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TRAPPC1 is essential for the maintenance and
differentiation of common myeloid progenitors

in mice
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Abstract

Myeloid cell development in bone marrow is essential for the
maintenance of peripheral immune homeostasis. However, the role
of intracellular protein trafficking pathways during myeloid cell
differentiation is currently unknown. By mining bioinformatics
data, we identify trafficking protein particle complex subunit 1
(TRAPPC1) as continuously upregulated during myeloid cell devel-
opment. Using inducible ER-TRAPPC1 knockout mice and bone
marrow chimeric mouse models, we demonstrate that TRAPPC1
deficiency causes severe monocyte and neutrophil defects, accom-
panied by a selective decrease in common myeloid progenitors
(CMPs) and subsequent cell subsets in bone marrow. TRAPPC1-
deleted CMPs differentiate poorly into monocytes and neutrophils
in vivo and in vitro, in addition to exhibiting enhanced endoplasmic
reticulum stress and apoptosis via a Ca**-mitochondria-dependent
pathway. Cell cycle arrest and senescence of TRAPPC1l-deleted
CMPs are mediated by the activation of pancreatic endoplasmic
reticulum kinase and the upregulation of cyclin-dependent kinase
inhibitor p21. This study reveals the essential role of TRAPPC1 in
the maintenance and differentiation of CMPs and highlights the
significance of protein processing and trafficking processes in
myeloid cell development.
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Introduction

In mammals, myeloid cells recognize and eliminate pathogens
and damage-associated components, in addition to initiating and
amplifying adaptive immune responses. The normal development
of myeloid cells is essential for the maintenance of their home-
ostasis. In the hierarchical hematopoietic model, hematopoietic
stem cells (HSCs, defined in mouse as CD48 CD150'Lin”S-
cal"CD117") differentiate into multipotent progenitor cells (MPPs).
MPPs then differentiate into either CD16/321°WCD34+ common
myeloid progenitors (CMPs) or common lymphoid progenitors
(CLPs). CMPs continue to differentiate into monocytes and neu-
trophils through CD16/32M8%CD34" granulocyte-macrophage pro-
genitors (GMPs) and other developmental stages (Iwasaki &
Akashi, 2007; Mahalingaiah et al, 2018). A number of key tran-
scription factors, such as PU.1, CCAAT enhancer binding protein
alpha (C/EBPa), and Ruppel-like factor 5, are essential for the
progression of multipotent progenitors to monocytes/macrophages
and neutrophils, although they may act in the bone marrow at
different development stages (Zhang et al, 1997; Rosenbauer &
Tenen, 2007; Shahrin et al, 2016). In addition to the finely tuned
genetic regulatory network, epigenetic and metabolic modulations
also play important roles in shaping myeloid cell development in
the bone marrow (Alvarez-Errico et al, 2015; Karmaus et al,
2017; Zhao et al, 2018). However, the regulatory role of intracel-
lular protein trafficking pathways in bone marrow myeloid cell
differentiation remains unknown.

The intracellular protein trafficking network plays an important
role in various physiological and pathological processes (Yu &
Hughson, 2010; Kim et al, 2016; Bodnar et al, 2020; Cejas et al,
2021). Intracellular trafficking and precise delivery of newly syn-
thesized and sorted proteins in the Golgi/trans-Golgi network
compartments to functional cellular destinations, such as
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endosomes, lysosomes, and plasma membranes, are crucial to
normal cell function (Barlowe & Miller, 2013; Wang et al, 2021).
Trafficking protein particle complex subunit 1 (TRAPPC1) is a
core subunit of transport protein particle (TRAPP) complexes
(Kim et al, 2016). TRAPP complexes, first identified and studied
in yeast, are composed of three different complexes sharing the
same multicomponent protein core (Sacher et al, 1998, 2001,
2019; Lynch-Day et al, 2010). All of the yeast subunits are con-
served in mammals, including humans. TRAPP complexes and
their subunits play certain roles in processes related to vesicle
traffic, including endoplasmic-reticulum-to-Golgi trafficking and
autophagy (Yamasaki et al, 2009; Scrivens et al, 2011; Ramirez-
Peinado et al, 2017; Zhao et al, 2017). We recently reported that
specific TRAPPCI deficiency in thymic epithelial cells significantly
impairs thymic development in mice (Dong et al, 2022). How-
ever, little is currently known about TRAPP complexes in
immune cell development. In this study, after observing continu-
ously upregulated levels of protein processing in the endoplasmic
reticulum and of TRAPPC1 expression during the HSC-to-CMP-to-
GMP developmental transition in bone marrow as analyzed by
bioinformatics data mining, we investigated the roles of TRAPPC1
in bone marrow myeloid cell development using established indu-
cible ER-TRAPPC1 knockout mice and chimeric mouse models.

Results

TRAPPC1 is gradually upregulated in the bone marrow during
myeloid cell development

To screen signaling pathways or functional genes vital to the pro-
cess of myeloid cell development, we first analyzed available
RNA sequencing (RNA-seq) data (Taiwo et al, 2013; Jeong et al,
2014; Sun et al, 2014) to identify key genes whose transcriptional
expression in the bone marrow changes significantly during the
development of HSCs to CMPs to GMPs. After defining differen-
tially expressed genes (DEGs, P < 0.05, log/FC} > 2) for HSCs vs.
CMPs and for CMPs vs. GMPs (Fig 1A), Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis showed that endoplasmic
reticulum-related pathways, including protein processing in endo-
plasmic reticulum and protein digestion and absorption, were
continuously upregulated during differentiation from HSCs to
CMPs to GMPs (Fig 1B; Appendix Fig S1). Gene set enrichment
analysis showed that genes involved in protein processing in the
endoplasmic reticulum were highly enriched in accordance with
developmental phase and were continuously upregulated during
myeloid cell development (P < 0.01, Fig 1C). A group of genes
associated with protein processing in the endoplasmic reticulum
was upregulated during the differentiation of CMPs to GMPs
(Fig 1D). Several large multisubunit protein complexes are
responsible for protein processing in the endoplasmic reticulum;
here, we noted that TRAPPCI, a core subunit of the TRAPP com-
plex, was specifically and continuously up-regulated during
myeloid precursor development (Fig 1E), which was verified by
real-time PCR assays of cells in the CMP differentiation culture
system (Fig 1F). These results indicate the potential involvement
of protein processing in the endoplasmic reticulum and TRAPPC1
in the differentiation of HSCs to GMPs in bone marrow.
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TRAPPC1 is indispensable for myeloid cell development

To study the regulatory roles of TRAPPC1 in myeloid cells, we con-
structed TRAPPCI1-floxed and knockout mice using the CRISPR/
Cas9 system (Fig EV1A). Unfortunately, TRAPPC1 KO mice were
unattainable due to the fetal lethality of TRAPPC1 deletion
(Fig EV1B and C). Therefore, we crossed TRAPPCI1-floxed mice with
ER* mice to obtain ER-TRAPPC1 KO mice in which the TRAPPC1
gene can be inducibly knocked out using tamoxifen treatment. To
rule out extrinsic interference, we constructed full chimeric mice
using lethally irradiated WT CD45.1" recipient mice that received
either CD45.2" WT or ER-TRAPPC1 KO BMCs (Appendix Fig S2A).
These chimeric mice were then treated with tamoxifen for five con-
secutive days to delete the TRAPPC1 gene from ER-TRAPPC1 KO
BMCs-derived cells. As the half-life period of majority myeloid cells
is as short as a few days, a limited time interval between tamoxifen
treatment and analysis was beneficial to identifying the direct effect
of gene depletion on myeloid cells. After an interval of 3 days,
immune cell compositions in the bone marrow, spleen, and periph-
eral blood were detected by flow cytometry (Appendix Fig S2B, C
and D). The results showed that the percentages and cell numbers
of Ly6C™8"CD11b" monocytes and Ly6C™CD11b" neutrophils signif-
icantly decreased in the bone marrow, spleen, and peripheral blood
of ER-TRAPPC1 KO BMCs to WT full chimeric mice, compared with
WT BMCs to WT full chimeric mice (Fig 2A and B;
Appendix Fig S3A-C), whereas there was no obvious change in the
composition of T and B cells for ER-TRAPPC1 KO chimeras (Fig 2C
and D). Furthermore, red blood cell and platelet counts in the
peripheral blood were unchanged in these chimeric mice (Fig 2E
and F). Mixed WT and ER-TRAPPC1 KO mixed chimeric mice,
which received both WT and ER-TRAPPC1 KO BMCs, were used to
identify kinetic changes in immune cell subsets across different days
after tamoxifen treatment (Appendix Fig S4A—C). The results of flow
cytometry analysis showed that monocytes and neutrophils derived
from TRAPPCI1-deleted BMCs dropped rapidly after tamoxifen treat-
ment, while levels of CD4" T cells, CD8" T cells, and B220" B cells
were notably unchanged (Fig 2G; Appendix Fig S5), confirming the
specific impact of TRAPPC1 deficiency on myeloid cells. Collec-
tively, these results suggest that TRAPPC1 is indispensable to the
myeloid cell development process.

TRAPPC1 deficiency reduces CMPs and impairs
development capacity

Survival abnormalities in mature myeloid cells might cause the
observed defects in TRAPPC1-deleted mature myeloid cells. There-
fore, we detected monocytes and neutrophils in Lyz-TRAPPC1 KO
mice, in which TRAPPC1 was deleted during the late developmental
stages of monocytes and neutrophils (Clausen et al, 1999). The
results showed that the percentages and cell numbers of monocytes
and neutrophils were normal in Lyz-TRAPPC1 KO mice compared
to WT mice (Appendix Fig S6A-C). In addition, the percentages of
Annexin V' and Ki67" cells in TRAPPC1-deleted monocytes and neu-
trophils were similar to those found in WT cells (Appendix Fig S7A
and B), indicating that TRAPPC1 deficiency in mature mono-
cytes/macrophages and neutrophils does not impair their apoptosis
or proliferation and suggesting that the decreased presence of mono-
cytes and neutrophils in ER-TRAPPC1 KO BMCs compared to WT

© 2022 The Authors
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Figure 1. TRAPPC1 is gradually upregulated during myeloid cell development.

A
and DEGs (P < 0.05, log|FC| > 2) of CMPs vs. GMPs.

mic reticulum pathway, P < 0.01.

detected by real-time-PCR (n = 3, biological replicates).

Days of culture

Heat map representing the gene expression profile of HSCs, CMPs, and GMPs, selected genes were from the union set of DEGs (P < 0.05, log/FC} > 2) of HSCs vs. CMPs

KEGG signal pathway enrichment of upregulated genes during HSC-to-CMP-to-GMP development.
Gene set enrichment analysis plot presenting DEGs during HSC-to-CMP and CMP-to-GMP development (time phase) enriched in protein processing in the endoplas-

Network analysis showing DEGs related to protein processing in the endoplasmic reticulum.
Expression of Trapp complex family genes during HSC-to-CMP-to-GMP development (n > 5, biological replicates).
Sorted CMPs were cultured with SCF (20 ng/ml), GM-CSF (10 ng/ml) G-CSF (20 ng/ml), and M-CSF (20 ng/ml) for 1-4 days, and the expression of TRAPPC1 was

Data information: Data are shown with each replicate staggered. **P < 0.01, ***P < 0.001, and n.s. P > 0.05; statistical significance was determined with the two-tailed

student’s t-test.
Source data are available online for this figure.

chimeras is likely unrelated to increased apoptosis or decreased self-
renewal in mature monocytes and neutrophils.

We then quantified the levels of hematopoietic stem and progeni-
tor cells in the bone marrow of WT BMCs to WT and of ER-
TRAPPC1 KO BMCs to WT full chimeric mice using multicolor flow
cytometry 3 days after tamoxifen treatment (Fig EV2A). The propor-
tions of CD16/32'°VCD34" CMPs in Lin~Scal"CD117" cells were
significantly ~ increased, but CD16/32M8%CD34" GMPs in

© 2022 The Authors

Lin~Scal "CD117" cells were reduced in ER-TRAPPC1 KO BMCs to
WT mice compared to WT BMCs to WT mice (Fig 3A and B). How-
ever, the cell numbers of CMPs and GMPs were significantly
decreased in ER-TRAPPC1 KO BMCs to WT chimeras (Fig 3C). We
also found that the percentages of HSCs (CD48 CD150"Lin"S-
cal’CD117"), MPPs (CD48'Lin"Scal’CD117"), and L™S'K" cells
(Lin~Scal’CD117", a heterogeneous population including HSCs and
MPPs) were significantly increased in the bone marrow of ER-
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Figure 2. Myeloid cells are severely depleted in ER-TRAPPC1 KO BMCs to WT chimeric mice.
WT and ER-TRAPPC1 BMCs to WT full chimeras were treated by tamoxifen for 5 consecutive days, with an interval of 3 days before flow cytometry analysis of myeloid

cells in the bone marrow, spleen, and peripheral blood.
A Representative dot plots.

B Percentages of CD11b" Ly6Chigh monocytes and CD11b* Ly6Cint neutrophils in bone marrow, spleen, and peripheral blood (n = 3, biological replicates).

C Representative dot plots of T cells and B cells in spleen samples.

D  Cell numbers of T cells and B cells in spleen samples (n = 3, biological replicates).
E, F Red blood cell and platelet counts of peripheral blood from WT and ER-TRAPPC1 KO BM chimeras (n = 3, biological replicates).
G Mixed WT and ER-TRAPPC1 BMCs to WT chimeras were treated with tamoxifen for 5 consecutive days, and changes in the chimera level of different cell sets were

analyzed by flow cytometry (n = 4, biological replicates).

Data information: Data are shown as means =+ SD. *P < 0.05, **P < 0.01, ***P < 0.001, and n.s. P > 0.05; statistical significance was determined with the two-tailed

student’s t-test.
Source data are available online for this figure.

TRAPPC1 KO BMCs to WT mice (Fig EV2B and C). However, the
numbers of HSCs, MPPs, and L™ S"K" cells were unchanged in ER-
TRAPPC1 KO BMCs to WT mice (Fig EV2D). These results suggest
that TRAPPC1 deletion predominately impairs the developmental
stages of CMPs in the bone marrow, likely retarding the differentia-
tion of CMPs into GMPs.

To further confirm the developmental deficiencies of TRAPPCI1-
deleted CMPs, we sorted TRAPPC1-deleted or WT CMPs and cul-
tured these cells in methylcellulose medium to perform clone
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formation assays. TRAPPC1-deleted CMPs greatly lost their ability
to differentiate to monocytes/macrophages or neutrophils in M-CSF
or G-CSF systems (Fig 3D-H; Appendix Fig S8A-D). Importantly,
after adoptive transfer of the sorted WT or TRAPPCl-deleted
L"S™K" cells into irradiated recipient mice (Appendix Fig S9), much
lower contribution rates of the TRAPPCl-deleted L™S™K' cells-
derived monocytes and neutrophils were noted in the bone marrow
and peripheral blood of recipient mice compared to WT L™S™K"
cells-derived cells (Fig 3I and J). Taken together, these results verify

© 2022 The Authors
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Figure 3. TRAPPC1 deficiency causes a dramatic reduction of CMPs with impaired development capacity.

A-C  Flow cytometry analysis of myeloid precursors in BMCs of WT BMCs to WT and ER-TRAPPC1 KO BMCs to WT chimeric mice (n = 4, biological replicates). (A) Repre-
sentative contour diagram of myeloid precursors, including CMPs and CMPs, in WT BMCs to WT and ER-TRAPPC1 KO BMCs to WT chimeric mice. (B) Percentages
of CMPs and GMPs in BMCs (n = 3, biological replicates). (C) Cell numbers of CMPs and GMPs in bone marrow (n = 3, biological replicates).

D-H Methylcellulose colony-forming assays of WT and TRAPPC1-deleted CMPs. (D) Representative picture of generated clones after culture with M-CSF, left two (4xPL)
with scale bars 1 mm, right two (10xPL) with scale bars 200 um. (E) Clone numbers and total cell numbers after CMPs were cultured with M-SCF (n = 3, biological
replicates). (F) Representative picture of generated clones after culture with G-CSF, left two (4xPL) with scale bars 1 mm, right two (10xPL) with scale bars 200 pum.
(G) Flow cytometry analysis of generated cells. (H) Clone numbers and total cell numbers after CMPs were cultured with G-SCF (n = 3, biological replicates).

I,]  Sorted CD45.2" WT or ER-TRAPPC1 KO L~S K" cells were transferred to CD45.1" recipient mice, and their derived neutrophils and monocytes in WBCs and BMCs
were detected at 5 days after transplantation. Contribution analysis of monocytes and neutrophils from donor cells in BMCs (1), and in WBCs, (J; n = 3, biological
replicates).

Data information: Data are shown as mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001; statistical significance was determined with the two-tailed student’s t-test.
Source data are available online for this figure.

that TRAPPC1 deficiency severely impairs the differentiation detected in CMPs by quantitative analysis, and the results revealed
of CMPs into GMPs and, subsequently, into monocytes and no significant changes (Appendix Fig S10).
neutrophils.

As in vivo and in vitro development of myeloid cells is highly TRAPPC1 deficiency leads to endoplasmic reticulum dysfunction
dependent on colony stimulating factors, including G-CSF, M-CSF, and stress in CMPs
and GM-CSF, we wondered whether the defective development
capacity of TRAPPC1 KO CMPs was caused by the interruption of After observing the indispensable role of TRAPPCI1 in CMP differen-
signals from these colony stimulating factors. To this end, these tiation into GMPs, we investigated TRAPPC1-regulated pathways by
factors’ receptors and key downstream transcription factors were conducting RNA-Seq analysis of the sorted WT and TRAPPCI-
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deleted CMPs and GMPs. Analysis of their gene expression profiles
suggested that the difference in gene expression between WT and
TRAPPC1-deleted CMPs was greater than the difference in gene
expression between WT and TRAPPCl-deleted GMPs (Fig 4A;
Appendix Fig S11A). Principal component analysis also confirmed
that the distance between WT and TRAPPC1-deleted CMPs was sig-
nificantly farther than that between WT and TRAPPCl-deleted
GMPs (Appendix Fig S11B). These results indicate that severely

Yanan Xu et al

impaired myeloid cell development after TRAPPC1 deletion might
arise from significant changes to CMPs. As the TRAPP complex con-
trols multiple membrane trafficking steps (Yamasaki et al, 2009;
Scrivens et al, 2011; Ramirez-Peinado et al, 2017; Zhao et al, 2017),
we next investigated the endoplasmic reticulum and Golgi of
TRAPPC1-deleted CMPs by immunofluorescence assay. The results
showed that the endoplasmic-reticulum-to-Golgi intermediate com-
partment (ERGIC) and Golgi content were significantly decreased in
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Figure 4. TRAPPC1 deficiency leads to endoplasmic reticulum dysfunction and stress in CMPs.

A Heat map representing the gene expression profiles of CMPs and GMPs, selected genes were from the union set of DEGs (P < 0.05, log|FC| > 2) of WT CMPs vs.
TRAPPC1 KO CMPs, and DEGs (P < 0.05, log|FC| > 2) of WT GMPs vs. TRAPPC1 KO GMPs.

B CMPs from WT and ER-TRAPPC1 KO mice were sorted and immuno-stained for Endoplasmic Reticulum (Concanavalin A, red), the endoplasmic-reticulum-to-Golgi
intermediate compartment ERGIC (ERGICS3, purple), Golgi (Lectin HPA, green), and nuclei (Hoechst33342, blue). Scale bars, 5 um.

C CMPs were sorted and cultured in vitro for 24 h, after which total secreted proteins were detected from the supernatant; data were normalized (n = 4, biological
replicates).
Gene set enrichment analysis plot of downregulated DEGs in ER-TRAPPC1 KO CMPs enriched in protein processing in the endoplasmic reticulum pathway, P = 0.02.

E-G Heat map representing upregulated genes (P < 0.05) in ER-TRAPPC1 KO CMPs associated with protein folding and processing (E), endoplasmic reticulum-stress (G),
and associated degradation (F).

H, 1 Intracellular staining of phosphorylated PERK (G, n = 5, biological replicates) and phosphorylated IRE1 (H; n = 5, biological replicates) in gated WT and ER-TRAPPC1
KO CMPs.

Data information: Data are shown as mean =+ SD. *P < 0.05 and **P < 0.01; statistical significance was determined with the two-tailed student’s t-test.
Source data are available online for this figure.
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TRAPPC1-deleted CMPs, and we observed a certain degree of endo-
plasmic reticulum retardation in TRAPPC1-deficient CMPs, indicated
by increased fluorescence intensity of the endoplasmic reticulum
(Fig 4B; Appendix Fig S12). Transmission electron microscopy of
the sorted CMPs also revealed Golgi fragmentation with reduced
content in TRAPPC1 KO CMPs (Appendix Fig S13). Along with these
changes, the total protein secretion of TRAPPC1 KO CMPs was
remarkably lower than that of WT CMPs (Fig 4C). These results
imply that TRAPPC1 depletion leads to a certain degree of disorder
and dysfunction in the endoplasmic reticulum and Golgi along the
secretory pathway. Consistently, gene set enrichment analysis
showed that genes related to protein processing in the endoplasmic
reticulum were significantly downregulated (Fig 4D). We next con-
ducted an in-depth analysis of endoplasmic reticulum genes and
found that most of the genes responsible for protein folding and pro-
cessing were decreased in TRAPPC1 KO CMPs (Fig 4E). The major-
ity of the genes upregulated in TRAPPC1-deleted CMPs were closely
related to endoplasmic reticulum stress and endoplasmic reticulum-
associated degradation (Fig 4F and G; Appendix Fig S14), indicating
the stressed state of TRAPPC1 KO CMPs. Endoplasmic reticulum
perturbations are detected by three endoplasmic reticulum trans-
membrane protein sensors, inositol requiring enzyme 1 (IRE1), pan-
creatic endoplasmic reticulum kinase (PERK), and activating
transcription factor 6 (ATF6), which respond to endoplasmic reticu-
lum stress and initiate the unfolded protein response (UPR) (Munoz
et al, 2013; Tam et al, 2018; Almanza et al, 2019). Therefore, we
performed intracellular staining to evaluate the effects of these three
protein sensors in WT and TRAPPCl-deleted CMPs. The results
showed that phosphorylation levels of PERK and IRE1, denoting the
active forms of PERK and IRE1, were significantly upregulated in
TRAPPC1-deleted CMPs (Fig 4H and I), whereas expression of the
ATF6 protein was unchanged (Appendix Fig S15). Meanwhile,
upregulated transcriptional expression of the downstream molecules
ATF4, CHOP, and sXBP1 were observed in the sorted WT and
TRAPPC1-deleted CMPs by real-time PCR assays, further supporting
the activation of PERK and IRE1 pathways in TRAPPCl1-deleted
CMPs (Fig EV3A). The significantly upregulated protein expression
of spliced X-box binding protein 1 (sXBP1) in TRAPPCl-deleted
CMPs further confirms the enhanced activation of the IRE1 pathway
(Fig EV3B). Overall, these results suggest that TRAPPC1 deficiency
in CMPs leads to endoplasmic reticulum dysfunction and stress that
promotes UPR and activates PERK- and IRE1-related pathways.

Endoplasmic reticulum stress-induced apoptosis of
TRAPPC1-deficient CMPs

We next asked how the endoplasmic reticulum stress caused by
TRAPPC1 deletion impedes CMPs differentiation. Transmission
electron microscopy was performed on the sorted CMPs, and the
results showed that endoplasmic reticulum dilation was signifi-
cantly augmented in TRAPPC1-deleted CMPs (Fig 5A), consistent
with the significantly increased intensity of the fluorescent endo-
plasmic reticulum tracker observed in TRAPPC1-deleted CMPs by
flow cytometry (Fig 5B) and immunofluorescence assay (Fig 4B)
and further confirming a considerable degree of endoplasmic reticu-
lum stress in TRAPPC1-deficient CMPs. It is known that irreparable
endoplasmic reticulum stress-mediated UPR pathways induce pro-
death mechanisms (Maurel et al, 2015). We thus investigated
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whether TRAPPC1-deleted CMPs are more susceptible to apoptosis.
Both gene set enrichment analysis (P = 0.01, Fig 5C) and Annexin V
staining (Fig 5D) showed significantly elevated levels of apoptosis
in TRAPPC1-deleted CMPs compared to WT CMPs. Increased levels
of cleaved-caspase 3 detected by intracellular staining (Fig 5E) sug-
gest that TRAPPC1 deficiency induces apoptosis in CMPs via a
caspase-dependent pathway. Autophagy has become recognized as
an essential protective mechanism during endoplasmic reticulum
stress (Rashid et al, 2015). Thus, we assessed autophagy in CMPs
using flow cytometry and observed decreased autophagy in
TRAPPC1-depleted CMPs (Appendix Fig S16). Because the PERK/
ATF4/CHOP signaling axis plays well-known roles in the induction
of apoptosis (Hirsch et al, 2014; Iurlaro & Munoz-Pinedo, 2016),
and because we had already verified the increased activation of this
signaling axis in TRAPPCl-deleted CMPs (Fig 4H, Fig EV3A), we
next evaluated CHOP protein levels using flow cytometry. The
results showed that basal CHOP expression in WT CMPs was quite
low compared to the fluorescein minus one control (MFO) but was
significantly upregulated in TRAPPC1-deleted CMPs (Fig SF). These
results suggest that TRAPPC1 depletion leads to endoplasmic reticu-
lum stress-induced apoptosis through the PERK/CHOP caspase-
dependent pathway. To further prove the destructive effects of
endoplasmic reticulum stress on myeloid differentiation, we
induced endoplasmic reticulum stress in an in vitro CMP differentia-
tion system using the endoplasmic reticulum stress inducer thapsi-
gargin. The results showed that thapsigargin significantly blocked
differentiation of CMPs into macrophages and neutrophils in vitro
(Fig 5G and H). Taken together, these results indicate that
TRAPPC1 deficiency induces irreparable endoplasmic reticulum
stress and results in the apoptosis and defective development of
CMPs.

TRAPPC1 deficiency in CMPs causes apoptosis through an
endoplasmic reticulum stress-Ca**-mitochondria-dependent pathway

We next sought to gain insight into the mechanism of apoptosis
caused by TRAPPCI1 depletion. It is well known that endoplasmic
reticulum stress is always accompanied by disturbance of intracellu-
lar Ca?* homeostasis, which further promotes cell death through
apoptosis (Krebs et al, 2015; Bahar et al, 2016). We monitored
changes to cytosolic and mitochondrial Ca®*" in CMPs using Fluo-
4 AM and Rhod-2 AM, respectively. Both cytosolic Ca*" and mito-
chondrial Ca®" levels were further enhanced in TRAPPCI-deleted
CMPs compared to WT CMPs (Fig 6A and B), indicating the dysreg-
ulation of Ca®*" in TRAPPC1-deleted CMPs. Reactive oxygen (ROS) is
another important player in the endoplasmic reticulum stress and
apoptosis process (Shen et al, 2014; Kamiya et al, 2018). The intra-
cellular ROS content of TRAPPC1-deleted CMPs was consistently
and significantly higher than that of WT CMPs (Fig 6C). Mitochon-
drial Ca*" overload or oxidative stress will eventually result in the
breakdown of mitochondrial membrane potential to cause mito-
chondrial depolarization, a hallmark of the endogenous apoptosis
initiation process (Gonzalez et al, 2010). Mitochondrion swelling
was observed in TRAPPCl-deleted CMPs by transmission electron
microscopy, revealing an increased size and modest dilution of the
matrix, as evidenced by reduced density (Fig 6D). Elevated Mito-
tracker fluorescence was consistently observed in TRAPPC1-deleted
CMPs (Appendix Fig S17). Furthermore, increased proportions of
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Figure 5. Endoplasmic reticulum stress induces apoptosis of TRAPPC1-deficient CMPs.

A Transmission electron microscopy photograph of sorted CMPs from WT and ER-TRAPPC1 KO mice. Arrows indicate the endoplasmic reticulum. Scale bar, 200 nm.
B Sample of endoplasmic reticulum tracker compared with fluorescence minus one (FMO) and merged mean fluorescence intensity, gated on CMPs (n = 3, biological

replicates).

Intracellular staining of CHOP in gated CMPs (n = 7, biological replicates).

oOmmoon

Gene set enrichment analysis plot of up-regulated DEGs in TRAPPC1 KO CMPs enriched in apoptosis pathway, P = 0.01.
Representative histogram and quantification of Annexin V staining of CMPs (n = 3, biological replicates).
Intracellular staining of active caspase 3 in gated CMPs (n = 3, biological replicates).

H Sorted WT CMPs were cultured with SCF (20 ng/ml), GM-CSF (10 ng/ml), G-CSF (20 ng/ml), and M-CSF (20 ng/ml) in the presence of thapsigargin (200 nM) or
DMSO for 5 days, then analyzed by flow cytometry (n = 3, biological replicates).

Data information: Data are shown as mean =+ SD. *P < 0.05, **P < 0.01, and ***P < 0.001; statistical significance was determined with the two-tailed student’s t-test.

Source data are available online for this figure.

cells with low mitochondrial membrane potential were detected in
TRAPPC1-deleted CMPs (Fig 6E), suggesting the general loss of
mitochondrial membrane potential. To assess mitochondrial mem-
brane permeability, we carried out Cytochrome C (Cyt C) leakage
experiments by comparing intracellular Cyt C content after digitonin
treatment to content without treatment (Dang et al, 2017). The
results revealed the preferential loss of Cyt C in TRAPPCI-deleted
CMPs (Fig 6F), indicating higher mitochondrial membrane perme-
ability in TRAPPC1-deleted CMPs. To recapitulate the involvement
of endoplasmic reticulum stress and intracellular Ca*" disturbance
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in the increased apoptosis of TRAPPC1-deleted CMPs, we evaluated
the rescue effect of the endoplasmic reticulum stress inhibitor Tau-
roursodeoxycholic Acid (TUDCA), which is known to inhibit cal-
cium efflux (Xie et al, 2002). The addition of TUDCA significantly
rescued the elevated apoptosis of TRAPPC1-deleted CMPs in vitro
(Fig 6G). These data indicate that TRAPPC1 deficiency in CMPs
causes apoptosis through an endoplasmic reticulum stress-Ca*'-
mitochondria-dependent pathway.

As TRAPPCI deficiency failed to promote apoptosis in mature
monocytes or neutrophils (Appendix Fig S7A), we focused on
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Figure 6. TRAPPC1 deficiency causes apoptosis through an endoplasmic reticulum stress-Ca®" mitochondria-dependent pathway.

A, B Live cell Ca®" detection using the specific indicators Fluo-4 AM for cytosolic Ca®* content detection (A, n = 3, biological replicates) and Rhod 2 AM for mitochondrial

Ca”* content detection (B, n =5, biological replicates).

C
D
technical replicates).
E
(n = 3, biological replicates).
F
G

Representative overlaid histogram and quantification of cellular reactive oxygen species (ROS), gated on CMPs (n = 4, biological replicates).
Mitochondrial morphology and sectional area calculation under an electron microscope, with arrows indicating the mitochondria. Scale bar, 500 nm (n > 50,

Mitochondrial membrane potential levels of CMPs as evaluated by JC-1 assay. Cells with low mitochondrial membrane potential were quantified, gated on CMPs

Representative histograms and summary graph of intracellular Cyt C staining of CMPs, either permeabilized with digitonin or not (n = 3, biological replicates).
Sorted WT and TRAPPC1-deleted CMPs were cultured with SCF (20 ng/ml), GM-CSF (10 ng/ml), G-CSF (20 ng/ml), and M-CSF (20 ng/ml) in the presence of TUDCA

(100 M) or DMSO for 2 days, then analyzed by flow cytometry (n = 3, biological replicates).

Data information: Data are shown as mean =+ SD. *P<0.05, **P < 0.01, ***P < 0.001, and n.s. P > 0.05; statistical significance was determined with the two-tailed

student’s t-test.
Source data are available online for this figure.

exploring the impact of TRAPPC1 deficiency on CMPs. In the
myeloid cell development process, CMPs undergo rapid prolifera-
tion, whereas mature functional monocytes/macrophages and
neutrophils hardly proliferate at all (Rosenbauer & Tenen, 2007).
We speculated that the different effect of TRAPPC1 depletion on
CMPs compared to monocytes or neutrophils was related to cellu-
lar proliferation status. CMP proliferation is strongly dependent
on the addition of cytokines (SCF, IL-3, etc.) in wvitro, and
TRAPPC1 deficiency significantly increased CMP apoptosis in this

© 2022 The Authors

culture system. However, when we deprived cells of these cytoki-
nes to interrupt proliferation, we found that the apoptosis level of
TRAPPC1 KO CMPs was quite similar to that of WT CMPs. In
addition, upon stopping cell proliferation by preincubation with
the proliferation inhibitor Mitomycin C, the apoptosis levels of
TRAPPC1 KO CMPs remained similar to those of WT CMPs
(Appendix Fig SI18A and B). Together, these data imply that
TRAPPC1 deficiency tends to induce apoptosis in cells with high
proliferative activity.
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TRAPPC1 deficiency in CMPs causes cell cycle arrest and
senescence by upregulation of p21

Efficient proliferation of myeloid precursors plays a central role in
guiding myeloid cell development and homeostasis. The results of
an in vivo 5-ethynyl-2’-deoxyuridine (EdU) incorporation assay
showed that TRAPPCI1-deleted CMPs exhibit significantly decreased
EdU incorporation (Fig 7A). Cell-cycle analysis of CMPs showed that

Yanan Xu et al

TRAPPC1 depletion decreases the proportion of time spent in G1
and S phases while increasing the time spent in GO phase (Fig 7B
and C), suggesting a G0-to-G1 phase arrest in TRAPPC1-deleted
CMPs. To identify the key molecules responsible for cell cycle arrest
in TRAPPC1-deleted CMPs, we detected expression of cyclins and
cyclin-dependent kinases (CDKs), but did not find any detectable
defects in the expression of these genes in TRAPPC1-deleted CMPs
(Appendix Fig S19A and B). However, we observed significantly
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Figure 7. TRAPPC1 deficiency causes cell cycle arrest and senescence by upregulation of p21.
A 5-ethynyl-2'-deoxyuridine (EdU) incorporation assay of CMPs. Twelve hours before sacrifice, mice were intravenously injected with 1 mg 5-ethynyl-2’-deoxyuridine

(EdV) dissolved in PBS. Gated on CMPs (n = 3, biological replicates).

G1, S, and G2/M cell cycle phase. (C) Statistical chart (n = 3, biological replicates).

Normalized gene expression by sorted CMPs (n = 4, technical replicates).
Intracellular staining of p21in gated CMPs (n = 5, biological replicates).

O mm g

Sorted CMPs were stained with a senescence [3-Galactosidase staining kit, and a representative image is shown. Scale bar, 50 pm.
Sorted WT and TRAPPC1-deleted CMPs were cultured with SCF (20 ng/ml), GM-CSF (10 ng/ml), G-CSF (20 ng/ml), and M-CSF (20 ng/ml) in the presence of the PERK

BMCs were stained with antibodies and propidium iodide and assayed for DNA content by flow cytometry, gated on CMPs. (B) Representative dot plot showing GO,

inhibitor GSK2606414 (5 nM) or DMSO for 2 days. EAU (10 pM) was added 12 h before cell harvesting, and cells were analyzed by flow cytometry (n = 4, biological

replicates).

Data information: Data are shown as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, and n.s. P > 0.05; statistical significance was determined with the two-tailed

student’s t-test.
Source data are available online for this figure.
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increased expression of the cyclin-dependent kinase inhibitor gene
cdknla, which encodes p21 (Fig 7D). Consistent with its transcrip-
tional level, p21 protein expression was also elevated in TRAPPC1-
deleted CMPs, as evaluated by flow cytometry analysis (Fig 7E). In
addition to contributing to cell cycle arrest, p21 can also induce
senescence-like changes in murine cells (Chen et al, 2002; Hsu et al,
2019). Therefore, we were interested in determining whether the
cell cycle arrest of TRAPPC1-deleted CMPs was accompanied by cel-
lular senescence. The proportion of positive f-Galactosidase-stained
cells increased in TRAPPCl-deleted CMPs, indicating an enhance-
ment of senescence-like changes (Fig 7F). p21 expression is criti-
cally regulated by the PERK/CHOP pathway (Mihailidou et al, 2010;
Rozpedek et al, 2016), which is significantly activated in TRAPPC1-
deleted CMPs (Figs 4H and SF, and EV3A). Hence, we performed an
in vitro rescue experiment using the PERK inhibitor GSK2606414.
These results showed that PERK inhibition rescues the defective pro-
liferation of TRAPPC1-deleted CMPs (Fig 7G). These results suggest
that TRAPPC1 deficiency in CMPs causes cell cycle arrest and senes-
cence via the PERK-p21 pathway.

We further observed that both TRAPP complex II and TRAPP
complex III seemed to persist, in part with incomplete integrity, in
TRAPPC1-deficient CMPs across our analysis time frame, as deter-
mined by gel filtration (Fig EV4A and B). These findings suggested
that TRAPPC1 might contribute to the stability of TRAPP complexes.
Using electroporation-delivered small interference RNA (si-RNA),
we knocked down other two TRAPP complex subunits in CMPs
(Fig EV5A and E), then further assessed their development capacity
and gene expression changes. The results indicated that the loss of
TRAPPC3 and TRAPPC9 causes obvious development abnormities
(Fig EV5B, C, F, and G) and similar gene expression changes
(Fig EV5D and H), including the upregulation of genes related to
endoplasmic reticulum stress and cell cycle arrest.

Discussion

After applying bioinformatic methods to outline the key functional
genes and pathways involved in the development of myeloid cells in
bone marrow, we identified TRAPPC1 as an important “master regu-
lator” gene for CMP development in the bone marrow. Both in vivo
and in vitro experiments illustrated that TRAPPC1 deletion causes a
remarkable developmental defect in CMPs, highlighting the indis-
pensability of TRAPPC1 for CMP-to-GMP differentiation. Mechanis-
tic studies revealed that TRAPPC1 deficiency leads to irreparable
endoplasmic reticulum stress in CMPs, resulting in the enhancement
of apoptosis via a Ca*"-mitochondria-dependent pathway and cell
cycle arrest with cellular senescence via upregulation of the p21
pathway.

Hematopoietic stem cells differentiate into MPPs and, subse-
quently, into CMPs or CLPs. CMPs continue to differentiate into
myeloid cells, such as monocytes and neutrophils (Mahalingaiah
et al, 2018). By using an inducible knockout strategy, we identified
a selective defect of monocytes and neutrophils with no detectable
changes to T cells, B cells, red blood cells, and platelets in full or
mixed ER-TRAPPC1 KO BMCs to WT chimeric mice after short-
duration tamoxifen treatment (3-5 consecutive days). After analyz-
ing hematopoietic stem and progenitor cells in the bone marrow of
full or mixed chimeric mice, we observed a significant decrease in
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the cell numbers of myeloid progenitors CMPs and GMPs in
TRAPPCl1-deleted BMCs, whereas numbers of MPPs and HSCs
remained at levels comparable to WT bone marrow. These results
indicate that TRAPPC1 deficiency causes poor CMP survival and
blocks the differentiation of CMPs into GMPs in vivo. Consistent
with these in vivo observations, the differentiation ability of
TRAPPC1-deleted CMPs was obviously impaired in in vitro M-CSF
or G-CSF-inducing culture systems, as evidenced by colony forma-
tion, cell numbers, and percentages of CD11b"F4/80" macrophages
and CD11b'Ly6G* neutrophils. Thus, CMPs are more sensitive to
TRAPPC1 deficiency than other hematopoietic stem and progenitor
cells in the bone marrow; that is, TRAPPC1 is highly critical for the
CMP stage of development. The importance of TRAPPC1 in CMPs is
further supported by the significantly upregulation of protein pro-
cessing pathways and TRAPPCI1 expression during the differentia-
tion of HSCs into CMPs, as evidenced by RNA-seq assays.

As the largest organelle in the cell, the endoplasmic reticulum
plays many important roles, including calcium storage, protein syn-
thesis, and lipid metabolism, and is closely involved in many physi-
ological and pathological progress (Flodby et al, 2016; Lee et al,
2016; Schwarz & Blower, 2016; Mohamed et al, 2020; Xu et al,
2020). Both endoplasmic reticulum retardation and fragmentation
and content loss of the Golgi complex were observed in TRAPPC1
KO CMPs, and protein synthesis was decreased as well. These find-
ings suggest that TRAPPC1 deficiency causes structural disorder and
dysfunction in the endoplasmic reticulum and Golgi components of
the secretory pathway. Significant endoplasmic reticulum stress was
also strongly demonstrated in TRAPPC1-deleted CMPs through sub-
cellular microscopy, flow cytometry analysis, and quantitative PCR
assays, in addition to being observed in TRAPPCI-deleted thymic
epithelial cells (Dong et al, 2022). This consistency confirms the fun-
damental importance of TRAPPC1 to endoplasmic reticulum home-
ostasis across different mammalian cells.

Endoplasmic reticulum stress refers to a cellular condition
marked by the disruption of endoplasmic reticulum homeostasis
due to increased protein synthesis, accumulation of misfolded pro-
teins, or imbalanced calcium or redox levels (Ron & Walter, 2007).
There are three major cellular signaling pathways designed to deal
with this stress condition, initiated by three endoplasmic reticulum-
located transmembrane molecules: PERK, IRE1, and ATF6 (Almanza
et al, 2019). Enhanced activation of PERK and IRE1, but not ATF6,
pathways was observed in TRAPPC1-deleted CMPs via mRNA and
protein levels, indicating the potential involvement of PERK and
IRE1 in TRAPPC1-deleted CMPs. The irreparable endoplasmic retic-
ulum stress caused by TRAPPC1 deletion led to increased apoptosis
and cell cycle arrest of CMPs. Importantly, the endoplasmic reticu-
lum stress inhibitor TUDCA (Xie et al, 2002) significantly rescued
the elevated apoptosis of TRAPPC1-deleted CMPs in vitro. Similarly,
the PERK inhibitor GSK2606414 significantly rescued the defective
proliferation of TRAPPCl-deleted CMPs. Apart from the elevated
apoptosis of TRAPPC1-deleted CMPs, we also observed decreased
autophagy of TRAPPCl-deleted CMPs compared with WT CMPs,
consistent with a previous yeast study showing that TRAPP complex
IIT promotes autophagy (Lynch-Day et al, 2010). Expression of the
cyclin-dependent kinase inhibitor gene cdknla (p21) was elevated
in TRAPPCI1-deleted CMPs, as was the prevalence of p21-mediated
cell senescence. These results collectively indicate that TRAPPC1
deficiency impairs CMPs through multiple pathways, including
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endoplasmic reticulum stress, cell cycle arrest, senescence, and
apoptosis.

As previously reported (Bassik et al, 2013; Zhao et al, 2017), the
protein products of genes in the mammalian TRAPP family can be
divided into two related complexes: TRAPP II and TRAPP IIl. Our
gel filtration results offer the first piece of evidence indicating that
TRAPPC1 plays a stabilizing role, at least partially, in mammalian
cells. We observed similar changes to development ability and gene
expression in TRAPPC3-and TRAPPC9-deficient CMPs, potentially
suggesting that the indispensability of TRAPPC1 during myeloid cell
development is more likely related to TRAPP complexes. However,
as a commercial antibody against mouse TRAPPC1 has been previ-
ously unavailable and antihuman TRAPPCI fails to cross-react with
mouse TRAPPC1, we are unable to directly determine whether
TRAPPCI1 functions in primary mouse CMPs in its monomer form or
as a complex, and this issue needs to be clarified in the future.

TRAPPC1 germline knockout mice were unattainable, likely due
to fetal lethality, indicating a critical role for TRAPPCI in fetal devel-
opment and supporting our finding that TRAPPC1 deficiency tends
to induce apoptosis in cells with high proliferative activity, as cell
proliferation is one of the most important aspects of embryonic
development. This might be one reason that no TRAPPC1 DNA
variant-related diseases have been identified in humans to date
(Sacher et al, 2019).

Nevertheless, TRAPPCI is indispensable for myeloid cell devel-
opment, particularly for CMPs. TRAPPC1 deficiency leads to
irreparable endoplasmic reticulum stress in CMPs, which subse-
quently induces apoptosis via a Ca®*" mitochondria-dependent path-
way, as well as cell cycle arrest and senescence via the PERK/p21
pathway. This study highlights the vital role of TRAPPC1 in CMP
maintenance and differentiation in mice.

Materials and Methods
Mice

CD45.1" C57BL/6 mice were purchased from the Beijing Laboratory
Animal Research Center (Beijing, China). ER“TRAPPC1'o*P/1P (ER-
TRAPPC1 KO) mice with C57BL/6 genetic background were obtained
by crossing TRAPPC1'**/° mice with tamoxifen-inducible Cre mice
(ER™ mice). ER®™® mice and Lyz“™ mice were kindly offered by Dr.
Lianfeng Zhang (Key Laboratory of Human Diseases Comparative
Medicine, Institute of Laboratory Animal Science). All mice were
housed in specific pathogen-free conditions, and experiments described
were carried out under the approval of the Institutional Animal Care
and Use Committee of the Institute of Zoology (Beijing, China).

Reagents

The following antibodies were used: anti-mouse CD117 (2BS;
105825; Biolegend); anti-mouse CD16/32 (93; 12-0161-82; eBio-
science); anti-mouse Sca-1 (D7; 108109; Biolegend); anti-mouse
CD34 (SA376A4; 152205; Biolegend); Biotin Mouse Lineage
Panel (559971; BD Bioscience); anti-mouse CD48 (HM48-1; 17—
0481-82; eBioscience); anti-mouse CD150 (TC15-12F12.2; 115904;
Biolegend); anti-mouse CD11b (M1/70; 101263; Biolegend); anti-
mouse CD115 (AFS98; 135524; Biolegend); anti-mouse Ly6C (RB6-
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8C5; 108406; Biolegend); anti-mouse Ly6G (1A8; 127606; Biole-
gend); anti-mouse CD4 (GK1.5; 100413; Biolegend); anti-mouse
CD8a (53-6.7; 100738; Biolegend); anti-mouse B220 (RA3-6B2;
103224; Biolegend); anti-mouse CD45.1 (A20; 25-0453-82; eBio-
science); anti-mouse CD45.2 (104; 109814; Biolegend); anti-mouse
p21 (ab227443; abcam); anti-mouse ATF6 (ab37149; abcam); anti-
mouse CHOP (L63F7; 2895 S; Cell Signaling Technology);
anti-mouse Phospho-PERK (Thr982) (PA5-40294; eBioscience); anti-
mouse Phospho-IRE1 (Ser724) (DF8322; Affinity Biosciences);
anti-mouse XBP-1 S (Q3-695; 562642; BD Bioscience); anti-mouse
Cytochrome c (6H2.B4; 612310; Biolegend); anti-ERGIC-53/p58
(E1031, Sigma); anti-GM130 (610822, BD Bioscience); Anti-
TRAPPC4 (C-7, sc-390551, Santa Cruz); TRAPPCY9, NIBP antibody
(16014-1-AP, Proteintech); TRAPPC11 antibody (orb186301, Bior-
byt). Other reagents included: Transcription Factor Phospho Buffer
Set (565575; BD Bioscience); Active Caspase-3 Apoptosis Kit
(550914; BD Bioscience); 647 EdU Click Proliferation Kit (565456;
BD Bioscience); Mitochondrial membrane potential assay kit with
JC-1 (C2006; Beyotime); Total Reactive Oxygen Species (ROS) Assay
Kit (88-5930-74, Thermo Fisher); CYTO-ID Autophagy detection kit
(ENZ-51031; Enzo Biochem); Senescence B-Galactosidase Staining
Kit (C0602; Beyotime); BCA Protein Assay Kit (P0011, Beyotime);
Tauroursodeoxycholic Acid (TUDCA) (S3654; Selleck); Tamoxifen
(T5648; Sigma); GSK2606414 (S7307; Selleck); Thapsigargin
(T9033; Sigma), Gel Filtration Standard (1511901, Bio-Rad).

Bone marrow chimeras

Recipient CD45.1" mice were irradiated twice with 4.5 Gy (9 Gy
total) at 3-h intervals. For complete chimeras, 5 x 10° bone marrow
cells (BMCs) from CD45.2° WT or CD45.2" ER-TRAPPC1 mice were
transferred intravenously 3 h after irradiation (Liu et al, 2013). For
mixed chimeras, BMCs from CD45.1°CD45.2" WT and CD45.2" ER-
TRAPPC1 mice were mixed at a ratio of 1:1, after which 5 x 10°
mixed cells were transferred intravenously. Reconstitution of
chimeras was analyzed at 6-8 weeks for quality assurance.

Adoptive transfer of myeloid progenitors

Sorted myeloid progenitors (Lin~Scal CD117") from CD45.2" WT
or CD45.2" ER-TRAPPC1 mice treated with tamoxifen for three con-
secutive days intravenously into
CD45.1°CD45.2" recipient mice, which were pretreated with 3 Gy
irradiation. Recipients were tested 6 days after transplantation.

in vivo were transferred

Methylcellulose colony-forming assays

Sorted CMPs (Lin~Scal CD117'CD16/32'°"CD34") were placed in
MethoCult M3134 supplemented with 50 ng/ml SCF, 10 ng/ml IL-6,
10 ng/ml IL-3, 10 pg/ml insulin, 20 ng/ml M-CSF, or 20 ng/ml G-
CSF, as described previously (Zhao et al, 2018). Approximately
5,000 cells were plated on each 35 mm dish, and colonies were
counted and analyzed after 5-7 days of culturing as described.

Flow cytometry analysis and sorting

Cells were stained with fluorescein-conjugated antibodies in PBS
containing 0.1% BSA and 0.1% NaNj at 4°C for 30 min in dark.
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Stained samples were then analyzed by Gallios Flow Cytometer
(Beckman Coulter) and BD LSRFortessa™ X-20 (Becton Dickinson)
or sorted using a MoFlo Astrios EQ Cell Sorter (Beckman Coulter).
Flow cytometry data were analyzed by FCS Express (De Novo Soft-
ware) and FlowJo software (TreeStar).

Transmission electron microscopy

CMP cells were sorted by a fluorescence-activated cell sorter and
directly collected into Phosphate Buffer Saline (PBS) containing glu-
taraldehyde (with a final concentration of 2.5%) for real-time fixation.
Four hours after fixing, the cells were embedded in 3% agar, followed
by multistep cutting and staining processes. Images were acquired on
a Tecnai G2 F20 electron microscope equipped with a ZrO2/W (100)
Schottky Field emitter source and operating at 120 kV.

Immunofluorescence staining

Sorted cells were incubated overnight in Poly-D-Lysine-coated
35 mm dishes with complete medium containing 10% FBS to allow
cell adhesion. Cells were then fixed in 4% paraformaldehyde and
permeabilized in 0.3% Triton X-100/PBS for 10 min at 4°C. Cells
were blocked for 1 h in PBS containing 1% BSA and 0.3% Triton X-
100, then incubated with primary antibodies overnight at 4°C. For
endoplasmic reticulum and Golgi apparatus labeling, cells were
incubated with fluorescein-conjugated lectins for 2 h. After PBS
washing, cells were labeled by incubation with secondary antibodies
for 2 h, then stained with Hoechst 33342 (4 pg/ml) for 10 min. Pho-
tomicrographs were taken using an Andor Dragonfly high speed
confocal (Andor Technology Ltd, Belfast UK).

5-ethynyl-2'-deoxyuridine (EdU) incorporation assay

Mice were treated with tamoxifen as described above. Twelve hours
before sacrificing, mice were intravenously injected with 1 mg of 5-
ethynyl-2'-deoxyuridine (EdU) dissolved in PBS. Bone marrow cells
were harvested as described above, and EdU incorporation was
assessed using an EdU Click Proliferation Kit (BD Bioscience) and
analyzed on a BD LSRFortessa™ X-20 (Becton Dickinson) via flow
cytometry.

Ca®" measurement

Cytosolic Ca?" was measured using Fluo-4 AM (Beyotime), and mito-
chondrial Ca*" was measured using Rhod-2 AM (AAT Bioquest), both
according to the manufacturers’ instructions. Briefly, after labeling
with antibodies specific for precursor makers, bone marrow cells were
suspended and incubated with 1 uM of Fluo-4 AM or 1 uM of Rhod-
2 AM in PBS at 37°C for 30 min, then washed three times with PBS.
Samples were allowed to stand for at least 15 min between the final
wash and analysis to allow the dye de-esterification process to com-
plete. Fluorescent intensity was detected in the FITC channel (for Fluo-
4) or PE channel (for Rhod-2) with flow cytometry.

Detection of mitochondrial membrane potential

Mitochondrial membrane potential detection was performed by
staining cells with JC-1 (Beyotime) according to the manufacturers’
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instructions. In detail, bone marrow cells were first labeled with
antibodies specific to precursor makers, as mentioned above. After
washing away free antibodies with PBS, cells were loaded with JC-1
for 25 min at 37°C, then rinsed three times. During flow cytometry
analysis, JC-1 aggregates with red fluorescence were detected in the
PE channel (excitation at 561 nm and emission at 586 4+ 15 nm),
whereas monomers with green fluorescence were detected in the
FITC channel (excitation at 488 nm and emission at 530 & 15 nm).

Cytochrome c leaking out experiment

For intracellular cytochrome C staining, bone marrow cells were
first treated on ice for 8 min with either control or 6 pg/ml digitonin,
then washed twice with PBS and labeled with antibodies specific for
precursor markers, as described above. Cells were then fixed and
permeated with BM Cytofix Buffer sets (BD Biosciences) and stained
with anti-cytochrome C (clone: 6H2.B4, conjugated with Alexa
Fluor® 647).

Gel filtration

CMPs from WT and ER-TRAPPC1 KO mice were sorted and homoge-
nized in buffer (150 mM NaCl, 20 mM HEPES, 2 mM EDTA, 1 mM
DTT and Protease inhibitor, pH 7.2). Protein samples were loaded
onto a Superose6 gel filtration column (GE), and 3-ml fractions were
collected and concentrated with an ultrafiltration tube. Concentrated
proteins were detected by western blot using specific antibodies.

Senescence B-Galactosidase staining

Sorted CMPs were washed with PBS and stained with a Senescence (-
Galactosidase Staining kit according to manufacturers’ instructions.
Stained cells were viewed and imaged under a light microscope.

Gene knockdown with small interference RNA

Sorted CMPs were treated with si-RNAs targeting TRAPPC3
and TRAPPCY9 wusing electroporation (sequences listed in
Appendix Table S2). Cells were then cultured with SCF (20 ng/ml),
GM-CSF (10 ng/ml), G-CSF (20 ng/ml), and M-CSF (20 ng/ml) for
5-7 days and detected as described.

RNA extraction and quantitative PCR analysis

Total RNA was extracted using a MicroElute Total RNA Kit (R6831)
according to the product manufacturer’s instructions. Reverse tran-
scription was performed with M-MLV superscript reverse transcrip-
tase. Quantitative real-time PCR was performed using SYBR Kits
(SYBR Premix Ex Taq, DRR041A, Takara Bio) on an CFX96 (Bio-
Rad) real-time PCR machine (Chu et al, 2020). All gene expression
levels reported in this study were normalized using the housekeep-
ing gene hypoxanthine phosphoribosyl transferase (HPRT). Target
genes and primer sequences are shown in Appendix Table S1.

RNA sequencing analysis

Total RNA was extracted from sorted CMPs and GMPs using TRIzol
Reagent, and sequencing library generation and processing were
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performed by Novogene Company. The R package DEGSeq
v1.32.052 was used to compare gene expression profiles, and differ-
entially expressed genes (DEGs) were further analyzed by Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis and
Gene Ontology analysis.

Statistical analysis

All data are shown as mean + SD. Statistical significance was deter-
mined with the two-tailed student’s t-test.

Data availability

The data sets produced in this study are available in the following
databases: RNA-Seq data: Gene Expression Omnibus GSE201077
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE201077).

Expanded View for this article is available online.
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