degradative func-
tions of the endolysosomal system are known to be critical for the function of these
cells. We have found that PIKfyve, the kinase that synthesizes the endosomal phos-
phoinositide phosphatidylinositol-3,5-bisphosphate, is an essential regulator of lyso-
somal biogenesis and degradative functions in macrophages. Genetically engineered
mice lacking PIKfyve in their myeloid cells (PIKfyvefl/fl LysM-Cre) develop diffuse tissue
infiltration of foamy macrophages, hepatosplenomegaly, and systemic inflammation.
PIKfyve loss in macrophages causes enlarged endolysosomal compartments and im-
pairs the lysosomal degradative function. Moreover, PIKfyve deficiency increases the
cellular levels of lysosomal proteins. Although PIKfyve deficiency reduced the activa-
tion of mTORC1 pathway and was associated with increased cleavage of TFEB pro-
teins, this does not translate into transcriptional activation of lysosomal genes, sug-
gesting that PIKfyve modulates the abundance of lysosomal proteins by affecting
the degradation of these proteins. Our study shows that PIKfyve modulation of lyso-
somal degradative activity and protein expression is essential to maintain lysosomal
homeostasis in macrophages.
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Lysosomes are acidic organelles that are essential for the degradation of macromol-
ecules delivered by endocytosis, phagocytosis, and autophagy (1). Lysosomal deg-

radation requires the hydrolytic enzymes and lysosomal membrane proteins that are
continuously synthesized in the endoplasmic reticulum (ER), trafficked to the trans-
Golgi network (TGN), and then sorted to the endolysosomal system (2). During this
synthetic process, some lysosomal enzymes undergo a series of modifications that
include cleavage of signal peptides in the ER, glycosylation by the addition of mannose-
6-phosphate in the Golgi apparatus, and proteolytic processing of inactive zymogens
into enzymatically active mature enzymes. Thus, proper functioning and homeostasis of
lysosomes critically depend on intracellular trafficking.

Intracellular trafficking events are modulated by several signaling molecules, which
include members of the phosphoinositide family (3–5). In particular, phosphatidylinositol-
3,5-bisphosphate [PI(3,5)P2] is critical for the trafficking along the endolysosomal system
(6–8) and has been implicated in lysosome biogenesis and autophagy (9–12). Phos-
phatidylinositol-3,5-bisphosphate is synthesized on the membranes of late endosomes and
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lysosomes (13, 14) by the lipid kinase PIKfyve (phosphoinositide kinase, FYVE finger
containing) (15–17). The physiological functions of PIKfyve have been recently elucidated in
genetically engineered mice. PIKfyve-null mice are embryonic lethal, which indicates a
critical role for PIKfyve during development (18, 19). A hypomorphic PIKfyve mouse model
is viable, but it dies early due to defects in multiple organs and tissues, including neural
tissues, heart, lung, kidney, thymus, and the hematopoietic system (20). Subsequently,
conditional PIKfyve knockout mice were developed using the Cre-Lox system and demon-
strated the essential roles of PIKfyve in specific tissues (19, 21–26). In particular, we
previously showed that mice with platelet-specific deletion of PIKfyve have impaired
lysosomal homeostasis and develop aberrant inflammatory and prothrombotic responses
(22). Similarly, intestine-specific PIKfyve knockout mice develop defective polarization of
epithelial cells, which leads to a severe inflammatory bowel disease (19). However, recently
generated myeloid-cell-specific PIKfyve knockout mice did not show any abnormalities in
the resident macrophages in spleen, liver, or bone marrow; the knockout affected only
some populations of alveolar macrophages in the lung (25). We were surprised by the latter
observation given the known importance of lysosome function within professional phago-
cytic cells and the published effect of PIKfyve inhibitors on innate immunity (27, 28).
Therefore, we chose to revisit the role of PIKfyve in myeloid cells using a myeloid-cell-
specific PIKfyve knockout mouse that was generated using our previously reported PIKfyve
flox mice (22).

We found that PIKfyve deficiency in myeloid cells leads to proliferation of granulo-
cytes and monocytes associated with elevation of inflammatory cytokines and that
PIKfyve is a critical regulator of the morphology, degradative activity, and protein
turnover of the endolysosomal system in macrophages. In summary, our study dem-
onstrates that PIKfyve is essential for maintaining lysosomal homeostasis and function
in macrophages.

RESULTS
Generation and validation of mice lacking PIKfyve in myeloid lineage. Previ-

ously reported myeloid-cell-specific PIKfyve knockout mice were generated using mice
with loxP sites flanking exon 5 of the PIKfyve gene (25). Since this targeting approach
can sometimes produce truncated proteins from cryptic start sites and lead to hypomor-
phic phenotypes, we used mice with loxP sites flanking exons 37 and 38 (corresponding to
the kinase domain) of the PIKfyve gene (PIKfyvefl) (22) to breed with mice expressing the
recombinase Cre under the control of the LysM promoter and generate PIKfyvefl/fl LysM-Cre
mice (Fig. 1A). To validate the tissue specificity of LysM-Cre, PIKfyvefl/fl LysM-Cre mice
were bred with Cre-dependent yellow fluorescent protein (YFP) reporter mice to obtain
PIKfyvefl/fl LysM-Cre Rosa26YFP mice. The peripheral blood of PIKfyvefl/fl LysM-Cre
Rosa26YFP mice was analyzed for YFP expression by flow cytometry, which demon-
strated that the LysM-Cre promoter induced Cre expression in about 80% of the
monocytes, in about 90% of the neutrophils, and in only about 1% to 5% of the
circulating B cells and T cells (Fig. 1B). Primary tissue macrophages were isolated from
the spleen or bone marrow using F4/80 antibody by immunomagnetic separation and
were analyzed for the expression of PIKfyve. PIKfyve mRNA expression was significantly
reduced in the macrophages of PIKfyvefl/fl LysM-Cre mice compared to wild-type (WT)
Lysm-Cre mice as determined by quantitative reverse transcription-PCR (qRT-PCR)
analysis (Fig. 1C). Furthermore, PIKfyve protein expression in macrophages was partially
reduced in PIKfyvefl/� LysM-Cre mice compared to that in WT LysM-Cre mice and
completely undetectable in PIKfyvefl/fl LysM-Cre mice (Fig. 1D). Given that our gene
targeting removed exons which encoded essential components of the PIKfyve kinase
domain but still allowed expression of a truncated mRNA, this finding suggests that the
resulting truncated PIKfyve mRNA is likely unstable and undergoes degradation, lead-
ing to the complete loss of PIKfyve protein in their macrophages.

PIKfyvefl/fl LysM-Cre mice develop hepatosplenomegaly due to tissue influx of
inflammatory cells. Previously reported myeloid-cell-specific PIKfyve knockout mice
did not develop any gross abnormalities (25). Although our PIKfyvefl/fl LysM-Cre mice
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were born at the expected Mendelian frequency and displayed no discernible mor-
phological abnormalities at birth, they developed progressive abdominal distention as
they matured (Fig. 2A). Necropsy at different ages showed that PIKfyvefl/fl LysM-Cre mice
developed enlargement of their livers and spleens compared to those of their WT
LysM-Cre littermates (Fig. 2B). Histological analysis of these organs revealed tissue
accumulation of highly vacuolated macrophages (Fig. 2C). Immunophenotyping anal-
ysis of circulating leukocytes from PIKfyvefl/fl LysM-Cre mice showed significantly in-
creased numbers of neutrophils and monocytes (Fig. 2D).

Given the elevated inflammatory myeloid cells in the peripheral blood of PIKfyvefl/fl

LysM-Cre mice, we hypothesized that their recruitment to the liver and spleen was
contributing to the aberrant increase of their liver and spleen. To test this hypothesis,
we isolated single-cell suspensions from the livers and spleens of WT LysM-Cre and
PIKfyvefl/fl LysM-Cre mice. Cells were then stained with fluorescent antibodies against
various immune cell markers and analyzed by flow cytometry. Upon gating for singlets,
size, and viability, we identified lineage-positive leukocytes in the liver and spleen by
gating for CD45� cells (Fig. 2E). We identified neutrophil infiltration from the tissues
by gating for CD45� CD11b� Ly6G� populations. Our results showed a significant
increase of neutrophil infiltration in PIKfyvefl/fl LysM-Cre mice in the spleen and liver
compared to that in WT LysM-Cre mice (Fig. 2F). To examine macrophage/monocyte
populations, we first gated for cells positive for macrophage-specific Fc receptor
CD64 expression and then examined CD11b� and Ly6C� populations within the
CD64�gate. In the spleen, we noticed that the resident macrophage populations,
defined by CD11bintermediate cells, Ly6Cnegative cells, and autofluorescence (29, 30),
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FIG 1 Generation and validation of mice lacking PIKfyve in myeloid cells. (A) Schematic depicting the
genetic targeting of PIKfyve. PIKfyve-floxed alleles (PIKfyvefl) were generated by targeting exons 37 and 38
with loxP sites (arrowheads). PIKfyvefl mice were crossed with LysM-Cre mice to generate a myeloid-cell-
specific homologous recombination of PIKfyvefl. (B) Flow cytometry analysis of percentage of YFP-
expressing cells in the peripheral blood of PIKfyvefl/fl LysM-CreR26 YFP mice (n � 4 mice). (C) qRT-PCR
analysis of PIKfyve gene expression relative to GAPDH in F4/80� spleen macrophages (n � 3 mice). (D)
Immunoblotting analysis of PIKfyve protein expression in the F4/80� spleen macrophages. Statistical
analysis was performed using unpaired two-tailed Student’s t test. All error bars indicate SEM. ***,
P � 0.001.
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FIG 2 PIKfyvefl/fl LysM-Cre mice display increased infiltration of inflammatory cells in various tissues. (A) General appearance of mice at about 14 months of age.
Note the characteristic abdominal distention in the PIKfyvefl/fl LysM-Cre mouse. (B) Representative images of the liver and spleen of mice at 14 months of age,
illustrating the marked hepatosplenomegaly in the PIKfyvefl/fl LysM-Cre mouse. (C) Representative images of tissue sections of the liver and spleen stained with
hematoxylin and eosin. Note the tissue accumulation of engorged cells with translucent cytoplasmic vacuoles in the PIKfyvefl/fl LysM-Cre mouse. Scale bar: 100 �M.
(D) Flow cytometry analysis of the numbers of B lymphocytes, T lymphocytes, monocytes, and neutrophils in the peripheral blood of mice at age of 4 to 20 weeks
of age (n � 7 for WT LysM-Cre and n � 11 for PIKfyvefl/fl LysM-Cre). (E) Flow cytometry analysis of isolated leukocytes from the spleens and livers of WT LysM-Cre
and PIKfyvefl/fl LysM-Cre mice. Left to right, general flow gating scheme (singlets, forward scatter [FSA]/side scatter [SSA], live) for all tissues and CD45 gating for
spleen and liver off all live cells. (F) Flow cytometry gating for neutrophils (CD11b� Ly6G�) for the spleen and liver along with cell number per tissue. (G) Flow
cytometry gating for monocytes/macrophages first with CD64�, followed by monocytes (CD11b� Ly6C�) and resident macrophages (CD11b� Ly6C�) for the
spleen and liver. (H) Flow cytometry gating for B lymphocytes (B220) and T lymphocytes (CD3). Statistical analysis was performed using unpaired two-tailed
Student’s t test (NS, not significant [P � 0.05]; *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001). All error bars indicate SEM.
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were increased in PIKfyvefl/fl LysM-Cre mice compared with WT LysM-Cre mice
(Fig. 2G). The inflammatory/recruited monocytes, defined by CD11bhigh Ly6Chigh

populations, were upregulated significantly in PIKfyvefl/fl LysM-Cre mice as well (Fig.
2G). We noticed a similar trend in the liver, where resident macrophages (i.e.,
Kupffer cells), defined by CD64� CD11bintermediate Ly6Cnegative cells (31), along with
the inflammatory monocyte populations defined by CD64� CD11b� Ly6C� cells
(32), were both significantly upregulated in PIKfyvefl/fl LysM-Cre mice (Fig. 2G). Lastly,
we analyzed the lymphocyte populations by examining B220 and CD3� popula-
tions. In the spleen, T cell numbers were similar, whereas B cell numbers were
slightly increased in PIKfyvefl/fl LysM-Cre mice (Fig. 2H). In the liver, both B cell and
T cell populations were increased in PIKfyvefl/fl LysM-Cre mice (Fig. 2H). These
findings demonstrate that the enlargement of the spleens and livers in PIKfyvefl/fl

LysM-Cre mice is due to significant influx of inflammatory cells, of both myeloid and
lymphoid lineages.

PIKfyve ablation in myeloid cells promotes systemic inflammation. We next
analyzed plasma samples for cytokine profiling by multiplex assay. We found elevated
levels of several proinflammatory and chemotactic cytokines, including interleukin 6
(IL-6), IL-20, CCL-4, CCL-19, CXCL-9, CXCL-10, eotaxin, and TIMP-1, in PIKfyvefl/fl LysM-Cre
mice compared to WT LysM-Cre littermates (Fig. 3A). To further explore the cellular
source of inflammation, we analyzed spleen macrophages for mRNA expression of
proinflammatory genes. Interestingly, the inflammatory genes were not elevated in
PIKfyve-null macrophages compared with WT macrophages (Fig. 3B). These findings
suggest that other inflammatory myeloid cells such as granulocytes might be respon-
sible for the proinflammatory cytokine expression and release. Together, these findings
demonstrate that PIKfyve deficiency in myeloid cells results in systemic inflammation.

PIKfyve regulates lysosomal structure and proteolytic function in macrophages.
To investigate the effect of PIKfyve deficiency in macrophages, we first examined the
morphology of macrophages isolated from the bone marrow or spleens of PIKfyvefl/fl

LysM-Cre Rosa26YFP mice. We confirmed that macrophages isolated using F4/80 anti-
body were YFP�, indicating LysM-Cre expression in F4/80� macrophages (Fig. 4A). As
expected, PIKfyve-null macrophages displayed cytoplasmic vacuolation (Fig. 4A), which
was similar to the vacuolation that has been previously reported for other PIKfyve-null
cells (19, 20, 22). The enlarged cytoplasmic vacuoles in PIKfyve-null macrophages
expressed LAMP1, which is a marker of late endosomes or lysosomes (Fig. 4B). To-
gether, these data confirm that PIKfyve is necessary to maintain the endolysosomal
morphology.

As a low pH is necessary for normal proteolytic function of lysosomal enzymes, we
further analyzed whether the absence of lysosomal proteolysis within PIKfyve-null
macrophages was due to a necessary role for PIKfyve in lysosomal acidification. This
process was analyzed using LysoTracker, a fluorescent dye that accumulates in acidic
compartments such as lysosomes. We found that LysoTracker accumulated in the
enlarged cytoplasmic vacuoles in the macrophages of PIKfyvefl/fl LysM-Cre mice (Fig. 4C).
This finding is consistent with a previous report by Ho et al. demonstrating that PIKfyve
is not necessary to maintain the pH of lysosomes (33). Thus, our result confirms that
PIKfyve is not required for the acidification of endolysosomal compartments.

We next investigated whether PIKfyve was essential for the degradative function of
macrophage lysosomes. Lysosomal proteolytic degradation was determined using
self-quenched DQ bovine serum albumin (BSA), which is a protease substrate that is
taken up by endocytosis and emits fluorescence upon proteolytic degradation within
acidic compartments such as late endosomes and lysosomes. Proteolysis of DQ BSA was
detected by two independent techniques. First, to determine the effect of PIKfyve on
lysosomal proteolytic degradation in live cells, we analyzed the cellular localization of
DQ BSA degradation. As anticipated, WT macrophages displayed a robust ability to
catabolize DQ BSA within the LAMP1-demarcated compartments. In contrast, PIKfyve-
null macrophages showed undetectable proteolytic degradation of DQ BSA within their
enlarged LAMP1-positive late endosomes and lysosomes (Fig. 4D and E). For the second
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FIG 3 PIKfyvefl/fl LysM-Cre mice develop systemic inflammation. (A) Cytokine analysis by multiplex array of plasma samples of mice
at 8 to 16 weeks of age (n � 5 per group). (B) Gene expression analysis of inflammatory cytokines by qRT-PCR (n � 3 per group).
Statistical analysis was performed using unpaired two-tailed Student’s t test (*, P � 0.05; **, P � 0.01). All error bars indicate SEM.
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method, we analyzed the proteolytic degradation of DQ BSA in the lysates of macro-
phages via spectrophotometry. PIKfyve-null macrophages had significantly impaired
ability to proteolytically degrade DQ BSA (Fig. 4F).

We also examined the effect of acute PIKfyve inhibition on lysosomal proteolytic
degradation. Bone marrow-derived macrophages (BMDM) were treated for 2 h with
apilimod at 100 nM or 1 �M. Cells were then analyzed for endocytosis of a fluid-phase
marker dextran and for proteolysis of DQ BSA over 30 or 90 min. Compared with
dimethyl sulfoxide (DMSO)-treated macrophages, apilimod-treated macrophages had a
reduced DQ BSA degradation when normalized to dextran uptake (Fig. 5). Together,
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these results demonstrate the critical role of PIKfyve in the ability of macrophages to
degrade proteins within their lysosomes.

PIKfyve modulates lysosomal protein abundance independently of transcrip-
tion. Given the importance of PIKfyve in lysosomal morphology and function, we next
investigated the role of PIKfyve in lysosomal biogenesis. First, we examined the
abundance of lysosomal and autophagy-related proteins in the F4/80� macrophages
from WT LysM-Cre mice and PIKfyvefl/fl LysM-Cre mice by immunoblotting analysis.
Compared to WT macrophages, PIKfyve-null macrophages showed increased levels of
lysosomal proteins such as LAMP1, procathepsin D, and cathepsin D (Fig. 6A). In
addition, PIKfyve-null macrophages had significant reduction in the ratio of LC3-II to
LC3-I (Fig. 6A), which suggests a defective basal autophagy. Lysosomal function and
biogenesis are closely regulated by the transcription factor TFEB, which is often referred
to as the “master regulator” of the lysosomal gene network (34). Based on this premise,
we hypothesized that the elevated lysosomal proteins in PIKfyve-null macrophages is
secondary to activation of TFEB promoting transcriptional upregulation of lysosomal
genes. In contrast to our prediction, the quantity of expressed mRNA for LAMP1 or
cathepsin D was not significantly higher in the PIKfyve-null macrophages than in the
WT macrophages by qRT-PCR analysis (Fig. 6B). Intriguingly, we found that PIKfyve-null
macrophages had reduced levels of full-length TFEB of about 60 kDa (band 1 in Fig. 6C)
but increased amounts of the shorter variants of the TFEB protein that were between
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  1 MASRIGLRMQ LMREQAQQEE QRERMQQQAV MHYMQQQQQQ QQQLGGPPTP  
 51 AINTPVHFQS PPPVPGEVLK VQSYLENPTS YHLQQSQHQK VREYLSETYG  
101 NKFAAHVSPA QGSPKPAPAA SPGVRAGHVL STSAGNSAPN SPMAMLHISS  
151 NPEKEFDDVI DNIMRLDSVL GYINPEMQMP NTLPLSSSHL NVYSGDPQVT  
201 ASMVGVTSSS CPADLTQKRE LTDAESRALA KERQKKDNHN LIERRRRFNI  
251 NDRIKELGML IPKANDLDVR WNKGTILKAS VDYIRRMQKD LQKSRELENH  
301 SRRLEMTNKQ LWLRIQELEM QARVHGLPTT SPSGVNMAEL AQQVVKQELP  
351 SEDGPGEALM LGPEVPEPEQ MPALPPQAPL PSAAQPQSPF HHLDFSHGLS  
401 FGGGGDEGPT GYPDTLGTEH GSPFPNLSKK DLDLMLLDDS LLPLASDPLF  
451 STMSPEASKA SSRRSSFSME EGDVL              
 
BAND 3 
 
  1 MASRIGLRMQ LMREQAQQEE QRERMQQQAV MHYMQQQQQQ QQQLGGPPTP  
 51 AINTPVHFQS PPPVPGEVLK VQSYLENPTS YHLQQSQHQK VREYLSETYG  
101 NKFAAHVSPA QGSPKPAPAA SPGVRAGHVL STSAGNSAPN SPMAMLHISS  
151 NPEKEFDDVI DNIMRLDSVL GYINPEMQMP NTLPLSSSHL NVYSGDPQVT  
201 ASMVGVTSSS CPADLTQKRE LTDAESRALA KERQKKDNHN LIERRRRFNI  
251 NDRIKELGML IPKANDLDVR WNKGTILKAS VDYIRRMQKD LQKSRELENH  
301 SRRLEMTNKQ LWLRIQELEM QARVHGLPTT SPSGVNMAEL AQQVVKQELP  
351 SEDGPGEALM LGPEVPEPEQ MPALPPQAPL PSAAQPQSPF HHLDFSHGLS  
401 FGGGGDEGPT GYPDTLGTEH GSPFPNLSKK DLDLMLLDDS LLPLASDPLF  
451 STMSPEASKA SSRRSSFSME EGDVL              

FIG 6 PIKfyve modulates lysosomal protein expression independently of transcription. (A) Immunoblot analysis of F4/80� spleen macrophages for
lysosomal and autophagy-related proteins: M6PR, LAMP1, p62, procathepsin D, cathepsin D, LC3-I, and LC3-II. Vinculin was used as a loading control.
(B) qRT-PCR analysis of cathepsin D, LAMP1, and LC3 relative to GAPDH in F4/80� spleen macrophages (n � 3 mice). (C) Immunoblot analysis of
F4/80� spleen macrophages probed with TFEB antibody. TFEB protein bands 1, 2, and 3 were cut for mass spectrometry analysis. (D) Proteomic
analysis of TFEB protein bands 1, 2, and 3 in panel C. In red are the tryptic peptides identified in each band by mass spectrometry analysis. The
sequence with UniProt number Q3UKG7 was used for the amino acid sequence of murine TFEB. (E) Immunoblot analysis of the F4/80� spleen
macrophages for PIKfyve, phospho-S6, S6, phospho-4EBP1, and 4EBP1. Probing for vinculin was used as the loading control. Statistical analysis was
performed using unpaired two-tailed Student’s t test (NS, P � 0.05). All error bars indicate SEM.
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40 and 50 kDa (bands 2 and 3 in Fig. 6C). Further analysis of the different forms of TFEB
by mass spectrometry confirmed that these variants were N-terminally truncated
variants of TFEB (Fig. 6D). Although the presence and significance of TFEB truncation
variants have not been previously reported, we propose that these truncated variants
are likely inactive forms of TFEB, since their presence was not associated with upregu-
lated lysosomal gene expression. Together, these findings show that PIKfyve ablation
leads to TFEB degradation, which might be an uncovered mechanism of downregu-
lating TFEB activity.

Previous studies showed that the activity of TFEB is regulated primarily by mTORC1-
mediated phosphorylation (35–37). Thus, we examined the effect of PIKfyve ablation in
mTORC1 activation. This was done by analyzing the effect of the PIKfyve-null mutation
on the mTORC1 substrates phospho-S6 and phospho-4EBP1. Interestingly, PIKfyve-null
macrophages had decreased levels of phospho-S6 and phospho-4EBP1 compared to
WT macrophages as determined by immunoblotting (Fig. 6E), which indicated reduced
activity of mTORC1. Since this reduced activation of mTORC1 did not result in activation
of TFEB and subsequent upregulation of lysosomal gene expression, our findings
suggest that PIKfyve deficiency modulates the degradation of TFEB downstream of
mTORC1 activation. Furthermore, our findings suggest that PIKfyve deficiency leads to
the accumulation of lysosomal proteins, likely from reduced degradation of lysosomal
proteins and not from TFEB-mediated transcriptional activation of lysosomal genes.

We also examined the effects of acute PIKfyve inhibition by apilimod on lysosomal
biogenesis. Spleen macrophages were isolated from WT mice using F4/80 antibody by
immunomagnetic separation, treated for 2 h with DMSO or with apilimod at 100 nM or
1 �M, and analyzed for the expression lysosomal genes by qRT-PCR as well as protein
levels by immunoblot analyses. We found that the level of a lysosomal protein, i.e.,
LAMP1, was increased in apilimod-treated macrophages (Fig. 7A). However, mTORC1
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FIG 7 Acute inhibition of PIKfyve by apilimod increases lysosomal protein abundance independently of transcrip-
tion in macrophages. (A to C) Immunoblot analysis of F4/80� spleen macrophages treated for 2 h with DMSO,
apilimod at 100 nM and 1 �M for LAMP1 and TFEB (A), phosph-S6 and S6 (B), and mTOR (C). �-Actin and GAPDH
were used as loading controls. (D) qRT-PCR analysis of LAMP1, cathepsin D, and TFEB relative to GAPDH in F4/80�

spleen macrophages treated for 2 h with DMSO or apilimod at 100 nM or 1 �M. Statistical analysis was performed
using unpaired two-tailed Student’s t test. All error bars indicate SEM.

Min et al. Molecular and Cellular Biology

November 2019 Volume 39 Issue 21 e00158-19 mcb.asm.org 10

https://mcb.asm.org


activity and mTORC1 expression were not significantly changed in apilimod-treated
macrophages compared with DMSO-treated macrophages (Fig. 7B and C). In addition,
the mRNA levels of lysosomal proteins were comparable between DMSO-treated and
apilimod-treated macrophages (Fig. 7D). These findings demonstrate that acute PIKfyve
inhibition modifies the levels of lysosomal proteins independently of gene expression
changes. The changes observed after brief PIKfyve inhibition by apilimod are similar to
the changes seen with long-term disruption of PIKfyve in PIKfyve-null macrophages.
Together, our data show that both acute and chronic inhibitions of PIKfyve do not alter
the gene expression of lysosomal proteins but rather induce intracellular accumulation
of lysosomal proteins, likely by reducing protein turnover.

DISCUSSION

In this study, using mice genetically engineered to lack PIKfyve in their myeloid cells,
we found that PIKfyve is an essential regulator of the lysosomal morphology, degra-
dative activity, and protein abundance in macrophages. Our findings are consistent
with the phenotypes described in previous reports of using apilimod to inihibit PIKfyve
(27, 28) as well as studies that analyzed genetic loss of function mutations in embryonic
stem (ES) cells (18, 20). However, these findings differ from the phenotypes reported in
a previous study of myeloid-cell-specific PIKfyve knockout mice, which showed that
PIKfyve was dispensable for most tissue-resident macrophages except for alveolar
macrophages in the lung (25). There are several explanations for why we (and others)
find PIKfyve so essential for macrophage biology while other investigators did not. (i)
Our mice were generated in a pure C57BL/6 background, whereas Kawasaki et al. (25)
generated their mice by injection of ES cells from JM8/A3 strain into C57BL/6 back-
ground mice. (ii) While Kawasaki et al. targeted exon 5 of the PIKfyve gene, we targeted
exons 37 and 38 of the PIKfyve gene. It is possible that our targeting approach, which
removes critical components of the kinase domain, results in a truncated form that
functions as a dominant negative gene. However, the absence of a phenotype in the
heterozygous PIKfyvefl/� LysM-Cre mice argues against this possibility. (iii) It is possible
that the targeting strategy utilized by Kawasaki et al., which removes the start codon,
still permits expression from a cryptic start site that generates a small amount of
truncated protein that is catalytically active and produces a hypomorph. Such a residual
minor amount of PIKfyve protein might be difficult to detect but still could be sufficient
to generate a small amount of phosphatidylinositol-3,5-bisphosphate that attenuates
the macrophage phenotype. (iv) Differences in the mouse housing environments used
by Kawasaki et al. and our group may result in phenotypic plasticity.

With the exception of the above-referenced publication, studies using genetic or
pharmacological ablation of PIKfyve in mammals, or of its orthologue fab1p in Saccha-
romyces cerevisiae, consistently demonstrate the development of enlarged endolyso-
somal compartments (38–41). Interestingly, fab1-null yeasts have impaired acidification
of their enlarged vacuoles (38), whereas our PIKfyve-impaired macrophages have
preserved lysosomal acidification. Consistent with prior studies using PIKfyve inhibitors
(27, 33), we found that mammalian PIKfyve is dispensable for the regulation of
lysosomal pH, since the enlarged late endosomes and lysosomes maintained the
acidification in the PIKfyve-null macrophages. Additionally, our data showing the
absence of DQ BSA cleavage within the LAMP1-demarcated compartments demon-
strate that despite normal acidification, the enlarged late endosomes and lysosomes in
PIKfyve-null macrophages have impaired proteolytic activity. Curiously, proteolysis still
occurred in some compartments that were not demarcated by LAMP1. This suggests
that DQ BSA is internalized and proteolyzed, perhaps in earlier endosomal compart-
ments, but it cannot be degraded in the downstream compartments, such as in the late
endosomes and lysosomes.

The defective degradation within the lysosomes could be explained by the follow-
ing. First, proteins that are targeted for degradation could require PIKfyve in order for
them to be transported to the late endosomes or lysosomes. Second, PIKfyve could be
necessary for the trafficking of critical degradative proteases to late endosomes or
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lysosomes. Lastly, PIKfyve could be required for an essential step in the posttransla-
tional processing of lysosomal degradative proteases that is required for their enzy-
matic activity. Consistent with several observations in models of PI(3,5)P2 deficiency
(20, 22, 42), PIKfyve-null macrophages have disproportionally increased levels of pro-
cathepsin D, which is an unprocessed form of cathepsin D. These findings suggest that
PIKfyve is critical for the processing and maturation of lysosomal proteins.

Our study shows that defective lysosomal degradative function is associated with
increased levels of lysosomal proteins in PIKfyve-deficient macrophages. Because TFEB
activity and lysosomal gene expression are expected to increase as a compensatory
mechanism of lysosomal dysfunction, we initially hypothesized that loss of PIKfyve
would activate TFEB and consequently increase transcriptional expression of lysosomal
genes. In contrast to this hypothesis, PIKfyve-null macrophages expressed truncated
forms of TFEB and showed unchanged levels of lysosomal gene expression. Although
the significance of TFEB truncation is unknown, given the association of TFEB trunca-
tion with the absence of changes in the gene expression of lysosomal proteins, we
speculate that truncation of TFEB might be a mechanism of downregulating TFEB
activity. Because PIKfyve deficiency also results in excessive accumulation of lysosomal
proteins despite unchanged gene expression, we hypothesize that this is likely due to
reduced protein turnover and defective autophagy, which may paradoxically trigger
truncation of TFEB downregulating TFEB activity. Together, our findings suggest that
PIKfyve deficiency does not directly modulate lysosomal gene expression but instead is
important for the turnover of lysosomal proteins. However, the exact mechanism of
PIKfyve modulating lysosomal protein turnover still remains to be elucidated.

To further delineate the direct versus indirect effects mediated by PIKfyve inhibition,
we compared the effects of acute PIKfyve inhibition on lysosomal function and bio-
genesis with those of chronic PIKfyve deficiency. Consistent with our findings in
PIKfyve-null macrophages, we observed that acute inhibition of PIKfyve using apilimod
resulted in reduced lysosomal proteolysis and increased lysosomal protein levels
without altering TFEB expression or lysosomal gene expression. Consistent with previ-
ous studies (43–45), we observed that acute inhibition of PIKfyve with apilimod did not
significantly modulate mTORC1 expression or activity. However, PIKfyve-null macro-
phages showed reduced mTORC1 activity, suggesting that this is an indirect effect of
prolonged PIKfyve deficiency.

We and others show that abnormalities in lysosomal biogenesis and functions are
linked to aberrant inflammatory responses in PIKfyve-deficient mice (19, 22, 25). These
findings are not surprising since abnormal lysosomal functions and lysosomal storage
disorders have long been known to associate with local and systemic inflammation due
to activation of several inflammatory pathways (46, 47). Although the exact mecha-
nisms are unknown, lyososomal dysfunction and defective autophagy have been
shown to mediate several inflammatory changes (48). Thus, it is conceivable that
PIKfyve deficiency induces aberrant inflammatory responses through their defective
lysosomal function and autophagy.

In conclusion, our study shows that PIKfyve is essential to maintain lysosomal
homeostasis in macrophages by regulating the morphology, trafficking, degradative
function, and protein expression in the lysosome.

MATERIALS AND METHODS
Mice. Mice expressing PIKfyve floxed alleles (PIKfyvefl) with exons 37 (AATTTTCTGATGCTAATGCCAA

GTTTTACTGTCGGCTGTACTACGCGGGAGAGTTCCACAAGATGCGTGAAGTGATTCTGGGCAGCAGTGAGGAGG
AATTCATCCGTTCCCTTTCTCACTCATCTCCCTGGCAGGCCCGGGGAGGCAAGTCAGGAGCTGCTTTCTATGCCA
CCGAAG) and 38 (ATGATAGATTCATTCTGAAGCAAATGCCTCGTTTGGAAGTCCAGTCTTTCC TTGACTTTGCA
CCACACTACTTCAATTATATCACAAATGCTGTTCAACA) of the PIKfyve gene flanked by loxP sites were
generated as previously described (22). To generate myeloid-cell-specific PIKfyve-deficient mice, PIKfyvefl

mice were crossed to mice expressing Cre recombinase under the control of the endogenous lysozyme
2 promoter (LysM-Cre) (B6.129P2-Lyz2tm1(cre)Ifo/J; stock number 004781; Jackson Laboratory). The resulting
PIKfyvefl/fl LysM-Cre mice were crossed to a Cre reporter strain that expresses enhanced YFP (EYFP) upon
cre-mediated recombination (B6.Cg-Gt(ROSA)26Sortm3(CAG-EYFP)Hze/J; stock number 007903; Jackson Labo-
ratory). For all studies, both female and male mice were used. All mice were maintained on standard
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chow and tap water under pathogen-free conditions. All animal procedures were approved by and
performed in accordance with the Institutional Animal Care and Use Committee at the University of
Pennsylvania.

PCR genotyping. Genomic DNA was isolated from mouse tail biopsy specimens for PCR genotyping.
Genotyping for PIKfyvefl was performed as previously described (22). Briefly, loxP integration in intron 36
was identified with 5=-CCATTGCCTGGCTTAGAACAGAG-3= and 5=-GAACTCTCCCGCGTAGTACAGC-3= prim-
ers. LysM-Cre was identified with mutant primer 5=-CCC AGA AAT GCC AGA TTA CG-3=, common primer
5=-CTT GGG CTG CCA GAA TTT CTC-3=, and WT primer 5=-TTA CAG TCG GCC AGG CTG AC-3=. The
Rosa26/EYFP transgene was identified with WT forward primer 5=-AAG GGA GCT GCA GTG GAG TA-3=, WT
reverse primer 5=- CCG AAA ATC TGT GGG AAG TC-3=, mutant forward primer 5=-ACA TGG TCC TGC TGG
AGT TC-3=, and mutant reverse primer 5=-GGC ATT AAA GCA GCG TAT CC-3=.

Histochemistry. Tissues were harvested, fixed overnight in 10% formalin, paraffin embedded, and
sectioned. Paraffin sections were deparaffinized and stained with hematoxylin and eosin.

Whole-blood white blood cell (WBC) analysis. Whole blood (50 �l) was obtained by retro-orbital
bleed, and red blood cells (RBCs) were lysed in ACK lysing buffer (Lonza). The remaining cells were
stained with LIVE DEAD aqua (Life Technologies) and incubated with cell culture supernatants from
anti-CD16/32 (clone 24G2)-expressing cells to block nonspecific binding to the Fc receptor. Cells were
subsequently stained with fluorophore-labeled monoclonal antibodies (MAb) to the following antigens:
CD3 (clone 145-2C11), CD19 (clone 6D5), CD115 (clone AFS98), CCR2 (clone 475301), Ly6C (clone HK1.4),
and Ly6G (clone 1A8), which were obtained from BD Pharmingen, Biolegend, or R&D Systems. Samples
were analyzed on a MacsQuant flow cytometer (Miltenyi), and flow cytometric analysis was performed
using FlowJo software (Tree Star).

Immunomagnetic isolation of macrophages from the spleen or bone marrow. Macrophages
from tissues were magnetically enriched using protocols provided by Stemcell Technologies. Bone
marrow was flushed from mouse femurs, aspirated with a syringe, and filtered with a cell strainer to
derive a single-cell suspension. Spleens were dissected from the abdominal cavities of mice and filtered
through a 50-�m nylon strainer to make single-cell suspensions of splenocytes. Red blood cells were
lysed with ACK buffer. Next, the cells were blocked with FcR block (Miltenyi Biotec; 130-092-575),
incubated with anti-F4/80 antibodies conjugated with fluorescein isothiocyanate (FITC) or phycoerythrin
(PE) (Miltenyi Biotec; 130-102-988 and 130-102-943), and incubated in an EasySep FITC or PE positive-
selection kit which labels FITC or PE epitopes with magnetic beads (Stemcell Technologies; 18557 and
18555). Each step was followed by a wash and spin. The prepared cells (in 15-ml centrifuge tubes) were
placed in EasySep magnets (Stemcell Technologies; 18001) which retained labeled cells during washes.
After several washes to remove unlabeled cells, the tubes were removed from the magnets and the
isolated cells were collected.

Flow cytometry analysis of immune cells in the liver and spleen. Spleens from WT and PIKfyvefl/fl

LysM-Cre mice were ground and filtered through 70-�m nylon mesh, and RBCs were lysed in ACK lysing
buffer (Lonza). Mouse livers were first minced with scissors and then digested in Hanks’ balanced salt
solution (HBSS) containing 200 U/ml of collagenase I (Sigma/Aldrich) for 45 min at 37°C. The liver digests
were then filtered through 70-�m nylon mesh and treated with ACK buffer for RBC lysis. Single-cell
suspensions from spleen and liver were resuspended in HBSS plus 3% fetal bovine serum (FBS) plus Fc
blocking antibodies for 30 min on ice prior to staining. For immune cell staining, anti-CD45 (biotin plus
allophycocyanin [APC] S/A), anti-Ly6G (FITC), anti-CD11b (PE-Cy7), anti-CD64 (PE), anti-Ly6C (Alexa Fluor
488), anti-CD3 (FITC), and anti-B220 (PE) were used (Biolegend), with 4=,6-diamidino-2-phenylindole
(DAPI) used as a viability dye. Cells were stained for 2 to 3 h on ice and analyzed using LSR-Fortessa (BD
Biosciences). Fluorescence-activated cell sorting (FACS) plotting, gating, and quantification were per-
formed using FlowJo (Tree Star). The specific gating for each population is as follows: neutrophil (CD45�

CD11b� Ly6G�), monocytes (CD45� CD64� Ly6C� CD11b�), macrophages (resident) (CD45� CD64�

Ly6C� and CD11bintermediate), B cells (CD45� B220�), and T cells (CD45� CD3�). Inflammatory cells were
enumerated by multiplying percent of event within specific gates of total processed events by total cells
within the tissues.

Macrophage culture. To generate bone marrow-derived macrophages (BMDM), bone marrow cells
were extracted from femurs and tibias of mice at 8 to 12 weeks of age and cultured in Dulbecco modified
Eagle medium (DMEM)–F-12 (Thermo Fisher). The cells were supplemented with 10% FBS, 1% penicillin
and streptomycin, and recombinant mouse macrophage colony-stimulating factor (M-CSF; Calbiochem)
at a final concentration of 10 ng/ml for 7 days. Supernatant cells were discarded, and BMDM were
harvested from dishes by adding Accutase (Sigma-Aldrich; A6964) and washing with DMEM.

Apilimod treatment of cells. Macrophages were treated with apilimod (Axon Mechem; number
1369) at the desired concentrations and times. Cells were then used for coendocytosis of dextran and DQ
BSA, immunoblotting, and qRT-PCR.

Real-time quantitative PCR. Total RNA was isolated from macrophages using an Illustra RNA spin
minikit (GE Healthcare). cDNA was made with a high-capacity cDNA kit (Thermo Fisher Scientific). A
total of 100 to 400 ng of cDNA was used for qPCR. Primers and probes were acquired from Thermo
Fisher Scientific for the genes for GAPDH (Mm99999915_g1), PIKfyve (Mm00440793_m1), LC3
(Mm00458724_m1), cathepsin D (Mm00515586_m1), and LAMP1 (Mm00495262_m1). The primers
used to analyze proinflammatory genes are listed in Table 1.

Samples were run on a Step One Plus qPCR instrument (Applied Biosystems) and analyzed using the
threshold cycle (ΔΔCT) method to calculate fold change. All samples were first normalized to the GAPDH
gene and then compared to WT controls.
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Immunoblotting. Tissues or cells were harvested and homogenized in radioimmunoprecipitation
assay (RIPA) buffer that was supplemented with a protease inhibitor cocktail (Sigma-Aldrich) and a
phosphatase inhibitor cocktail (Thermo Fisher Scientific). The protein concentrations were measured
by bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific). The protein samples were
analyzed by Novex NuPage SDS-PAGE gradient gels under reducing conditions (Invitrogen) and then
transferred onto a polyvinylidene difluoride membrane (Invitrogen). The membrane was blotted
with the indicated primary antibodies against PIKfyve (Sigma-Aldrich number P0054; 1:400), M6PR
(Abcam number ab32815; 1:1,000), LAMP1 (Developmental Studies Hybridoma Bank clone 1D4B;
1:2,000), p62 (Cell Signaling Technology; 1:1,000), cathepsin D (Calbiochem; number IM16; 1:1,000),
LC3 (Cell Signaling Technology; 1:1,000), TFEB (Bethyl; A303-673A; 1:2,000), phospho-S6 (Cell Sig-
naling Technology; number 4858; 1:1,000), S6 (Cell Signaling Technology; number 2217; 1:1,000),
phospho-4EBP1 (Cell Signaling Technology; number 2855; 1:1,000), 4EBP1 (Cell Signaling Technol-
ogy; number 9644; 1:1,000), mTOR (Cell Signaling Technology; number 2983; 1:1,000), �-actin (Cell
Signaling Technology; number 4970; 1:2,000), GAPDH (Cell Signaling Technology; number 8884;
1:10,000), and vinculin (Santa Cruz Biotechnology; number sc-7649; 1:1,000). The following horse-
radish peroxidase-conjugated secondary antibodies were used: anti-rabbit antibodies (GE Healthcare
and Cell Signaling Technology; 1:3,000 and 1:1,000, respectively), anti-rat antibody (Santa Cruz
Biotechnology; 1:5,000), anti-goat antibody (Santa Cruz Biotechnology; 1:3,000), and anti-mouse
antibody (Santa Cruz Biotechnology; 1:3,000). Membranes were visualized with enhanced chemilu-
minescence substrate (GE Healthcare Life Sciences).

Mouse cytokine multiplex assay. Plasma samples were obtained from mice and analyzed by Eve
Technologies (Calgary, Canada) using the mouse cytokine array/chemokine array 44-plex according to
the manufacturer’s instructions. The following biomarkers were analyzed: eotaxin, erythropoietin, 6Ckine,
fractalkine, granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating
factor (GM-CSF), interferon �1 (IFN-�1), IFN-�, IL-1�, IL-1�, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-11,
IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-16, IL-17, IL-20, IP-10 (CXCL10), KC, LIF, LIX, MCP-1, MCP-5, M-CSF,
MDC, MIG (CXCL9), MIP-1� (CCL3), MIP-1� (CCL4), MIP-2 (CXCL2), MIP-3� (CCL20), MIP-3B (CCL19),
RANTES, TARC, TIMP-1, tumor necrosis factor alpha (TNF-�), and vascular endothelial growth factor
(VEGF).

Immunofluorescence microscopy. BMDM were grown on coverslips and fixed with cold methanol
(MeOH)-acetone, permeabilized with PBT (phosphate-buffered saline [PBS] and Triton X-100 [0.1%]), and
blocked with starting block buffer T20 (Thermo Fisher Scientific). Slides were probed with primary
antibody LAMP1 (Development Study Hybridoma Bank) overnight at 4°C. Slides were imaged with Leica
DM6000, and images were deconvolved with Leica LAS Autoquant software.

Live-cell imaging with LysoTracker, dextran, and DQ BSA. Macrophages were grown overnight on
glass chamber slides (Ibidi; number 80827) coated with 0.1% gelatin. For all live-stain solutions and
washes, a 10% FBS–DMEM (without phenol red; Invitrogen) staining buffer was used. Macrophages were
gently washed with staining buffer and labeled with one of the live stains LysoTracker green, dextran
green (Thermo Fisher; P35368), and DQ red BSA (Thermo Fisher; D12051). To visualize lysosomes,
LysoTracker green (100 �M) was applied to each well for 15 min. To measure proteolytic activity, DQ red
BSA (10 �g/ml) was added to each well for different periods. For each stain, the wells were washed once
with 10% trypan blue in staining buffer followed by a wash with staining buffer and then fixed with 4%
paraformaldehyde. Images were acquired with Metamorph software on a spinning-disk confocal micro-
scope (Nikon Eclipse Ti-U) at the University of Pennsylvania Molecular Pathology & Imaging Core Service.
Images were acquired on a Leica DM6000 wide-field microscope with a Photometric HQ2 high-resolution
monochrome charge-coupled-device (CCD) camera using LAS AF software. The images were taken at 13
levels at 0.5-�m steps. The images were deconvolved using the AutoQuant deconvolution package at 10
iterations. The equipment was maintained by the Cell and Developmental Biology core facility at the
University of Pennsylvania. The image stacks were flattened by Z projection (max intensity), and mean
fluorescence was quantified with FIJI software.

Proteolysis assay. BMDM were seeded into a 96-well plate and incubated overnight at 37°C. Cells
were then incubated with PBS or DQ red BSA (Thermo Fisher Scientific) at a final concentration of

TABLE 1 Primers used in qPCR to analyze proinflammatory genes

Primer Sequence

IL6 F CTTCCATCCAGTTGCCTTCTTG
IL6 R AATTAAGCCTCCGACTTGTGAAG
IL20 F GGGAGACATCGATAGCCCTG
IL20 R TCCAAAGACACACTATCCCGA
CCL4 F CCTTGCTCCTCACGTTCAGA
CCL4 R CATCTCCATGGGAGACACGC
CCL19 F ATGTGAATCACTCTGGCCCAGGAA
CCL19 R AAGCGGCTTTATTGGAAGCTCTGC
CXCL9 F TAGGGACCACAGACTATTCCCC
CXCL9 R GCCTGGTGTGTAACAGCCTT
CXCL10 F CTTCTGAAAGGTGACCAGCC
CXCL10 R GTCGCACCTCCACATAGCTT
TIMP1 F GCAACTCGGACCTGGTCATAA
TIMP1 R CGCTGGTATAAGGTGGTCTCG
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10 �g/ml and incubated at 37°C for 0, 2, 4, and 8 h. Fluorescence of DQ red BSA was measured on a
Molecular Devices spectrophotometer microplate reader at an excitation wavelength of 584 nm and an
emission wavelength of 612 nm.

Immunoprecipitation of TFEB. Isolated macrophages from the mouse spleen were lysed in RIPA (or
in 1% NP-40 in PBS) lysis buffer containing a protease inhibitor cocktail (Roche) and sodium orthovana-
date (2 mM). The lysates were precleared with unconjugated protein A-agarose beads (Invitrogen). The
precleared lysates were subjected to immunoprecipitation using anti-TFEB antibody (Bethyl Laboratories;
A303-673A) prebound to protein A-agarose beads. The immunoprecipitated sample was eluted by
addition of Novex NuPAGE LDS sample buffer (Invitrogen) and Novex NuPAGE sample reducing agent
(Invitrogen) and heating at 95°C for 10 min. The sample was spun down at 500 � g for 5 min, and the
supernatant was run on 4% to 12% Novex NuPAGE gels (Invitrogen). The gels were Coomassie blue
stained, and the lanes corresponding to TFEB bands were excised for digestion and mass spectrometry
analysis.

In-gel digestion. Each sample was excised from the gel and cut into 1-mm3 cubes (49). They were
destained with 50% methanol–1.25% acetic acid, reduced with 5 mM dithiothreitol (Thermo Fisher
Scientific), and alkylated with 40 mM iodoacetamide (Sigma-Aldrich). Gel pieces were then washed with
20 mM ammonium bicarbonate (Sigma-Aldrich) and dehydrated with acetonitrile (Thermo Fisher Scien-
tific). Trypsin (Promega; 5 ng/ml in 20 mM ammonium bicarbonate) was added to the gel pieces, and
proteolysis was allowed to proceed overnight at 37°C. Peptides were extracted with 0.3% trifluoroacetic
acid (J. T. Baker) followed by 50% acetonitrile. Extracts were combined and the volume was reduced by
vacuum centrifugation.

Mass spectrometry analysis. Tryptic digests were analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) on a QExactive HF mass spectrometer (Thermo Fisher Scientific) coupled with
an Ultimate 3000. Peptides were separated by reverse-phase high-performance liquid chromatography
(RP-HPLC) on a nanocapillary column (75 �m [inside diameter] by 25-cm 2-�m PepMap Acclaim column).
Mobile phase A consisted of 0.1% formic acid (Thermo Fisher Scientific) and mobile phase B of 0.1%
formic acid–acetonitrile. Peptides were eluted into the mass spectrometer at 300 nl/min, with each RP-LC
run comprising a 90-min gradient from 10 to 25% mobile phase B in 65 min to 25 to 40% mobile phase
B in 25 min. The mass spectrometer was set to repetitively scan m/z from 300 to 1,400 (R � 240,000),
followed by data-dependent MS/MS scans on the 20 most abundant ions, minimum AGC 1e4, dynamic
exclusion with a repeat count of 1, repeat duration of 30 s (R � 15,000), FTMS full scan AGC target value
of 3e6, and MSn AGC of 1e5. MSn injection time was 160 ms; microscans were set at 1. Rejection of
unassigned and 1�, 6 to 8 charge states was set.

Data processing for proteomics analysis. Raw MS files were processed using MaxQuant, version
1.5.7.4, for identification of proteins (50). The peptide MS/MS spectra were searched against the
UniProtKB/Swiss-Prot Mouse Reference Proteome database (proteome name, Mus musculus C57BL/6J,
reference proteome; proteins, 49,838; proteome identifier [ID], UP000000589; strain, C57BL/6J; taxonomy,
10090 [Mus musculus]; last modified 9 July 2016; Genome assembly, GCA_000001635.6). Precursor ion
tolerance was 4.5 ppm, with semitryptic specificity, and MS2 fragment ion tolerance was set to 20 ppm.
Oxidation of methionine, acetylation of the protein N terminus, and conversion of glutamine to
pyroglutamic acid were used as variable modifications, and carbamidomethylation of cysteine was set as
a fixed modification. The minimal length required for a peptide was 7 amino acids. A target-decoy
approach was used to control false-discovery rate (FDR). A maximum FDR of 1% at both the peptide and
the protein levels was allowed. The MaxQuant match-between-runs (0.7 min) feature was enabled.

Statistical analysis. Statistical analysis was performed using GraphPad Prism. Data were expressed
as means � standard errors of the means (SEM). Two-tailed Student’s t test was used for comparisons of
two groups. A P value of less than 0.05 was considered statistically significant.
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