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CELL BIOLOGY

Loss of ATF4 leads to functional aging-like attrition
of adult hematopoietic stem cells

Yan Sun'*, Xiaolin Lin? Bangdong Liu', Yaxuan Zhang? Wei Li', Sheng Zhang?, Falian He',
Han Tian', Xun Zhu', Ximeng Liu’, Jueheng Wu', Junchao Cai'*, Mengfeng Li'"**

Aging of hematopoietic stem cells (HSCs) directly contributes to dysfunction of hematopoietic and immune
systems due to aging-associated alterations in HSC features. How the function of adult HSCs is regulated during
aging so that relevant pathologic abnormalities may occur, however, remains incompletely understood. Here, we
report that ATF4 deficiency provokes severe HSC defects with multifaceted aging-like phenotype via cell-autonomous
mechanisms. ATF4 deletion caused expansion of phenotypical HSCs with functional attrition, characterized by
defective repopulating and self-renewal capacities and myeloid bias. Moreover, the ATF47/~ HSC defects were
associated with elevated mitochondrial ROS production by targeting HIF1¢. In addition, loss of ATF4 significantly
delayed leukemogenesis in the MLL-AF9-induced leukemia model. Mechanistically, ATF4 deficiency impaired
HSC function with aging-like phenotype and alleviated leukemogenesis by regulating HIF1a and p16mkaa,
Together, our findings suggest a possibility of developing new strategies for the prevention and management of
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HSC aging and related pathological conditions.

INTRODUCTION

Aging is a complex and inevitable biological process characterized
by a progressive decline in overall physiological functions, leading
to decreased capacity to resist impairment and the increased sus-
ceptibility to pathogenesis of a variety of diseases such as neurode-
generative diseases, cardiovascular diseases, and cancers, and risk of
death (1-4). It is well recognized that whole organismal aging can
often be attributed to the aging process of adult stem cells (I, 4-10).
In such a context, aging of hematopoietic stem cells (HSCs) has
been found to be directly related to dysfunction of hematopoietic
and immune systems due to aging-associated alterations in HSC
features. Accumulating evidence demonstrates that both intrinsic
or extrinsic factors thus far known to be involved in a wide variety
of physiological or pathological events, such as oxidative stress,
DNA damage, telomere shortening, and cell polarity, can contrib-
ute to HSC aging, linked to decreased HSC self-renewal and regen-
eration, impaired immune function, and increased cancer incidence
(5, 8, 11, 12). Despite the above-described findings, however, driving
mechanisms for HSC aging are yet to be fully understood, and iden-
tifying the regulatory genes key to the biological processes of HSC
aging would facilitate understanding and intervening the mecha-
nism underlying adult HSC aging.

The activating transcription factor 4 (ATF4) is a basic region
leucine zipper transcription factor and plays pivotal roles in physi-
ological responses to stresses including hypoxia, endoplasmic retic-
ulum stress, amino acid deprivation, oxidation, and mitochondrial
stress (13-16). Previous evidence revealed that ATF4 regulates fetal
liver hematopoiesis (17, 18), bone formation (19), energy homeo-
stasis (20), and cancer (16). ATF4 was recently reported to contrib-
ute to functional expansion of HSCs during embryonic development,
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as demonstrated in a mouse fetal liver model, in a cell-extrinsic
manner through up-regulating cytokines such as Angptl3 secreted
from stromal cells (18), and ATF4 up-regulation following amino
acid deprivation could promote HSC survival through integrated
stress response (ISR) (21). Of particular note is that previous re-
ports have found that ATF4 modulates yeast lifespan extension and
is up-regulated in the liver of aged mice (22-24), thus implicating a
possible involvement of ATF4 in the regulation of adult aging. Nev-
ertheless, in the context of general aging and adult HSC develop-
ment, whether ATF4 is fundamentally involved in modulating adult
HSC maintenance and functions remains unknown. To address this
question, an appropriate mammal model with which contribution
of ATF4 to the cellular phenotypes and functions of developing and
adult HSCs can be assessed was needed.

Here, using constitutive and conditional ATF4-deficient mice,
we found that ATF4 deletion led to functional defects of adult HSCs
in association with aging-like phenotype through down-regulating
hypoxia-inducible factor 1o (HIF1a) and consequently up-regulating
mitochondrial reactive oxygen species (ROS). Our finding uncovers
a previously unrecognized and direct role of ATF4 in regulating
adult HSC aging and provides a foundation for further studying the
significance of ATF4 in the pathogenesis of related conditions.

RESULTS

ATF4 is essential for the homeostasis of adult hematopoietic
stem and progenitor cells

We first investigated the role of ATF4 in adult hematopoiesis under
steady state using constitutive knockout mice (ATF4”"). Compared to
wild-type (WT) mice, ATF4”~ mice showed comparable blood counts
and frequencies of different types of blood cells in peripheral blood
(PB) (Fig. 1, A to D, and fig. S1, A to H). ATF4~~ mice displayed
a significant increase in the percentages and numbers of LT-HSCs and
CD150"8"_LT-HSCs (Long-term hematopoietic stem cells), which are
characterized to myeloid-biased HSCs (25), and a marked decrease
of lymphoid-primed multipotent progenitor (MPP) (LMPP) fraction
in the bone marrow (BM; Fig. 1, E and F, and fig. S1I). Moreover, we
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Fig. 1. ATF4 is essential for the homeostasis of adult hematopoietic stem and progenitor cells (HSPCs). (A to D) PB cell counts of WT mice and ATF4™"" mice
(4 months) (n =6 to 7 mice per group). HGB, hemoglobin; RBC, red blood cells; WBC, white blood cells. (E and F) Representative FACS plots (E) of LSK cells, LT-HSCs, ST-HSCs,
LMPPs, and CD150"9"-HSCs and histograms (F) showing the frequencies of the indicated cells in total BM cells of WT mice and ATF4™~ mice (2 to 4 months) (n =4 mice
per group). (G and H) Representative FACS plots (G) of GMPs, CMPs, and MEPs and histograms (H) showing the frequencies of the GMPs, CMPs, MEPs, and CLPs in total BM
cells of WT mice and ATF4™~ mice (2 to 4 months) (n =3 mice per group). (1 and J) The frequencies of T, B, and myeloid cells in BM, PB, thymus (THY), and spleen (SP) from
WT and ATF4~~ mice (4 months) (n=3 to 5 mice per group). (K and L) Representative images (K) and the colony numbers (L) of total CFU, CFU-M, CFU-GM, CFU-GEMM,
and BFU-E from BM cells of WT and ATF4™~ mice (n=4to 5). CFU-macrophages (CFU-M); CFU-granulocytes and macrophages (CFU-GM); CFU-granulocytes, erythrocytes,
monocytes, and megakaryocytes (CFU-GEMM); and burst-forming unit-erythroid (BFU-E). *P < 0.05, **P < 0.01, and #P < 0.001 (t test).
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found that the percentage of common myeloid progenitors (CMPs)
and megakaryocyte-erythroid progenitors (MEPs) was elevated in
ATF4”~ BM; however, there was no difference in total numbers of
these populations (Fig. 1, G and H, and fig. S1J). Further analysis
revealed that ATF4 deletion skewed toward myeloid lineage accom-
panied with decreased lymphoid lineages in ATF4”~ BM cells (Fig. 11),
and ATF4”~ mice exhibited significant decreases in lymphoid cells
in the PB, thymus, and spleen (Fig. 1, I and J). To assess the differen-
tiation potential of ATF4-deficient hematopoietic progenitors, we
performed in vitro colony-forming unit (CFU) cell assays. As shown
in Fig. 1 (K and L), the number and size of colonies derived from
ATF4”~ BM MNCs were significantly reduced. In addition, similar
results were obtained from ATF4™/~ spleen cells (fig. S1, K to M). Col-
lectively, our findings demonstrate that ATF4 plays an essential role
in the homeostasis of adult hematopoiesis, and that its deficiency
resulted in phenotypic expansion of HSCs, defective colony-forming
ability, and myeloid differentiation skewing.

Deletion of ATF4 impairs the function of adult HSCs

We next assessed whether ATF4 affects the function of adult HSCs.
First, we performed competitive repopulation assay by transplant-
ing an equal number of WT or ATF47~ BM cells with competitors
to evaluate the in vivo reconstitution capacity of ATF4~~ HSCs.
Analysis of these chimeric mice was performed by flow cytometry
over 8 to 20 weeks after the BM transplantation. Although we ob-
served phenotypic expansion of ATF4”~ HSCs under steady state
(Fig. 1), upon transplantation, the proportion of ATF4~~ donor
BM cell-derived cells in PB was significantly lower in the reconsti-
tuted mice compared to WT control at the indicated time points
(Fig. 2A), suggesting that ATF4 deficiency impairs the reconstitu-
tion capacity of HSCs, even though the ratio of phenotypic HSCs is
increased.

Next, we assessed the differentiation potential of ATF4~~ HSCs
by examining the chimeric ratios of different lineage reconstitution
in the PB at different time points after transplantation. Consistent
with our observation at steady state (Fig. 1), we found that the fre-
quencies of ATF4™"~ donor-derived myeloid cells were significantly
higher, whereas lymphocytes (T and B cells) were lower in the re-
cipient PB at 8, 16, and 20 weeks after BM transplantation (BMT),
compared to WT control group (Fig. 2, B to D), suggesting that
ATF4 deletion induced hematopoietic differentiation skewing to
myeloid lineage. To rule out the potential technical bias, we also
analyzed the frequency of different lineages from the competitor
donor mice. As expected, no significant difference was found in the
competitor-derived lineage cells among different recipient groups;
in addition, the percentages of WT (CD45.2) and competitor donor-
derived total cells (CD45.17/CD45.2"), including myeloid cells (Macl™,
Gr-1%), T cells (CD3e"), and B cells (B220"), in PB were also similar
(Fig. 2E). Thus, these data indicate that ATF4”~ HSCs exhibited
markedly enhanced myeloid differentiation but decreased lymphoid
reconstitution.

Furthermore, we transplanted ATF4~”~ BM cells along with WT
competitor into recipients at a ratio of 5:1 (donor:competitor). Our
results showed a significantly lower percentage of ATF4”~ donor-
derived cells than that of WT competitors (Fig. 2F). Similarly, a higher
percentage of ATF4 " -derived myeloid cells, but a lower percentage
of B lymphocytes, was also detected (Fig. 2G). These results revealed
a severe, cell-autonomous repopulating defect of A TF4”~ HSCs. To
directly enumerate the frequency of HSCs, we performed a limiting

Sun et al., Sci. Adv. 7, eabj6877 (2021) 22 December 2021

dilution assay. We found that the frequency of functional HSCs in
ATF4™"~ mice was 13-fold less than that of WT mice (Fig. 2H and
fig. S2, A and B), strongly suggesting that ATF4 deficiency greatly
decreased the functional HSCs.

To examine the effects of ATF4 on the self-renewal activity and
long-term function of HSCs, we performed a serial BM transplantation
experiment (Fig. 21). The percentages of ATF4”~ donor-derived
BM cells and LSK cells were lower in the primary transplants and
progressively declined in the secondary transplants (Fig. 2, ] and K),
suggesting that ATF4 is important for the self-renewal capability of
HSCs. Together with the data that ATF4 deletion did not affect HSC
homing (Fig. 2L and fig. S2C), our results demonstrate that loss of
ATF4 impairs the function of adult HSCs.

ATF4 deficiency provokes HSC impairment via

cell-intrinsic mechanisms

To determine whether the above-described deficiency of ATF4-
deleted HSCs was due to cell-intrinsic or cell-extrinsic mechanisms,
uncompetitive BMT was performed by transplanting ATF4~”~ BM
cells into irradiated WT mice or transplanting WT BM cells into
irradiated ATF4~~ mice (Fig. 3A and fig. S3E). Consistent with our
observation presented in Fig. 1, under the noncompetitive BMT
conditions, expansion of HSCs (Fig. 3, B and C), skewed myeloid
differentiation (Fig. 3D and fig. S3, A to D), and reduced colony-
forming capacity (Fig. 3E) were detected in ATF4~'~ donor-derived
cells. However, in the reciprocal experiment of transplanting WT
donor BM cells into WT or ATF4 ™~ recipients, we did not find sig-
nificant differences in the percentages of WT hematopoietic stem
and progenitor cells (HSPCs) and lineage cells between two groups
(fig. S3, F to ]), suggesting that ATF4™"~ adult BM microenviron-
ment does not affect hematopoiesis. These data support the notion
that the defects of ATF4~~ HSCs were attributed to cell-intrinsic
mechanisms.

To further investigate the role of ATF4 in HSCs, we constructed
ATF4"" mice and crossed them with an inducible ScI-Cre-ERT
strain (fig. S3, K to M), which allowed us to specifically delete
ATF4 in HSPC:s after treatment with tamoxifen (26). Using ATF4"'
Scl-Cre-ERT mice, serial phenotypic and functional assays were car-
ried out (Fig. 3F), and in line with our previous data generated from
the constitutive ATF4~~ mice, HSC-specific deletion of ATF4 led to
the aging-like phenotypes, including expansion of phenotypic HSCs
and progenitors (Fig. 3, G and H) and skewed myeloid differentia-
tion (Fig. 3I). Similarly, competitive repopulation assay also dis-
played defective repopulating (Fig. 3, ] and K) and myeloid bias
(Fig. 3L) and self-renewal capacities of HSCs (Fig. 3, M and N), fur-
ther suggesting that ATF4 deficiency provokes HSC impairment via
cell-autonomous mechanisms. Thus, our findings from both con-
stitutive and conditional ATF4”~ models showed HSC dysfunction
with multifaceted HSC aging-like phenotype.

ATF4 deficiency leads to defective HSCs with

aging-like phenotype

In young A TF4-deficient mice (4 months old), we found premature
hair graying (fig. S4A). This observation, in combination with our
aforementioned data showing the aging-like phenotype of ATF4 ™/~
HSCs, prompted us to further investigate the role of ATF4 in regu-
lating HSC aging. ATF4 expression levels in LSK cells progressively
decreased with age, and there is a nearly 50 to 60% reduction in the
aged BM and LSK cells as compared with the young group (Fig. 4A;
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2 to 3 months old versus 24 months old), suggesting a pivotal role of
ATF4 in modulating the aging process of HSCs.

To determine whether ATF4 regulates physiological homeosta-
sis during aging, we analyzed the frequency and number of pheno-
typic HSPCs in BM cells derived from ATF4~”~ mice (4 months
old), aged WT mice (24 months old), and WT mice (4 months old),
respectively. Notably, both the BM obtained from ATF4”~ mice
and from aged WT mice showed significant expansion of LSKs and
LT-HSCs (Fig. 4, B and C). Moreover, when the repopulating and
differentiating abilities of young ATF4~~ HSCs were compared to
those of aged WT using a competitive repopulation unit assay with
donor cells (1 x 10°) and equal number of competitor cells (Fig.4D),
we found that the percentage of young ATF4 '~ donor-derived PB
cells was markedly lower in the transplants as compared to the aged
group (Fig. 4E), while young ATF4”~ HSCs showed notably in-
creased myeloid but decreased lymphoid reconstitution when com-
pared with the aged WT HSCs (Fig. 4F). In addition, we also tested
whether the aged ATF4~~ mice (1-year-old) also contained an ex-
panded phenotypical HSC population and have shown myeloid
bias. As shown in Fig. 4 (G to I), fluorescence-activated cell sorting
(FACS) analysis illustrated that the frequencies and total numbers
of LT-HSCs and CD150"8"-LT-HSCs were significantly increased,
whereas the percentage and total numbers of LMPPs in the BM of
aged ATF4™"~ mice (1-year-old) were markedly decreased, as com-
pared with those in the aged WT mice. Analysis of HSC markers
exhibited that the phenotypic HSCs were four- to fivefold greater in
aged ATF4”~ mice when compared with their WT counterparts.
Consistently, we found that aged ATF4”~ mice also displayed an
expansion of phenotypic HSCs in the BM during aging, similar to
our observation in the young A TF4-deficient mice (2 to 4 months).
Furthermore, there was a marked decrease in the frequency and num-
bers of CLPs and a modest increase in the frequency of granulocyte-
macrophage progenitors (GMP) in aged ATF4”~ mice (Fig. 4,
Jand K, and fig. S4B), and a significant decrease in lymphoid cells
and an increase in myeloid cells in aged ATF4”~ BM and spleen
were found (Fig. 4, L and M), suggesting that ATF4 deficiency in
aged mice also perturbs myeloid and lymphoid differentiation.

We next compared the repopulating and differentiating abilities of
aged ATF4”~ HSCs to aged WT control (Fig. 4N). Consistent with
the results from the young mice groups, the percentage of donor-
derived PB cells from aged ATF4™"~ mice was significantly lower and
prone to myeloid differentiation when compared to those of the aged
WT donor cells (Fig. 4, O and P). Furthermore, directly comparing
young with aged ATF4™"~ groups revealed that the effect of ATF4 de-
letion on the aging-like phenotype was age dependent, since there
appeared decreased repopulating abilities and more myeloid bias in
aged ATF4™~ mice as compared with those in young ATF4 ™ mice
(fig. S4, C and D), further suggesting that the deletion of ATF4 leads
to HSC prematuration, and that the aged ATF4”~ mice displayed a
progressive aging-like phenotype during aging. Together, our data
demonstrate that ATF4 deletion in mice leads to aging characteristics
of HSCs, including increased phenotypic HSCs, reduced repopulat-
ing capacities, and skewed myeloid lineage, supporting the hypothesis
that ATF4 plays a role in regulating the aging of HSCs.

Mitochondrial ROS contributes to ATF4 deficiency-induced
HSC defects

AsROS are believed to be important mediators of aging and numerous
degenerative diseases, including those involving HSC dysfunction
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and senescence (12, 27), we asked whether ROS plays a role in the
development of the ATF4-deficient HSC phenotype. Intracellular
concentration of ROS was measured by 2’-7’-dichlorofluorescein
diacetate (DCF-DA) staining. We found that compared to WT LT-
HSCs, ATF4”~ LT-HSCs produced markedly higher levels of ROS
(Fig. 5A). Moreover, MitoTracker Orange CM-H2TMRos analysis
showed higher oxidative stress in ATF4 "~ LT-HSCs than WT LT-
HSCs (Fig. 5B), suggesting that mitochondria is the main source for
the increased ROS in ATF4”~ HSCs. Consistent with a previous
finding that high levels of ROS induce quiescence loss of HSCs
(11, 28, 29), the cell cycle assay revealed that ATF4”~ LT-HSCs
were less quiescent (Fig. 5C).

To evaluate whether increased ROS was causally involved in the
functional attrition of HSCs caused by ATF4 deletion, we tested the
effect of antioxidant on the presentation of ATF4~~ HSC pheno-
type in vivo. Tamoxifen-induced A TF4 Conditional Knockout (cKO)
mice were administered daily with antioxidant N-acetyl-L-cysteine
(NAC) or control saline solution for 2 weeks, and subsequently, BMCs
were harvested to analyze for the levels of ROS produced, HSPCs
and lineage frequencies, and cell cycle progression (Fig. 5F). Of
note, NAC treatment reduced ROS levels in ATF4~~ LT-HSCs and
LSKs (Fig. 5G), and reduction of ROS rescued the ATF4”~ HSC
phenotype, including restoration of the frequencies of LT-HSCs
and progenitors, and lineage cells in ATF4 cKO mice (Fig. 5, Hand I,
and fig. S5, A and B). NAC treatment also normalized cell cycle
progression in ATF4”~ LT-HSCs (Fig. 5)). Moreover, to further
evaluate the effect of ROS on ATF4~~ HSC engraftment defect, we
performed competitive repopulation assay. Following transplanta-
tion, the reconstituted mice were further treated with or without
NAC (Fig. 5K). Our results showed that ROS scavenging by NAC
administration alleviated the engraftment defects of ATF4 cKO do-
nors (Fig. 5, L and M). The same results were also observed using
the constitutive ATF4~™ mice (Fig. 5, D and E). Furthermore, the
percentages of lineage cells in ATF4 cKO donor BM-derived cells
were similar to those in the control cells (Fig. 5N). In addition, ele-
vated ROS and more active cell cycling in the ATF4 ¢cKO donor cells
(LSKs) were restored to the control level upon NAC treatments
(Fig. 50). Furthermore, NAC treatment restored the cell cycling
status of the ATF4~~ HSPC donor cells (Fig. 5P). Notably, the ex-
pression of p161”k4“ transcript in sorted ATF4 cKO donor cells was
markedly u})-regulated, and clearance of ROS restored the expres-
sion of p16™** transcript in ATF4 cKO donors to the control level
(Fig. 5Q), which was consistent with a previous finding that p16™ 4
is a redox-sensitive cell cycle regulator. Together, our data support
the notion that defects of ATF4-deficient HSCs can be attributed at
least in part to the increased ROS.

ATFA4 deficiency-induced HIF1a down-regulation is largely
responsible for the defects of HSCs

We next sought to explore the molecular mechanism underlying
induction of the HSC defects with an aging-like phenotype by ATF4
deficiency. To comprehensively understand the regulatory role of
ATF4 in HSCs, we sorted LT-HSCs from ATF4 cKO mice after in-
ducing deletion of ATF4 and conducted an RNA sequencing (RNA-
seq) assay to compare the gene expression profiles of ATF4~~ HSCs
with WT HSCs. A total of 530 genes were found to be differentially
expressed. KEGG enrichment analysis revealed that several terms (i.e.,
proteasome signaling pathway, HIF1 signaling pathway, and apoptosis
signaling pathway) were significantly altered in ATF4~~ LT-HSCs
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(Fig. 6, A and B, and fig. S6A). To understand how ATF4 affects the
mRNA expression of these altered genes, we performed ATF4 chromatin
immunoprecipitation (ChIP) coupled to high-throughput sequenc-
ing (ChIP-seq) using mouse BM cells (Fig. 6C). Kyoto encyclopedia of
genes and genomes (KEGG) analysis indicated that those genes whose
promoter regions were bound by ATF4 in murine BM cells were
highly enriched in the PI3K (phosphatidylinositol 3-kinase)-AKT
pathway, HIF1 signaling pathway, and JAK (Janus tyrosine Kinase)-
STAT (Signal Transducer and Activator of Transcription) pathway
(Fig. 6D). As low HIF1a level has been previously shown to lead to
oxidative stress and ROS accumulation (11, 28, 29), which is similar to
the phenotype of ATF4~~ HSCs identified in our current study (Fig. 5),
we further examined whether HIFIo can be a transcriptional target of
ATF4. We found that ATF4 consensus-binding motifs were present in
the promoter of the HIFIa gene (fig. S6B). ChIP analysis showed that
ATF4 directly bound to the HIF1a promoter (Fig. 6E). Furthermore, we
performed luciferase reporter assay and found that ectopic expression of
ATF4 caused an increase in HIFIo promoter activity, and mutation of
the ATF binding site abrogated this induction (Fig. 6, F and G). Quanti-
tative reverse transcription polymerase chain reaction (QRT-PCR) assay
exhibited that ATF4 deletion reduced mRNA expression of HIFIa in
LT-HSCs, LMPP, and Lin" cells (Fig. 6H). Consistently, FACS analysis
showed that ATF4 deletion led to decreased expression of HIFla in
both young and aged ATF4”~ mice (Fig. 6, I to K), indicating that
HIFla is a direct downstream target of ATF4 in HSC:s.

To directly analyze the impact of HIF1o on the repopulating ability
of ATF47~ HSCs, we overexpressed HIF1o, in isolated ATF4 ™ Lin~
cells by transducing them with control Babe-puro retrovirus (Babe
virus) or Babe-puro-HIF1a retrovirus (HIF1a virus) (29, 30) (fig. S6C).
We found that the repopulation defect after BMT could be markedly
restored by ectopic expression of HIF1a.in ATF4™~ Lin™ cells (fig. S6D).
Moreover, HSC-specific deletion of ATF4 resulted in HIF1o down-
regulation in sorted cKO donor cells (Fig. 6L). In addition, after the
tamoxifen-induced ATF4 cKO Lin™ cells were transduced with recom-
binant retrovirus carrying HIF1a, subsequent Competitive repopulat-
ing unit (CRU) assay (Fig. 6M) showed that overexpression of HIF1a
reduced ROS production in ATF4”~ HSPCs (Fig. 6N) and that HIF1a
overexpression markedly improved the repopulating ability and qui-
escence of HSCs (Fig. 6, O to Q), while the expression of p161"k4“ was
restored to the control level after HIF1a rescue (fig. S6E). Together,
our data indicate that HIFIa is a direct downstream target of ATF4
and may present a major mediator for the function of ATF4 in HSC:s.

ATF4 is required for murine AML development
Although previous studies showed that ATF4 is overexpressed in
various types of solid tumors and leukemia (16, 21, 31), the role of
ATF4 in leukemogenesis remains elusive. Therefore, we further in-
vestigated the role of ATF4 in leukemia initiation and development
using the MLL-AF9 fusion gene-induced acute myeloid leukemia
(AML) model (32). Notably, MLL-AF9-transduced ATF4”~ donor
cells displayed significantly extended overall survival after the first
transplantation and second transplantation (Fig. 7, A to C). Further-
more, 6 weeks after transplantation, the frequency of YFP*ATF4 ™~
donor-derived leukemic cells was significantly lower than that
from WT mice (15.79% versus 39.19%; Fig. 7D). These MLL-AF9-
transduced ATF4~'~ donor cells mainly expressed lymphoid markers
of B220 and CD3e (Fig. 7, E to G).

Subsequently, we further examined whether ATF4 affected the
frequency of leukemia-initiating cells (LICs). As shown in Fig. 7

Sun et al., Sci. Adv. 7, eabj6877 (2021) 22 December 2021

(H and I), the frequency of ATF4”~ immunophenotypic L-GMP
(Lin"CD127 Sca-1"¢-Kit"CD34"CD16/32") cells, which were reported
to be enriched for LICs (32), was approximately 14.8-fold lower than
that of the WT counterparts. The clonogenic potential of ATF4-null
LICs from the secondary recipients decreased drastically, as indicated
by the remarkable reduction in colony sizes, colony numbers, and
total cell numbers during primary plating (Fig. 7, ] to L). Thus, these
data suggest that ATF4 played an important role in leukemia devel-
opment and that the ATF4-null LICs had severe functional defects.

As our aforementioned findings indicated that HIF1o was a di-
rect downstream target gene regulated by ATF4, and it was also pre-
viously reported that HIFlo played a crucial role in maintaining
LSC survival, we were prompted to test whether ATF4 deletion de-
lays leukemogenesis through the HIF1a signaling pathway. To this
end, ChIP-seq was performed in human AML KGla cells (Fig. 7M
and fig. S6, F and G). As expected, HIF1 signaling pathways were
highly enriched, similarly to what was found in ChIP-seq analysis of
mouse BMCs (Fig. 7N). Furthermore, we found that expression of
HIF1lo was markedly decreased in ATF4~~ AML cells (Fig. 70). In
addition, ATF4 deletion resulted in elevated mRNA expression of
p161"k4” in primary and secondary transplanted AML cells (Fig. 7P).
Western blotting analysis demonstrated that ATF4-null AML cells
displayed a significant increase in the levels of p16™** expression
(Fig. 7Q). Furthermore, we confirmed that p16 nkda expression in-
creased in ATF4~'~ MEFs (Fig. 7R). Together, these data suggest that
HIFlo and p16™“* appear to be associated with ATF4-regulated
survival and proliferation of leukemia cells in AML development,
and further investigation is warranted to determine their detailed
roles in this context.

DISCUSSION

Balancing the processes of HSC self-renewal and differentiation is
crucial to sustaining a lifelong production of blood cells (33-36).
Progressive loss of the balance between HSC self-renewal capacity
and multilineage differentiation, characterized by expanded HSC
number, decreased HSC regenerative capacity, and myeloid bias,
however, occurs during aging of HSCs (5, 8, 11, 12). Our current
study reveals that ATF4 plays an essential role in adult HSC homeo-
stasis via regulating the HIF1a pathway, and ATF4 loss leads to
HSC defects associated with an aging-like phenotype.

In our study, under homeostatic conditions, we found that both
young and aged ATF4~'~ mice displayed an expansion of phenotypic
LT-HSCs (CD34'Flk2"LSK and CD150"CD48"LSK). Previous stud-
ies showed that CD150"8"-LT-HSCs are myeloid-biased and robustly
increase in the HSC population during aging, while CD150°"-LT-
HSCs are lymphoid-biased and decrease with age (25). Young and
aged ATF4”~ mice displayed significantlz increased CD150"8"-
LT-HSCs (myeloid-biased HSCs, CD150"8"CD34"FIk2*LSK) and a
marked decrease of LMPP (CD34*Flk2*LSK) in the BM. Further-
more, ATF4”~ HSCs exhibited markedly enhanced myeloid differ-
entiation but decreased lymphoid reconstitution regardless of age.
Together, our findings demonstrate that the loss of ATF4 resulted
in aging characteristics of HSCs, including phenotypic expansion of
HSCs and hematopoietic myeloid differentiation skewing, suggest-
ing that ATF4 may play a pivotal role in the regulation of HSC aging.

Fetal and adult HSCs have been distinctly characterized by their
proliferation/renewal rates, lineage trends, and gene expression
profiles (37). During embryogenesis, several anatomical sites, such
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Fig. 6. ATF4 deficiency-induced HIF1a down-regulation is largely responsible for the defects of HSCs. (A and B) and Heatmap (A) of RNA-seq analysis of down-
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antibody to identify ATF4 binding sites on the HIF1a promoter in BM cells (n = 3). (F) Schematic representation of the human HIFTa promoter. The proximal promoter
region and its mutation construct were cloned into the pGL3 reporter plasmid. (G) Luciferase reporter activity in 293T cells upon ATF4 activation (n = 3). (H) mRNA expression
of HIF10.in LT-HSCs, ST-HSCs, LMPP, Lin*, and Lin~ cells from WT mice and ATF4~~ mice (2 to 4 months) was measured with gRT-PCR. (I) A representative FACS analysis of
the expression of intracellular HIF1a in LSK cells and LT-HSCs stained with HIF 1o antibody. (J and K) FACS analysis of intracellular HIF 10 expression in LT-HSCs and LSK
cells in BM from young ATF4™~ mice (2 to 4 months) (J) and ATF4~~(1-year-old) mice (K) (n =3 to 5 mice per group). (L) mRNA expression of ATF4 and HIF 1o in ATF4"" and
ATF4™". Scl-Cre-ERT donor-derived BMCs. (M) Schematic design of rescuing experiment on HIF 1o overexpression in Lin~ cells from tamoxifen-induced ATF4"" and ATF4",
Scl-Cre-ERT mice, respectively. (N to Q) ROS (N) (n =2 to 3 mice per group), repopulation (O and P) (n=3 to 4 mice per group), and cell cycle (Q) (n=3 mice per group)
analyses in donor cells transduced with HIF 1a expression recombinant or control vectors from recipient mice. *P < 0.05, **P < 0.01, and #P < 0.001 (t test).
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Fig. 7. ATF4 deletion delays leukemogenesis in MLL-AF9-induced AML model. (A) Schematic illustration of the MLL-AF9-induced murine AML model. (B and C) Survival
data for recipient mice receiving WT or ATF4-null MLL-AF9* fetal liver Lin™ cells upon the first (B) and second (C) transplantation (n =5 to 7, log-rank test). (D) Quantifica-
tion of YFP* leukemia cells in the PB of primary recipients transplanted with MLL-AF9-transduced WT or ATF4-null fetal liver Lin~ cells (n =9 to 10 mice per group).
(E to G) Quantification of T (E), B (F), and myeloid cells (G) in the BM of primary leukemic recipients (n=3 to 6 mice per group). (H) Representative plots of L-GMP
(LinTCD127 Sca-17c-Kit"CD34*CD16/32") cells in the BM of leukemic recipients. (I) Quantification of the percentages of L-GMP cells in AML cells (n=3 to 4 mice per
group). (J) Representative images of colony formation of WT and ATF4”~ YFP*Mac-1*c-Kit*, LICs of the secondary recipients in the first plating. (K and L) Quantification of
the colony numbers (K) and total cell numbers of colonies (L) were counted (n =3 to 6). (M) Representative ChIP-seq data showing ATF4 binding peaks at promoter
sequences of genes in KG1a cells. (N) Selected KEGG pathway analysis for ATF4 target genes in KG1a cells. (O) mRNA expression of HIF 10 in MLL-AF9-induced control and
ATF4-null AML cells. (P) mRNA expression ofp16”’k4“ in MLL-AF9-induced control and ATF4-null AML cells (first and second transplanted). (Q) Western blotting analysis of
p16™4 expression in MLL-AF9—induced control and ATF4-null AML cells. (R) Western blotting analysis of the indicated proteins in MEFs from WT mice and ATF4”~ mice.
*P <0.05, **P<0.01, and #P < 0.001 (t test).
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as the yolk sac, the aorta-gonad mesonephric region, the placenta,
and the fetal liver, provide a unique environment for hematopoie-
sis. Fetal liver HSCs rapidly divide and consequently lead to massive
expansion to meet the demand of ontogenic development (38). After
birth, HSCs colonize BM, and the adult HSCs are dormant, rarely
divide, and function throughout the lifetime to maintain the ho-
meostasis of the blood system. There is a remarkable switch in the
molecular program and the functional behavior of HSCs during the
transition from fetal liver HSCs to adult HSCs. Previous studies in-
dicated that during fetal liver hematopoiesis, ATF4 maintains HSCs
throughout ontogeny by mainly acting as an extrinsic factor to
maintain an HSC-supportive niche via up-regulating cytokines
such as Angptl3 in fetal liver stromal cells (18). Notably, our data
first revealed that ATF4 expression progressively declines with age
in adult BM and the LSK population. Moreover, our findings made
in constitutive and conditional ATF4 (ATF4ﬂ/ﬂ; Scl-Cre-ERT mice)
KO mice showed multifaceted aging-like properties of adult HSCs.
Consistently, ATF4~~ HSC displayed a progressive aging-like pheno-
type during aging. Furthermore, our current data clearly demon-
strate that ATF4 is critical in maintaining adult HSC aging in a
cell-intrinsic manner, rather than a cell-extrinsic factor, suggesting
that at embryonic and adult stages, ATF4 could play different roles
in regulating HSC behavior through distinct molecular mechanisms,
and that thereby modulation of ATF4 might contribute to adult
HSC homeostasis and aging.

In light of the fact that ROS has been found to be an important
driver of aging and that low ROS level contributes to HSC quiescence
and long-term self-renewal capability (11, 12, 28, 29, 39, 40), we
attempted to examine whether ROS production is associated with
ATF4 depletion in our current study. Notably, aged HSCs are more
vulnerable to extra physiologic oxygen shock/stress (EPHOSS)-linked
ROS production, and inhibition of EPHOSS by cyclosporine A
could increase recovery of transplantable and aged HSCs (39, 40).
We found that ATF4”~ LT-HSCs produced markedly higher levels
of ROS. Of note, high levels of ROS are known to induce lost quies-
cence of LT-HSCs (11, 28, 29). ATF4 deletion leads to enhanced cell
cycling and a loss of quiescence in LT-HSCs, thereby inducing HSC
hyper-proliferation, which might also explain the increased cell cycle
entry in ATF4~~ HSCs as a compensatory effect. Nevertheless, such
changes were unable to compensate for the functional defects of
HSCs, which is similar to the age-associated increased number of
functionally impaired HSCs. Cell cycle changes have been found in
HSC aging (5, 8, 11). Aged HSCs have been shown to display delayed
cell cycle kinetics, despite being recruited into an active cell cycle to
a higher degree compared to young HSCs (41).

Our current findings support a notion that ATF4 loss in mice
might trigger the development of HSC aging phenotype by causing
mitochondrial ROS overproduction. Furthermore, our study also
identifies HIFlo as a direct downstream target of ATF4. Of note,
HIF1la has been shown to be essential for HSC function and their
metabolic pathway (29), while HIF1a negatively modulates mito-
chondrial ROS production (28, 29). Our results showed that the
repopulating defect of ATF4~~ HSCs and ROS could be restored by
enforcing HIF1o expression, suggesting a cascade along which ATF4
loss triggers the development of HSC aging phenotype by causing
mitochondrial ROS overproduction through targeting HIF1o. Pre-
vious studies showed that ROS could induce cellular senescence by
up-regulating p16™** and p19*™, and that p16"™** was critical for
the regulation of stem cell aging (42, 43). For instance, p16™** was
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elevated in aged HSCs and contributes to the decline of HSCs
(42, 44). Our present data suggest that ATF4 might regulate p16™4?
through an indirect manner, ATF4 deficiency triggers mitochondrial
ROS production by targeting HIF1a expression, and ROS might
up-regulate p16™“*, We found that ATF4 deficiency has a stronger
effect on HIFlo expression in young mice than in aged mice. Of
note, ATF4 was reported to be a direct target of transcriptional re-
pression of HIF1o in fetal cardiomyocytes (45). During the process
of aging, there could be a negative feedback loop between ATF4 and
HIF1lo. Furthermore, we speculate that there might be a potential
regulatory circuit among ATF4, HIF1a, p16™ %, and ROS, while
the circuit could also be affected by the process of aging; further
investigation in this context is needed.

HIF1la was not only required for HSC functions but also essen-
tial for cancer stem cells of mouse lymphoma and LSCs (46, 47).
Deletion of HIFIa impaired the Fropagation of LSCs with elevated
expression of p16™** and p19*™. Notably, our ChIP-seq data sup-
port the idea that the HIF1a pathway might play a role in the defects
of ATF4”~ HSCs and in delaying leukemogenesis. Our ChIP and
luciferase reporter assays suggest that HIF1o is a potential de novo
and direct target of ATF4. In addition, we observed decreased HIF1a
level and elevated p161”k4“ expression in ATF4-null YFP" leukemia
cells, suggesting that both of them may be pivotal in alleviating leu-
kemia initiation and development. Therefore, ATF4 deletion might
alleviate leukemia initiation and development associated with an
involvement of HIF1a and p16™*, Of note, Dick’s group developed
the ATF4 reporter system to measure ISR activation and found that
high ISR activity occurred in human HSC/MPPs and AML/LSCs;
higher ATF4 protein levels maintain human LSC stemness, pro-
moting LSC engraftment (21, 31). Thus, it appears that, under physio-
logical conditions, ATF4 plays a critical role to maintain HSC
homeostasis and stemness, whereas under complex oncogenic stress,
ATF4 can be up-regulated to maintain LSC stemness, leading to a
promoting effect on leukemogenesis, in which case inhibition of
ATF4 delays AML development. Of note, other previous studies
also have demonstrated a fragile balance between tumor suppres-
sion and stem cell aging. For instances, defect of several genes (Sirt1,
Sirt3, and Wip1l) leads to prematuration of HSCs, and inhibition of
these genes could prevent tumorigenesis (48-53). Together, our
current study suggests that ATF4 plays distinct and yet related roles
in normal hematopoiesis and leukemogenesis.

Our findings suggest that up-regulating ATF4 may represent a
strategy to alleviate aging-associated degeneration of HSC, and hence,
investigation aimed at identifying effective approaches to increase
ATF4 in HSPCs is of interest and underway in the laboratory. On the
other hand, as our current study found that ATF4 might promote
leukemogenesis, it would be of interest to further test whether ATF4
can be used as a therapeutic target for antileukemic treatment. New
technologies of targeting a transcription factor are under active devel-
opment, including proteolysis targeting chimaeras, use of cysteine
reactive inhibitors, and targeting intrinsically disordered regions of
transcription factors, in addition to other conventional methods (54).

In summary, our present study first identifies and highlights a
previously unidentified and direct role of ATF4 in regulating adult
HSC function and aging, with expanded implications in our under-
standing of the molecular mechanisms of HSC aging and age-related
degeneration. Further investigation is warranted to explore strategies
efficacious for achieving such an ATF4-dependent optimization of
adult HSC functions.
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MATERIALS AND METHODS

Animals

ATF4 heterozygous mice (ATF4+/_ mice) (Stock# 013072) were
originally obtained from the Jackson Laboratory. ATF4"~ mice were
backcrossed onto a C57BL/6 background (CD45.2) for at least five
generations (17). ATF4"~ mice were phenotypically normal and
intercrossed to obtain ATF4~~ mice. Offspring of these mice were
genotyped using PCR-based assays of genomic DNA samples (17).
Littermates (WT) were used as controls in all experiments. ATF4
cKO mice were constructed via the CRISPR-Cas9 system by Nanjing
Biomedical Research Institute of Nanjing University. To generate
tamoxifen-induced, HSPC-specific deletion of ATF4, ATF4"",
Scl-Cre-ERT mice were injected intraperitoneally with tamoxifen
(20 mg/kg, T5648-1G; Sigma-Aldrich) daily for 14 to 21 days. The
age-matched tamoxifen-induced ATF4"" mice were used as con-
trols. The genotyping of ATF4"" mice and Scl-Cre-ERT mice was
performed using the designed primers (table S3). WT C57BL/6 mice
were obtained from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd and Model Animal Research Center, Nanjing Uni-
versity. Scl-Cre-ERT mice and CD45.1 B6.SJL mice were provided
by J. Zheng (Shanghai Jiao Tong University, Shanghai, China) and
Z. Ju (Institute of Aging and Regenerative Medicine, Jinan Univer-
sity, Guangzhou, China), respectively. C57BL/6-CD45.1 mice were
crossed with CD45.2 mice to obtain CD45.1/CD45.2 mice. C57BL/
6-CD45.1 congenic or C57BL/6-CD45.1/CD45.2 F1 mice were used
for competitive repopulation assays. The animal experiment proto-
cols were approved by the Ethics Committees for Animal Experimen-
tation of Sun Yat-sen University and Southern Medical University.
All procedures conformed to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (NIH Publica-
tion, 8th ed., 2011).

Blood cell counts
PB from the postorbital vein was collected and analyzed using a
blood cell counter (Sysmex and Mindray).

Flow cytometry
Phenotypic analysis of lineage cells, hematopoietic progenitor, and
stem cells was performed according to previous reports. LT-HSCs
(Lin"Sca-1"¢c-Kit"CD34 Flk2 /Lin"Sca-1*c-Kit"CD150"CD487), ST-
HSCs (Lin"Sca-1*c-Kit"CD34"Flk27), LSK cells (Lin"Sca-1"¢-Kit"),
MPPs (Lin"Sca-1*c-Kit"CD34"), LMPPs (Lin Sca-1*c-Kit'CD34 Flk2"),
GMPs (Lin"IL-7RaSca-17c-Kit*CD16/32"CD34"), CMPs
(Lin"IL-7Ra " Sca-1"c-Kit" CD16/32M¢CD34"), MEPs (LinIL-
7R0 " Sca-1"¢c-Kit"CD16/32"CD34"), and CLPs (Lin IL-7Ra*Sca-
IMEdc—KitMed) were analyzed with LSRII/Fortessa (BD Biosciences),
CytoFLEX (Beckman Coulter), and Attune (Thermo Fisher Scientific)
and sorted with FACSAria II and Influx cell sorter (BD Biosciences).
For analysis of chimerism in recipients, PB and BM were stained with
CD45.1-PE/Alexa Fluor 700 and CD45.2-fluorescein isothiocyanate
(FITC). To detect T cells (CD3e), B cells (B220), and myeloid cells
(Mac-1/CD11b and Gr-1), samples were stained with CD3e-APC,
B220-APC, Mac-1/CD11b-APC/PE, and Gr-1-APC.In all cases,
FACS analysis of the above-listed lineages was also performed to con-
firm multilineage reconstitution as previously described. For HSC
cell cycle analysis, BM cells were stained for HSC markers Sca-1-PB,
c-Kit-PE-Cy7, CD34-FITC, and FIk2-PE, and lineage-APC-Cy?7, and
subsequently staining of Ki67 was done using anti-Ki67 antibody (B56)
and 7-Aminoactinomycin D (7-AAD)/4’,6-diamidino-2-phenylindole,
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and fixation/permeabilization solutions (BD Pharmingen). All anti-
bodies, unless stated, were otherwise purchased from BioLegend,
eBioscence, and R&D systems (table S1). Analysis of flow cytometric
data was performed using the FlowJo and Cytexpert software. Pheno-
typic analysis of lineage cells, hematopoietic progenitor, and stem
cells was performed according to standard protocols, using the anti-
bodies listed in table S1.

BMT assay

All transplant experiments were performed by retro-orbitally in-
jecting freshly isolated BM cells into lethally irradiated [8 gray
(Gy)], 8- to 10-week-old recipient mice. For the BMT assay, BM
cells from donor mice were injected into lethally irradiated recipi-
ent mice with or without an equal number of competitor cells. For
the second transplantations, the same number of sorted test and
competitor donor cells from the first recipients was serially trans-
planted into the next recipient mice.

For the limiting dilution competitive repopulation assay, three
cell doses (5 x 10% 2 x 10° and 1 x 10°) of test donor BM cells iso-
lated from WT and ATF4™"~ mice were mixed with a constant dose
(2 x10°) of WT competitor BM cells (CD45.1/CD45.2) and subse-
quently transplanted into lethally irradiated recipient mice. PB in
each recipient was analyzed for the engraftment levels of donor cells
at the indicated time points 4 months after transplantation, using
anti-CD45.1 and anti-CD45.2 antibodies. Anti-CD3e, anti-B220,
anti-Mac-1/CD11b, and anti-Gr-1 antibodies were used for lineage
analysis. For each individual animal, positive engraftment was de-
fined as 1% or more of CD45.2 cells containing T, B, and myeloid
cells. The number of mice negative for reconstitution in each cell
dose was measured, and HSC frequency was estimated using Poisson
statistics (L-Calc software; STEMCELL Technologies). Animals that
died during the course were excluded and not counted in the limiting
dilution analysis.

Homing assay for Lin"Sca-1* primitive hematopoietic cells
Homing assay was performed according to the protocol of a stan-
dard method described previously (55).

CFU assay

Fresh 2 x 10* BM cells or 1 x 10° splenocytes were seeded into M3434
methylcellulose (STEMCELL Technologies) for 12 days, respectively.
The total number of colonies was counted, and the types of colonies
were quantified via microscopy. The sorted YFP"Mac-1"c-Kit" LICs
of secondary AML recipients were seeded in M3534 methylcellulose
(STEMCELL Technologies) for 7 to 10 days. The total number of
colonies was counted, and the types of colonies were quantified via
microscopy.

Retroviral infection, transplantation, and flow

cytometric analysis

MLL-AF9-expressing retroviruses were produced in 293T cells
with an MSCV-MLL-AF9-IRES-YFP encoding plasmid (32). Lin~
fetal liver cells were isolated from WT and ATF4”™ mice, respec-
tively, and then infected with MLL-AF9 retroviruses. Infected cells
(1 x 10%) were transplanted into lethally irradiated (8 Gy) C57BL/6
mice by retro-orbital injection. Indicated YFP* BM cells (3 x 10°)
from primarily transplanted mice were further infused into recipi-
ent mice for secondary transplantation. For analysis of lineages, PB
cells were stained with Mac-1/CD11b-PE, Gr-1-APC, CD3e-APC,
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and B220-PE. For analysis of L-GMPs, BM cells were stained with
lineage-APC-Cy7, Sca-1-PB, c-Kit-PE-Cy7, CD34-FITC, IL-7Ro.-
APC, and CD16/32-PE (BioLegend).

For the rescue experiments, the vector of pBabe-puro-HA-HIF1a-
WT (Addgene plasmid #19365) and its control vector pBabe-puro
(Addgene plasmid #1764) were purchased from Addgene (Addgene).
To produce recombinant retrovirus, plasmid DNA was transfected
into 293T cells. WT and ATF4”~ Lin~ fetal liver cells (fig. S6C) or
WT and ATF4™"~ adult BM cells (Fig. 6M) were infected with retro-
viruses, respectively. Infected cells and helper cells were transplanted
into lethally irradiated recipients. PB in each recipient was analyzed
for the engraftment level, and BM cells were analyzed for cell cycle
analysis, engraftment, and ROS level of donor cells at the indicated
time points after transplantation.

Measurement of intracellular ROS with CMH2TMRos
MitoTracker Orange CM-H2TMRos (Thermo Fisher Scientific)
was used to in vivo determine the oxidative activity of mitochondria
according to a standard method described.

Intracellular ROS assay

To measure intracellular ROS levels, HSCs from WT mice and
ATF4”~ mice were incubated with 5 nM DCF-DA CM-H2-DCF-
DA (Thermo Fisher Scientific) at 37°C for 25 min, followed by
fluorescence analysis by flow cytometry.

BMT and NAC administration in vivo

After 14 days of tamoxifen injection, control and ATF4 cKO mice
were administered with the antioxidant NAC (500 mg kg™ day ™ in
drinking water; Sigma-Aldrich) and were provided with drinking
water daily for 2 weeks; NAC (100 mg/kg) was also administered by
intraperitoneal injection daily for 2 weeks, and subsequently, BMCs
were harvested and isolated for analysis of ROS levels, HSPCs and
lineage frequency, and the status of cell cycle (Fig. 5F). Meanwhile,
we performed competitive BMT, and the reconstituted mice were
treated with or without NAC (Fig. 5K). Repopulation, lineage anal-
ysis, ROS levels, and cell cycle were then examined at the indicated
time point after BMT.

RNA isolation and purification and qRT-PCR

HSPCs were directly sorted into reaction buffer. AML GFP" cells
were sorted into Trizol. We performed RT and real-time quantitative
PCR with SYBR Green PCR Master Mix using designed primers. All
reactions were carried out at least in triplicate. In each experiment,
cell populations were sorted from three individual mice. Data were
analyzed using BioMark Real-Time PCR Analysis Software v.2.0
(Fluidigm). The results from each experiment were normalized to the
expression of glyceraldehyde-3-phosphate dehydrogenase. The primers
used for the amplification of the indicated genes are listed in table S2.

RNA-seq and bioinformatics analysis

To compare the gene expression profiles between ATF4”~ and WT
HSCs, total RNA was extracted from sorted HSC populations from
the WT and ATF4”~ BM cells, respectively. The procedures of
enrichment and cell staining for isolating HSCs (Lin c-Kit*Sca-
1"CD48 CD150") from mouse BM were performed as previously
described (56). Library for sequencing was prepared following a
modified Smart-seq 2 protocol. Briefly, RNA was reverse-transcribed
using Supercript II. First-strand complementary DNA (cDNA) was
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synthesized and amplified before constructing a cDNA library. The
Ampure XP beads were used to purify cDNA. The following se-
quences were processed and analyzed by GENEWIZ. Raw data of
RNA-seq were deposited in the National Center for Biotechnology
Information (NCBI)’s Sequence Read Archive (SRA), with accession
number GSE#132682.

Assay of intracellular HIF 10 expression

For intracellular expression of HIFla in HSCs, BM cells were
stained for HSC markers, subsequently staining with PE-conjugated
mouse anti-HIFla (R&D Systems) compared with PE-conjugated
mouse immunoglobulin G (IgG).

ChIP analysis and ChIP-seq assay

Human AML KGlo: cells (1 x 10%) or mouse BM cells (2 x 107) were
used for each ChIP assay. The ChIP procedure was performed ac-
cording to a previously described protocol (57, 58), using 10 ug of
anti-ATF4 antibody (Abcam) (table S4). Enriched DNA fragments
were subjected to the preparation of standard libraries for ChIP-seq
according to the manufacturer’s instructions, and the resulting ChIP-
seq libraries were sequenced on an Illumina Hi-seq X-Ten (Annoroad
Gene Technology Co. Ltd). ChIP-seq data were mapped to mouse
genome (GRCm38) by using Bowtie2, and ChIP peaks were called
using model-based analysis of ChIP-seq 14 (MACS2), with the input
sample as the control. Enrichment heatmaps that surround ChIP
peaks were produced by using deeptools, and signal plotting of in-
dividual genes was generated using the Integrated Genome Viewer
(Novel Bioinformatics Co. Ltd for the support of bioinformatics
analysis). The raw data from ChIP-seq can be downloaded from the
NCBTI’s SRA using accession number GSE132681.

ChIP assay was performed to identify ATF4 binding sites on the
HIF]Io promoter in mouse BM cells. The DNA isolated from input
chromatin fragments and from the precipitated chromatin fragments
by anti-ATF4 antibody (Abcam) or control IgG was subjected to
real-time PCR (ChIP-qPCR) using primers flanking the consensus
ATF4 binding sites on the HIFlo promoter (BersinBio Bioscience
Co. Ltd for the technique service).

Western blotting analysis

Western blotting was performed according to the protocol de-
scribed previously (59). The primary antibodies used for Western
blot were as follows: anti-CDKNZA/p16Ink4a (1:1000; Abcam) and
anti-B-actin (1:5000; Proteintech). For the origin and description of
all antibodies used in this study, see table S4.

Luciferase reporter assays

293T cells were cultured in 96-well plates and cotransfected with
pcDNA3.1-ATF4 vector or pcDNA3.1 vector, together with luciferase
reporter plasmid that contained the WT (HIF1a-pGL3-WT) or
mutant (HIF1a-pGL3-MUT) promoter of HIF1a. Transcriptional
activation of HIFlo by ATF4 was evaluated using a luciferase re-
porter system (Promega).

Statistical analysis

All quantitative data obtained from repeated experiments are ex-
pressed as means + SD. The statistical significance of the differences
between the groups was calculated using an unpaired Student’s £ test,
and the survival curves were analyzed using a log-rank (Mantel-Cox)
test. *P < 0.05, **P < 0.01, and #P < 0.001. NS, not significant.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj6877

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