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Abstract

Adult stem cells are long-lived and quiescent with unique metabolic requirements.
Macroautophagy/autophagy is a fundamental survival mechanism that allows cells to adapt to
metabolic changes by degrading and recycling intracellular components. Here we address why
autophagy depletion leads to a drastic loss of the stem cell compartment. Using inducible deletion of
autophagy specifically in adult hematopoietic stem cells (HSCs) and in mice chimeric for autophagy-
deficient and normal HSCs, we demonstrate that the stem cell loss is cell-intrinsic. Mechanistically,
autophagy-deficient HSCs showed higher expression of several amino acid transporters (AAT) when
compared to autophagy-competent cells, resulting in increased amino acid (AA) uptake. This was
followed by sustained MTOR (mechanistic target of rapamycin) activation, with enlarged cell size,
glucose uptake and translation, which is detrimental to the quiescent HSCs. MTOR inhibition by
rapamycin treatment in vivo was able to rescue autophagy-deficient HSC loss and bone marrow failure
and resulted in better reconstitution after transplantation. Our results suggest that targeting MTOR
may improve aged stem cell function, promote reprogramming and stem cell transplantation.
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Introduction

A fine balance of self-renewal and differentiation fate choices allows hematopoietic stem cells (HSCs)
to maintain themselves and produce lineage restricted progenitors to fulfil the demands of the blood
system. Evidence is accumulating that healthy HSCs only survive and function properly if they
maintain a balanced metabolic state. This is achieved by restrained activation of the MTOR
(mechanistic target of rapamycin kinase), which orchestrates catabolism (break-down) and anabolism
(growth and building) [1]. Regulation of downstream targets by MTOR signalling is mediated through
the action of two complexes, MTOR complex 1 (MTORC1) and MTOR complex 2 (MTORC2).
MTORCL activity promotes cell growth, glycolysis, increased protein and lipid biosynthesis, but
restricts macroautophagy/autophagy and lysosome biogenesis [2]. Protein synthesis is regulated
through the phosphorylation of RPS6/S6 (ribosomal protein S6) and the EIFAEBP1/4EBP1
(eukaryotic translation initiation factor 4E binding protein 1), and thereby controls the initiation of
protein translation [3]. Active MTORCL inhibits autophagy by phosphorylation-dependent inhibition
of ATG13 and ULK1 and by inhibiting the activity of TFEB (transcription factor EB) family members
[3]. Restrained PI3K (phosphoinositide 3-kinase)-AKT/PKB (thymoma viral proto-oncogene 1)-
MTOR signalling promotes autophagy and is essential for maintaining functional and long-lived HSCs
endowed with capacity to both differentiate and self-renew [2]. In contrast, elevated MTORC1
activity is detrimental to stemness and is linked to HSC premature ageing and depletion [1,3].

Adult HSCs are mostly quiescent with low energy requirements [4]. They rely on glycolysis [5,6] and
fatty acid oxidation [7], as opposed to downstream progenitors that use mitochondrial oxidative
phosphorylation [8]. Lower protein synthesis rates in adult HSCs have been linked to their state of
quiescence when compared to rapidly dividing progenitors. [9,10]. Moreover, increased protein
synthesis impairs stem cell function [11].

Interestingly, several amino acids (AA) have emerged as key regulators of HSC function. AA are
found in much higher concentrations in the bone marrow (BM) than in peripheral blood, which itself
suggests they might play an important role in hematopoiesis [12,13]. Valine has been shown to be
critical for mouse and human HSC proliferation and for retention in the BM [14]. Glutamine uptake
and metabolism allow hematopoietic stem and progenitor cell (HSPC) differentiation into erythroid
lineage and for de novo nucleotide synthesis [15]. The availability of leucine, an essential AA, is
believed to regulate nutrient sensing pathways, such as the MTOR pathway, in HSCs [2]. Essential
AAs are either recycled or acquired by means of dietary intake and transported into cells through the
plasma membrane-spanning transporters [16]. Free intracellular AA not only serve as a source of
metabolites for protein synthesis and energy, but also directly contribute to the tight regulation of two
pathways, the MTORC1 and EIF2 (eukaryotic initiation factor 2) cascades that integrate anabolic and
catabolic signals. Moreover, nutrient availability regulates the integrated stress response (ISR)
pathways, which are believed to promote the survival of healthy HSPCs [17].

Autophagy is one of the main catabolic pathways in the cell that degrades cellular constituents
specifically to be re-used as building blocks. Together with synthesis, import and proteasomal
degradation, autophagy contributes to intracellular AA availability. Considerable evidence has
accumulated over the last decade supporting a key role for autophagy in the maintenance and function
of HSCs [18,19]. Conditional deletion of Atg7 in all hematopoietic lineages results in significantly
reduced HSC numbers, accompanied by their excessive differentiation into lineage™ (Lin"), LY6A/Sca-
1 (lymphocyte antigen 6 family member A)*, KIT/CD117/c-Kit (KIT proto-oncogene receptor
tyrosine kinase)® (LSK) progenitor populations, enlarging that compartment [18]. Additionally, LSK
progenitor cells exhibited a significant accumulation of mitochondria, reactive oxygen species (ROS),
DNA damage and hallmarks of apoptosis [18]. Similarly, inducible pan-hematopoietic Atg12 deletion
results in increased mitochondrial content and changes in HSC metabolism [19,20]. Both atg7- and
atg12- deficient HSCs exhibit impaired self-renewal and regenerative potential. However, the pan-
hematopoietic deletion of Atg7 and Atg12 using Vav®™ and Mx1°"-driven deletion, respectively, has
important limitations. Pan-hematopoietic autophagy deletion by Vav®" results in peripheral cytopenia



since maintenance of mature blood cell lineages is also regulated by autophagy, which restricts the
interpretation of the direct impact of autophagy in HSCs [18]. Mx1“"™ additionally targets other non-
hematopoietic cell types, and requires treatment with polyinosinic:polycytidylic acid (poly(l:C)),
which can additionally affect the HSC phenotype [19].

Here, we show that depleting autophagy in non-cytopenic conditions led to a cell-intrinsic decline in
HSC numbers. In contrast, the expansion of the early LSK multipotent progenitor compartment was
found to be mediated cell-extrinsically. We then investigated which molecular pathways in autophagy-
deficient HSCs lead to their depletion. We observed that autophagy-deficient HSCs showed higher
expression of several AA transporters when compared to autophagy-competent cells, resulting in
increased AA uptake and culminating in enhanced MTOR activation. This led to detrimental
functional consequences within HSCs, mediating increased cell size, glucose uptake, and protein
synthesis. Importantly, the numbers, reconstitution potential and metabolic health of HSCs could be
restored upon rapamycin treatment in vivo. Together, this suggests that increased MTOR activation is
a maladaptation of autophagy-deficient HSCs resulting from excessive influx of AA.

Results

HSC homeostasis is dependent on cell intrinsic autophagy.

We first confirmed the relevance of autophagy for HSC homeostasis. Autophagy was deleted by the
Mx1°"-driven Atg5 excision following poly(l:C) injection (Fig. 1A) [19] or Atg7 was deleted using the
pan-hematopoietic Vav®"™ model [18]. HSCs were defined as LSK, as well as CD48 SLAMF1/CD150"
(Fig. 1B,C). In both models, we observed an increase in the LSK population containing primarily
multipotent progenitors, whereas HSCs were dramatically reduced (Fig. 1D,E), in agreement with
previous studies [18,19]. In these models, genetic deletion is driven by Cre expression from strong
promoters affecting all hematopoietic cells (Vav®™ or Mx1®). As loss of autophagy also results in
extensive depletion of most mature blood cell lineages such as erythrocytes [21], platelets [22], and T
cells [23], leading to cytopenia in the periphery, HSCs and their progenitors will be activated to
replenish these lineages. Hence, it remained unclear to what degree these and previously reported
reductions in HSC numbers and changes in functional parameters such as metabolism, mitochondrial
health, self-renewal, differentiation, and bone marrow failure, could be a consequence of peripheral
cytopenia rather than due to a direct intrinsic effect of autophagy-deficiency in HSCs. Moreover,
deleting autophagy in all IFNa-responsive cells using Mx1°" [24] also affects other cells such as bone
marrow stromal cells [25]. To avoid cytopenia and to be able to differentiate cell-extrinsic from HSC-
intrinsic roles of autophagy, we therefore evaluated the impact of autophagy loss through inducible
autophagy deletion in mixed BM chimera settings, or where deletion is restricted to HSCs.

Firstly, we decided to take advantage of the Fgd5“™*"? model [26], which drives tamoxifen-inducible
Atg1611 deletion specifically in HSCs (Fdg5°=*"? atg1611™ Rosa26-stop-tdTomato, here after named
Fdg5°"E"™ atg1611"™) without leading to cytopenia (Fig. 1F, Fig. S1A). tdTomato/Tomato expression
was used as an indicator of Atg16l1 deletion in this model. Tomato® LSK cells from Fdg5°"=""?
atg1611"™ mice showed a 40% reduction in Atg16l1 transcripts in comparison to Tomato™ cells isolated
from the same animals (Fig. 1G). We also confirmed that this reflected in lower autophagy flux (Fig.
S1B). This led to a 40-50% decrease in the absolute number of Tomato® HSCs in Fgd5©™&R™
atg1611™ mice when compared to Fgd5"*"Atg16L1"" littermates (Fig. 1H), suggesting that
autophagy plays a cell-intrinsic role in HSCs maintenance.

We next mixed PTPRC"/CD45.2* BM cells from Mx1°" atg5™" or Mx1°"™® Atg5"* littermate controls
with PTPRC?CD45.1" BM cells from WT mice (1:1) to reconstitute the hematopoietic system of an
irradiated host mouse (Fig. 11). Efficient Atg5 deletion was confirmed by qPCR (Fig. S1C). Frequency
of atg5-deficient LSK cells were reduced in chimeric mice (Fig. 1J), demonstrating that the LSK
expansion observed in the non-chimeric Vav®'™ and Mx1°"® models (Fig. 1D,E) is mediated by HSC-
extrinsic mechanisms. Importantly, atg5-deficient HSCs were reduced by week 2 of inducing the
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deletion of Atg5 in the chimeric setting (Fig. 1K), reinforcing the point that HSC homeostasis relies on
intact autophagy. Taken together, these findings indicate that HSCs loss driven by autophagy deletion
is a cell-autonomous mechanism.

Autophagy deletion leads to increased expression of AA transporters and AA uptake.

Previous studies found an increased mitochondrial mass in autophagy-deficient HSCs, concluding that
mitochondria are no longer degraded by autophagy, and suggesting that this contributes to HSC loss
[18,19]. However, HSCs rely mostly on glycolysis with little contribution from mitochondrial
respiration to meet their energetic demands [5,7,8]. Given that AA are key for HSC function and
survival [12], we investigated the consequences on AA supply in HSCs when autophagy is deficient.
We observed that both gene and protein surface expression of the major AA transporters of glutamine,
leucine, and arginine (SLC1A5/ASCT2, SLC38A1/SNAT1, SLC38A2/SNAT?2) were upregulated in
atg5 KO HSCs isolated from BM chimeras (Fig. 2A, B). This result was confirmed in HSCs in which
Atg7 (Fig. 2C) or Atgl1611 were deleted (Fig. S1D and Fig. S2A-B). For the latter, in contrast to our
observations in atgs KO HSCs from BM chimeras and atg7 KO cells, we found SLC26A6/PAT1 to be
upregulated in HSCs (Fig. S2B). Functionally, upregulation of surface expression of AA transporters
resulted in an increase in AA uptake in autophagy-deficient HSCs (Atg5™“" or Atg7"*"“" deletion)
as measured by the flow cytometry-based kynurenine (Kyn) assay [27] (Fig. 2D). Overall, our data
suggest that autophagy loss results in upregulation of AA transporters and increased influx of AA.

Increased AA uptake results in MTOR activation, cell .growth, upregulation of glycolysis and
protein translation.

Sensing of high cellular AA content, in particular of leucine, arginine and glutamine, is known to
activate the MTOR pathway [28]. We found phosphorylation of MTOR, and its downstream targets
EIFAEBP1 and RPS6 to be increased in autophagy-deficient HSCs, both atg7 KO or atgl1611 KO (Fig.
3A-C). Because MTOR activation signals for cell growth, glycolysis and translation [2], we further
investigated whether these parameters were also altered in autophagy-deficient HSCs. Indeed,
autophagy-deficient HSCs exhibited a significant increase in cell size compared to autophagy-intact
HSCs (Fig. 3D). Furthermore, uptake of glucose as measured by 2-NBDG staining (a fluorescent
analogue of glucose) was elevated in autophagy-deficient HSCs (Fig. 3E,F). This was corroborated by
the expression profile of metabolic genes, showing increased transcript levels of classical glycolytic
enzymes, but not tricarboxylic acid (TCA) cycle genes, in atg7-deficient HSCs when compared to WT
counterparts (Fig. 3G). Interestingly, enhanced MTOR activation in autophagy-deficient HSCs was
also associated with an increase in protein synthesis measured by the incorporation of labelled
puromycin (O-propargyl-puromycin (OPP) click assay) [9] in both atg5 KO and atg7 KO mice (Fig.
3H,1). We reproduced the same effects on MTOR activation, translation and Kyn uptake in a non-
cytopenic context using Fgd5°"=" atg1611"" mice (Fig. S3A-C).

As loss of autophagy correlates with higher proliferation rates in autophagy-deficient cells [18], we
evaluated whether any changes in HSC metabolism could also be caused by fluoracil (5FU)-induced
cell cycling in cells from WT mice. We observed that 5FU treatment expectedly induced HSC
proliferation (Fig. S3E) and that this was accompanied by higher expression of phosphorylated RPS6
(p-RPS6) and increased translation (Fig. S3F,G). Furthermore, HSCs from 5FU-treated animals
exhibited higher expression of SLC3A2/CD98 (Fig. S3H), higher uptake of cystine (as an alternative
method to measure AA uptake), but unchanged uptake of Kyn (Fig. S3 1,J). As cystine and Kyn are
preferentially imported by SLC7AL11/XxCT and SLC7A5/LAT-1, AA transporters that dimerize with
SLC3A2/CD98, this suggests that 5SFU-driven proliferation selectively modulates AA uptake. We
followed up analysing whether proliferation is also increased in autophagy-deficient HSCs in a non-
cytopenic context, using Fdg5°=*"™ atg1611"" mice. Similar to results previously obtained in Vav©"
atg7"™ mice, atg16l1 KO (Tomato®) were more proliferative than their WT counterparts (Tomato’, Fig.
S3D), suggesting that autophagy-deficiency can induce HSC proliferation in a cell-intrinsic manner
and might contribute to the observed metabolic changes. Overall, we detected robust activation of the



MTOR pathway when autophagy is lost in HSCs, which led to typical downstream MTOR-mediated
metabolic remodelling.

Rapamycin normalizes the metabolic status of autophagy deficient HSCs.

As MTOR activation and its downstream effects, in particular increased translation [9], are detrimental
to the long-term regeneration potential of HSCs, we sought to determine, by reversing MTOR
activation with rapamycin [1], whether this is a maladaptation involved in the autophagy deficiency-
induced loss of HSCs. We treated Vav®" atg7™" mice with rapamycin [1] in the drinking water from 4
to 8-9 weeks of age (Fig. 4A). Notably, rapamycin treatment alleviated the key symptoms typically
observed in atg7 KO mice [18], such as anemia in long bones and splenomegaly (Fig. 4B,C).
Moreover, the enhanced frequencies and absolute numbers of LSKs and reduction in HSCs in
autophagy-deficient mice were reversed upon rapamycin treatment (Fig. 4D,E). As expected,
rapamycin prevented excessive mTOR activation, measured by p-RPS6 (Fig. 4F) and translation (Fig.
4G), in autophagy-deficient HSCs. However, uptake of AA was not significantly affected by
rapamycin treatment (Fig. 4H), suggesting that the increased AAs uptake might be upstream of MTOR
activation in these cells.

We then addressed whether the beneficial effects of rapamycin could be explained by modulation of
proliferation speed by assessing the proliferation profiles of HSCs from Vav®"™ atg7"" mice treated or
not with rapamycin. As observed in Tomato™ HSCs from Fdg5°™"™ atg1611™" mice and confirming
previous reports, autophagy-deficient cells were more proliferative than their wild type counterparts
(Fig. 4l1). However, rapamycin treatment was not able to revert this phenotype, which suggests that
proliferation is not the determining cause of loss of stemness driven by exacerbated anabolism in
HSCs (Fig. 41). Because MYC contributes to glycolysis, GLUT-1 expression, cell proliferation and
has been shown to be upregulated in atg7-deficient T cells [29], we also assessed the expression of
Myc transcripts in LSKs from Vav©'™ atg7" mice treated or not with rapamycin in drinking water.
However, we did not observe any significant changes in Myc expression caused by autophagy-
deficiency or rapamycin treatment in LSKs (Fig. S4A).

Moreover, we wanted to assess the impact of MTOR inhibition by rapamycin on the expression of AA
transporters. As ATF4 (activating transcription factor 4) is known to regulate AA transporter
expression [30], we assessed the expression of Atf4 transcripts in LSKs from Vav®™ atg7"™ mice.
Interestingly, Atf4 expression was higher in autophagy-deficient LSKSs, a phenotype that was reversed
upon rapamycin treatment (Fig. S4B). To evaluate whether autophagy-deficiency leads to a similar
phenotype of SLC7A11/xCT and SLC7A5/LAT-1 selective modulation as observed in 5FU-driven
proliferation, we determined the transcriptional expression of Slc3a2, Slc7all and Slc7a5 in LSKs
sorted from Vav“"™® atg7"™ mice (Fig. S4C). We took Slcla5 as a positive control of autophagy
regulation, as SLC1A5/ASCT?2 was the AA transporter mostly upregulated in atg7-deficient cells in a
similar experimental setup (Fig. 2C). Autophagy-deficient cells showed an increased expression of all
tested AA transporters. Intriguingly, MTOR inhibition by rapamycin promoted strong downregulation
of transcripts for these transporters, opposed to its impact on AA uptake (Fig. S4C). These results
suggest that MTOR contributes to the transcriptional regulation of expression of AA transporters in
LSKSs, but that this does not reflect on functional changes in AA uptake in autophagy-deficient cells.

Finally, to exclude any potential effects of rapamycin on progenitors and/or mature hematopoietic
cells, we also treated mixed BM chimera with rapamycin (PTPRC"CD45.2 Mx1°" atg5™ or Mx1°"™
Atg5"* BM mixed with PTPRCYCD45.1 WT BM; Fig. 5A,B). Analysis of donor-derived
PTPRC"/CD45.2" atg5 KO HSCs confirmed that inflation of the LSK compartment is not observed in
a non-cytopenic setup and that rapamycin can rescue HSC loss (Fig. 5C,D). Expectedly, rapamycin
treatment reduced p-RPS6 levels in LSKs and HSCs gFig. 5 E,F) and also fully reversed translation to
WT levels (Fig. 5 G,H). As observed in Vav™ atg7"™ mice, rapamycin treatment had no impact on
proliferation (Fig. 5 1,J) or AA uptake (Fig. 5K-N). We also performed the same experiment treating
mice with rapamycin intraperitoneally (Fig. S5) and had comparable results. Corroborating our



observations using a second non-cytopenic setup, rapamycin treatment also rescued the loss of HSCs
in Fgd5°™f™ atg16L1"" mice (Fig. S6), highlighting the cell-intrinsic effects of rapamycin on HSC
health.

Cre 7ﬂ/ﬂ

Transplantation of Vav-" atg7"" HSCs to new hosts leads to complete loss of these cells within weeks
[18]. Aiming to evaluate whether rapamycin also improves hematopoietic reconstitution, we isolated
BM cells from Vav®"atg7™ mice or wild type littermates treated or not with rapamycin in drinking
water and transplanted them into new hosts (Fig. 6A,B). To ensure the survival of the mice and ensure
that any outcomes would be cell-intrinsic, we performed this experiment in a chimeric setting. We
found that rapamycin-treatment in autophagy-deficient HSCs led to an improved peripheral
hematopoietic reconstitution (Fig. 6C). Moreover, rapamycin-treated autophagy-deficient HSCs
remained present at comparable frequencies to WT HSCs in the bone marrow (Fig. 6D). These results
suggest that rapamycin treatment improves metabolic health, stemness and multilineage reconstitution
capacity of autophagy-deficient HSCs. Thus, we propose that the enhanced MTOR activation
observed in autophagy-deficient HSCs is maladaptive and secondary to the loss of autophagy, thereby
contributing to the exhaustion of autophagy-deficient HSCs.

Discussion

Previous studies of mice with autophagy-deficient hematopoiesis [18,19] could not establish to what
degree the observed HSC loss and deficiencies were due to HSC-intrinsic or -extrinsic mechanisms.
Here, using mice with bone marrow chimeric for normal and autophagy-deficient hematopoiesis, as
well as through HSC-specific deletion of critical autophagy components, we are the first to definitely
demonstrate that HSC homeostasis depends on HSC-intrinsic autophagy. Moreover, this study
provides novel mechanistic insights into the intrinsic role of autophagy in HSCs. Until now, most
studies pursued the hypothesis that autophagy’s role is to degrade unwanted material in stem cells, in
particular mitochondria. While this makes sense as stem cells are typically quiescent cells, which
therefore cannot dilute defunct material to daughter cells [18,19,31], we here provide experimental
evidence that autophagy also has an important role in regulating provision of macromolecules to stem
cells. We showed that upon loss of autophagy, HSCs increased the expression of AA transporters on
the cell surface, resulting in an excessive influx of AA into the cell. This was followed by MTOR
activation, leading to increased cell size, glucose uptake, protein synthesis and, eventually, HSC loss.
Autophagy-deficient HSCs could be rescued with rapamycin indicating that the observed increased
MTOR activity in autophagy-deficient HSCs is a maladaptation to autophagy loss.

We observed increased expression of different amino acid transporters in autophagy-deficient LSKs
(using different. Atg deletions and Cre systems): SLC1A5/ASCT2, SLC38A1/SNATIL,
SLC38A2/SNAT2, SLC7AL11/XCT and SLC7AS5/LAT-1. These amino acid transporters are antiporters
and symporters of neutral and/or anionic amino acids across the plasma membrane. In atgl6L1 KO
cells, we also observed increased expression of SLC26A6/PAT1, which localizes to the lysosomes.
Taken together this suggests that autophagy loss has a broad and non-selective impact on AA
transporter expression, resulting in higher AA uptake (measured by both Kyn and cystine uptake). We
reason that higher MTOR activation observed in autophagy-deficient HSCs, when compared to
autophagy-competent cells, is a consequence of increased AA transporter expression and AA uptake.
This is in line with several studies showing that influx of leucine, arginine or glutamine directly
stimulates MTORC1 activity [32-34]. Conversely and in support of this, in slcla5”/asct2”~ leukemic
cells, MTORCL1 is inhibited as evidenced by decreased levels of p-RPS6 and 2-NBDG uptake [35].
Similarly, in human hepatoma cells, SLC1A5/ASCT2 silencing inhibits MTORC1, which in turn
signals to the translational machinery [36]. Together with our study, where we observed that MTOR
inhibition leads to decreased expressions of transcripts for AA transporters, this establishes a firm link
between AA transporter expression and MTOR function. Our results also provide further evidence of
AA transporter expression and uptake being upstream of MTOR activation, as autophagy-deficient
cells can have MTOR activation inhibited by rapamycin treatment but exhibit unchanged levels of
Kyn and cystine uptake.



Our data suggests that autophagy depletion leads to cell surface AA transporter upregulation and
several mechanisms can contribute to this phenotype. Firstly, the increased glucose uptake could also
be a MTOR-independent phenomenon, but rather a direct consequence of mitophagy loss to
compensate for diminished ATP generation by mitochondrial respiration, as found in several
hematopoietic cells [37-39]. This would subsequently result in increased levels of intracellular lactate,
which can stimulate SLC1A5/ASCT2 expression via HIFLA (hypoxia inducible factor 1 subunit
alpha) and MYC/c-MYC [40]. However, we did not observe significant changes in Myc expression
(Fig. S4A). Secondly, a possible signalling mechanism was revealed in a cancer cell line in which AA
transporter gene expression and AA uptake increased in autophagy-deficient cancer cells under
conditions of glutamine deprivation [30]. It involved the interaction between SIRT6 (sirtuin 6) and
ATF4, a transcription factor that controls AA transporter expression. We observed higher expression
of Atf4 transcripts in autophagy-deficient LSKs, a phenotype that was reversed upon rapamycin
treatment (Fig. S4B). This suggests that MTORC1 may regulate transcriptional levels of AA
transporters also via ATF4. In contrast to our findings in HSCs, however, in cancer lines the AA
transporter upregulation is beneficial and feeding glutamine to the cells rescues their viability [30].
We predict that these contrasting results might be explained by the fact that highly proliferative cancer
cells thrive on activated MTORC1 whereas HSCs do not. Thirdly and most importantly based on our
results, autophagy might play a role in AA transporter degradation. Indeed, an autophagic route for
SLC38A2/SNAT2 degradation has recently been described [41]. We found that MTOR inhibition by
rapamycin treatment has an impact on the transcriptional regulation of AA transporters, but that this
does not reflect in less AA uptake (measured by both Kyn and cystine import). These discrepancies
between transcriptional and functional modulation of AA uptake support the hypothesis that
autophagy plays a role in AA transporters’ degradation. Although MTOR inhibition resulted in lower
transcripts for AA transporters and Atf4, a positive regulator of their expression, there was still a
continuous influx of amino acids. In untreated autophagy-deficient cells, this culminated in
exacerbated MTOR activation and translation. While, upon rapamycin treatment, the influx of AA was
not changed, the detrimental effects downstream of MTOR on HSC stemness were neutralized,
resulting in better HSC function.

In many tissues, such as white adipose tissue or muscle, the phenotypes of mice with hyperactive
MTORCI1 share several features with those of defective autophagy. These phenotypes can be largely
rescued with rapamycin [28]. This has been explained by the fact that inhibiting MTORC1 with
rapamycin induces the early steps of autophagy. Similarly, a recent report revealed that MTOR-
mediated regulation of HSC cell size is detrimental to HSC fitness and reconstitution potential, which
can similarly be rescued by rapamycin treatment [42]. Here we show that rapamycin reversed these
phenotypes even in autophagy-deficient HSCs. Previous work suggested that the bidirectional
transport of AAs, especially L-glutamine efflux in exchange for leucine, regulates MTOR, translation
and autophagy [35]. This is in line with our hypothesis that upregulation of AA transporters and AA
uptake lead to MTOR activation.

Interestingly, in regulatory T (Treg) cells, another hematopoietic cell type in which autophagy plays a
central role, autophagy deficiency also upregulates MTORC1, MYC and glycolysis, which contribute
to defective Treg function. Exposure to rapamycin largely restores the expression of the Treg
transcription factor FOXP3 in atg7-deficient Treg cells [29]. Therefore, autophagy maintains Treg cell
stability via limiting MTOR activity.

Evidence is increasing that impaired autophagic flux contributes to pathologies. For example, with
age, autophagy levels decrease in a proportion of HSCs [19] and autophagy prevents aging in immune
cells [43]. Interestingly, rapamycin improves HSC function in old mice [1]. Patients with a germline
mutation of Atg7 (and diminished autophagy) have recently been described but have not been analyzed
for their HSC function and blood lineages [44]. Other patients with mutations in autophagy-related
genes (e.g LRBA, TTP2 and EPGS5 in Vici syndrome) show variable immune system abnormalities
[45-47]. Our data suggest the tantalizing possibility that low dose rapamycin might improve immune
deficiencies and pathological conditions in these patients.



Materials and Methods

Mouse Models

All animal work was reviewed and approved by Oxford Ethical committee and the UK Home office
under the project licences PPL30/3388 and P01275425. Vav®"® atg7"" [21], Mx1°" atg5™ [20],
R0sa265"2"® atg16L1"" Rosa26-stop-tdTomato (new model), Fgd5°"?atg16L1"" Rosa26-stop-
tdTomato [26], and B6.SJL/J PTPRC%CD45.1 mice were bred in-house and housed on a 12 h
dark:light cycle and mouse were fed ad libitum, under specific pathogen-free (SPF) conditions.
Littermate controls were either heterozygous for the floxed gene or Cre negative, as no obvious
differences were found between these. For all inducible models, controls were also injected with
Tamoxifen (Sigma-Aldrich, T5648-1G) or poly(l:C) (Sigma-Aldrich, P9582-5MG) respectively. For
all experiments and phenotypic analyses, data from male and female mice were pooled as no obvious
difference was found between sexes. Tamoxifen-induced deletion of Atg genes in Rosa26= %"
atg16L1" and Fgd5°=*™atg16L1" mice was performed from 8-10 weeks of age by oral gavage of
tamoxifen (5 mg/mouse/day for 5 consecutive days). Mx1°® atg5™ mice were injected
intraperitoneally every other day for 1 week with 250 ug poly(l:C) in 250 uL saline or 250 uL
phosphate-buffered saline (PBS; Sigma-Aldrich, D8537) to induce deletion of Atg5. Mice were
monitored over the period of indicated days or weeks and peripheral blood and BM cells were
collected for analysis. Rapamycin (Alpha-Aesar, J62473.MC) treatment of Mx1°® atg5™™:
PTPRC?CD45.1 WT chimeras was intraperitoneally as previously described [48]. VavCre atg7""
rapamycin treatment was done from 4 weeks of age by diluting it into drinking water (50 ug/ml).

Bone Marrow Chimera

Bone marrow (BM) cells were collected by crushing the femur, tibia and hips of the donor mice
(PTPRC?/CD45.1 or PTPRC"/CD45.2). The recipient B6.SJL/J PTPRC*/CD45.1 mice were lethally
irradiated with a total of 11Gy in two equal doses 4 h apart. 2 to 24 h after the second irradiation a
total of 2x10° BM cells (ratio of 1:1 or 1:10 of PTPRC%CD45.1 WT and PTPRC®/CD45.2 genetically
modified or WT cells) in a total volume of 200 uL. PBS, were injected intravenously into recipient
mice. Peripheral blood analyses were conducted post-transplantation to check the BM reconstitution.

Fluidigm gene expression analysis

HSCs from littermate controls or Vav™" atg7"" were flow-sorted (100 cells) into OneStep lysis buffer.
RNA was reverse transcribed and cDNA was pre-amplified using the CellsDirect OneStep g-RT Kit
(Invitrogen, 10043982). The selected genes were amplified and analyzed for expression using a
dynamic 48x48 array (Biomark Fluidigm, BMK-M-48.48GT) as previously described [49]. Data were
analyzed using the 2-DDCt method, and all results were normalized to Actb, B2m and Hprt expression
after which the best housekeeping gene was selected for further analysis. Biological replicates
represent individual mice in each experiment.

Cre 7ﬂ/ﬂ

Translation and amino acid uptake assessment

Protein synthesis rate was measured using the Click-iT Plus OPP Protein Synthesis Assay (Thermo
Fisher, C10456) according to manufacturer’s protocol. Geometric mean fluorescence intensity
(compared to vehicle) was used as an indicator of the relative translation rate. AA uptake in
autophagy-deficient HSCs was measured by the flow cytometry-based kynurenine (Kyn) assay as
previously described [27], and cystine uptake was assessed using BioTracker Cystine-FITC Live Cell
Dye (Sigma-Aldrich, SCT047).

RT gPCR

RNA was isolated using the RNeasy Micro kit (Qiagen, 74004) and reverse transcribed using the High
Capacity cDNA Reverse Transcription kit (Applied Biosystems, 4368814). gRT-PCR was performed
using Tagman Gene Expression Master Mix (Applied Biosystems, 4369016) on a ViiA 7 instrument
(Thermo Fisher). Data were analyzed using the 2—ACt method, and all results were normalized to
Actb.



Flow cytometry

BM cells were washed with ice-cold PBS. Cells were stained with fixable Live/Dead staining
(Invitrogen, L34993 or L34957), FcR block (Biolegend, 101302), and surface marker antibodies at
4°C for 20-30 min. Antibodies used were: anti-PTPRC/B220 APC, clone RA36B2 (Biolegend,
103212), anti-ITGAM/CD11b BV785, clone M1/70 (Biolegend, 101243), anti-CD19 APC, clone 1D3
(eBioscience, 25-0193-82), anti-SLAMF1/CD150 BV785, clone TC15-12F12.2 (Biolegend, 115937),
anti-CD4 BV605, clone RM4-5 (Biolegend, 100547), anti-PTPRC%CD45.1 FITC, clone A20
(eBioscience, 11-0453-82), anti-PTPRC?/CD45.1 PerCPCy5.5, clone A20 (Biolegend, 110728), anti-
PTPRC®/CD45.2 BV605, clone 104 (Biolegend, 109841), anti-PTPRC®/CD45.2 BV711, clone 104
(Biolegend, 109847), anti-BCM1/CD48 AF700, clone HMA48-1 (Biolegend, 103426), anti-
BCM1/CD48 APC, clone HM48-1 (Biolegend, 103411), o-CD8 AF700, clone 53-6.7 (Biolegend,
100730), anti-SLC3A2/CD98 AF647, clone 4F2 (Biolegend, 128210), anti-KIT/cKIT/CD117 PE-Cy?7,
clone 2B8 (eBioscience, 25-1171-82), anti-Lineage cocktail (Biolegend, 133303), anti-LY6C BV421,
clone HK1.4 (Biolegend, 128031), anti-LY6G PE-Cy7, clone 1A8 (Biolegend, 127618), anti-
LY6A/Sca-1 FITC, clone E13-161.7 (Biolegend, 122506), anti-LY6A/Sca-1 PerCP-Cy5.5, clone D7
(Invitrogen, 45-5981-82), anti-LY6A/Sca-1 PB, clone E13-161.7 (Biolegend, 122520), anti-Siglec-F
PE, clone S17007L (Biolegend, 155506), anti-SLC1A5/ASCT2 (Cell Signaling Technology, 5345S),
anti-SLC26A6/PAT1 (Novus Biologicals, NBP2-93440), anti-SLC38A1/SNAT1 (Novus Biologicals,
NBP2-13336), anti-SLC38A2/SNAT2 (Novus Biologicals, NBP1-88872), anti-TCRb PerCPCy5.5,
clone H57-597 (eBioscience, 17-5961-82). When staining included unconjugated antibodies, this was
followed by incubation with goat anti-rabbit conjugated to PE (Invitrogen, A10542) at 4°C for 20-30
min. Glucose uptake was measured by incubating cells for 30 min measurements, cells were incubated
in media containing 50 mg/ml 2-NBDG for 20 min at 37°C after surface antibody staining. When
intracellular proteins were also analyzed, cells were fixed with BD™ Phosflow Fix Buffer (BD
Biosciences, 558049), permeabilized with Permeabilization Buffer (Invitrogen, 00-8333-56) or BD™
Phosphow Perm/Wash | (BD Biosciences, 557885), followed by antibody staining at room
temperature for 1 h or at 4°C overnight. Antibodies used were: anti-MKI167 FITC, clone SOIA15
(Invitrogen, 11-5698-82), anti-phospho-EIFAEBP1 PE, clone V3NTY24 (Invitrogen, 12-9107-42),
anti-phospho-MTOR eF660, clone MRRBY (Invitrogen, 50-9718-42), anti-phospho-RPS6 eF450,
clone cupk43k (Invitrogen, 48-9007-41), anti-phospho-RPS6 APC, clone cupk43k (Invitrogen, 17-
9007-42). After washing with PBS, cells were acquired with four-laser LSR or Fortessa X-20 (BD
Biosciences) and analyzed using FlowJo 10.8.0/10.8.1.

Statistical Analysis

To test if data point values were in a Gaussian distribution, a normality test was performed before
applying parametric or non-parametric statistical analysis. When two groups were compared, unpaired
Student’s t test or Mann-Whitney test were applied. When comparisons were done across more than
two experimental groups, analysis were performed using Two-Way ANOVA with post hoc Tukey’s
test or Sidak multiple testing correction. P values were considered significant when <0.05, and exact P
values are provided in the figures. All analyses were done using GraphPad Prism 9 software. Identical
or similar experiments were performed at least twice. If not indicated, data are represented pooled
from at least two experiments.
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Figures

Figure 1. HSC homeostasis is dependent on cell intrinsic autophagy. (A) Experimental setup for the
inducible deletion of Atg5 in hematopoietic cells (Mx1°" atg5""). (B) Gating strategy: representative
dot plots of littermate controls (WT) and Mx1°* atg5™" SLAMF1/CD150" CD48 (HSCs) gated on Lin’
LY6A/Sca-1" KIT/cKit" (LSK) BM cells 2 weeks after poly(l:C) treatment. (C) Representative dot
plots of WT and Vav®" atg7". (D) LSK frequency within the Lin~ population (left panel), HSC
frequency within LSK population (middle panel) and HSC frequency within Lin~ population (right
panel) in Mx1°* atg5™ (n=8 mice/group). Data are represented as mean + SEM with Mann-Whitney
test. (E) LSK frequency within the Lin" population (left panel), HSC frequency within LSK population
(middle panel) and HSC frequency within Lin~ population (right panel) in Vav®™ atg7™ (n=45
mice/group). Data are represented as mean + SEM with Mann-Whitney test. (F) Experimental setup of
the tamoxifen-inducible deletion of Atg16l1 and Tomato reporter (Ail4) expression by Fdg5°". (G)
Atg16l1 transcript levels in Tomato® LSKs. (H) Total number of Tomato™ HSCs (left and right hip and
leg bones) three weeks post-tamoxifen treatment. Data are represented as mean £ SEM with two-tailed
unpaired Student’s t test. Representative data from 1 out of 2 experiments (nwr=3, Nko=5). (I)
Experimental setup for the generation of mixed bone marrow chimeras inducible for deletion of Atg5
(Mx1°"® atg5"™). Lethally irradiated PTPRC?/CDA45.1 hosts reconstituted with a 1:1 mix of BM of
Mx1°" atg5"™ or WT BM (PTPRC®/CD45.2) and PTPRCYCD45.1. WT BM. After 8 weeks, Atg5
deletion was induced by poly(l:C) and BM was analyzed at indicated times points after poly(l:C)
administration. (J) Frequencies of PTPRC?/CD45.1 cells and PTPRC®%/CD45.2 LSKs within Lin cells
from mice reconstituted with PTPRC*CD45.1 WT:PTPRC®/CD45.2 WT (white/grey) or with
PTPRC?CD45.1 WT:PTPRC®/CD45.2 Mx1°"® atg5™ (black/white) BM. (K) Frequencies of HSCs
within LSK in BM chimera. (J, K) Data represented as mean + SEM. n=3-4 mice. Two-way ANOVA
with post hoc Sidak’s test.

Figure 2. Autophagy deletion leads to increased expression of AA transporters and AA uptake in
HSCs. (A) Real-time gPCR analysis of gene expression of amino acid transporters (AATS) in sorted
LSKs from Mx1°" atg5"" chimera (as in Fig. 11). Data are relative to Actb (n=3-4/group). Two-way
ANOVA with post hoc Sidak’s test. (B) The geometric mean of fluorescence (gMFI) of surface AAT
in Mx1"of LSK cells from chimeric mice was normalized and expressed in fold change to
corresponding WT cells (n=6-8 mice/group). Data are represented as mean = SEM with Mann-
Whitney test. (C) gMFI of SLC1A5/ASCT2, SLC38A2/SNAT2 and SLC26A6/PAT1 in HSCs from
Vav©' atg7"™ mice is normalized and expressed in fold change to littermate controls (WT). ny=17-20
and nko=8-19 per group). Data are represented as mean + SEM with Mann-Whitney test. (D)
Representative histograms and gMFI of Kyn uptake in HSCs from Mx1" atg5™™ mice (left, n,=9,
Nko=7) and Vav°" atg7" mice (right, n=4). Data are represented as mean = SEM with Mann-Whitney
test. FMO, fluorescence minus one.

Figure 3. Increased AA uptake in HSCs results in MTOR activation, cell growth, upregulation of
glycolysis and protein translation. (A-C) MTOR activity measured in HSCs from Rosa26°""
atg161™ (as in Fig. S2A) and Vav®"™ atg7"™ mice. (A) Phosphorylation of MTOR (p-MTOR), (B)
phosphorylation of RPS6 (p-RPS6) and (C) phosphorylation of EIFAEBP1 (p-EIFAEBP1) were
assessed by flow cytometry. Fold change in gMFI compared with WT littermates is shown. n = 3-20
mice per group. Two-way ANOVA with post hoc Sidak’s test. (D) Relative HSC cell size was
measured by forward scatter (FSC) by flow cytometry in Rosa26°"**'? atg1611™" and Vav©"™ atg7™""
mice. Two-way ANOVA with post hoc Sidak’s test. (E, F) Glucose uptake was assessed by
fluorescent 2-NBDG using flow cytometry in HSCs from Rosa26"*™ atg1611"™" mixed BM
chimeras (n=12) (E) or Vav°" atg7"" mice (F, n.=12, nko=9). Data are represented as mean + SEM
with two-tailed unpaired Student’s t test. (G) Heatmap of TCA or glycolysis related genes measured
by Fluidigm in HSCs from Vav®" atg7"" mice. Data represented as log2-fold change relative to WT.
(H, ) Protein synthesis rate of HSCs was measured using the OPP-Click assay with flow cytometry in
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HSCs from Mx1°™ atg5™ (H; (nwr=9, nko=7) or Vav°" atg7" (I: n=4) mice. gMFI of OPP data are
represented as mean + SEM with two-tailed unpaired Student’s t test. WT=Cre™ and/or fl/* littermates.

Figure 4. Rapamycin normalizes the metabolic status of autophagy deficient HSCs. (A) Experimental
set-up of rapamycin (R) treatment in Vav©"™ atg7"" mice. (B) Representative images of long bones. (C)
Weight and representative images of spleens. (D) LSK frequencies within live cells (left panel) and
absolute numbers (right panel). (E) HSC frequencies within live (left panel) cells and absolute
numbers (right panel). D-E: (nwt=17, nwr+r=13, Nko=13, Nko+r=14) (F) gMFI of p-RPS6 within HSCs
(nwt=17, nwr+r=10, Nko=13, Nko+r=14). (G) gMFI of OPP within HSCs as ameasure of translation
(nwt=10, nwr+r=7, Nko=8, Nko+r=7). (H) gMFI of Kyn as a measure of AA uptake within HSCs
(nWT=13, nWT+R:8, nKo::I.O, nKo+R:8). (l) gMFl of MKI67 within HSCs (nWT:13, nWT+R:10, nKo:].O,
Nko+r=7). D-E: pooled data from 3-5 independent experiments. Data are represented as mean £ SEM
with two-way ANOVA with post hoc Tukey’s test.

Figure 5. The positive effect of MTOR inhibition on autophagy deficient HSCs is cell intrinsic. (A)
Experimental setup of rapamycin treatment in Mx1°" atg5"™:WT (1:1) mixed BM chimeras. (B)
Frequencies of PTPRC®/CD45.2" cells in the blood of chimeric mice 10 weeks after reconstitution,
prior to poly(l:C) treatment. (C) Frequencies of PTPRC’/CD45.2 LSKs. (D) Frequencies of
PTPRC"/CD45.2 HSCs. (E) MFI of p-RPS6 (PTPRC®/CD45.2: PTPRC¥CD45.1 ratio) in LSKs. (F)
MFI of p-RPS6 (PTPRC’/CD45.2: PTPRCYCDA45.1 ratio) in HSCs. (G) MFI of OPP
(PTPRC®/CD45.2: PTPRCYCD45.1 ratio) in LSKs. (H). MFI of OPP (PTPRC"/CDA45.2:
PTPRC?CD45.1 ratio) in HSCs. (I) MFI of MKI167 in PTPRC"/CD45.2 LSKs. (J) MFI of MKI67 in
PTPRC"/CD45.2 HSCs. (K) MFI of Cystine-FITC (PTPRC%CD45.2: PTPRC?CD45.1 ratio) in LSKs.
(L) MFI of Cystine-FITC (PTPRC"/CD45.2: PTPRC¥CD45.1 ratio) in HSCs. (M) MFI of Kyn in
PTPRC"/CD45.2 LSKs. (N) MFI of Kyn in PTPRC’/CD45.2 HSCs. Pooled data from 2 experiments
(n=6 animals/group). Data are represented as mean + SEM with two-way ANOVA with post hoc
Tukey’s test.

Figure 6. Rapamycin has a positive impact on autophagy-deficient HSC function upon
transplantation. (A) Experimental setup. (B) Ratios of PTPRCh/CD45.2: PTPRC?/CD45.1 WT cells
prior to BM transplantation. (C) Contribution of WT (PTPRC%CD45.1) and autophagy deficient
Vav©' atg7" or WT (PTPRC®/CD45.2) cells to the myeloid (ITGAM/CD11b"), B cell (CD19*) and T
cell (TCRb") compartments in recipient mice (n=8-10/animals per group). (D) Frequencies of
PTPRC"/CD45.2 LSKs and HSCs in the BM of recipient mice 12 weeks after transplantation (n=3-5
animals/group). Data are represented as mean + SEM with two-tailed unpaired Student’s t test.
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Supplementary Materials and Methods

Western blot

Following (Z)-4-hydroxytamoxifen (Sigma-Aldrich, H7904-5MG) treatment for 24 h and/or
bafilomycin A; (BafA) treatment (10 nM) for 2 h or not, cells were washed with PBS and lysed in
RIPA lysis buffer (Sigma-Aldrich, R0278) supplemented with complete Protease Inhibitor Cocktail
(Roche, 11697498001) and PhosSTOP (Roche, 4906837001). Protein concentration was calculated by
using the BCA Assay (Thermo Scientific, 23225). Samples were diluted in 4x Laemmli Sample Buffer
(Bio-Rad, 1610747) and boiled at 100 °C for 5 min. Twenty pg protein per sample were used for
SDS-PAGE analysis. NUPAGE Novex 4%-12% Bis-Tris gradient gel (Invitrogen, NP0335BOX) with
MOPS running buffer (Invitrogen, NP0001) was used. Proteins were transferred to a PVDF membrane
(Merck Millipore, IPFL00010) and blocked with 5% skimmed milk-TBST (TBS 10x [Sigma-Aldrich,
T5912]) diluted to 1x in distilled water containing 0.1% Tween 20 [Sigma-Aldrich, P1379]) for 1h.
Membranes were incubated at 4°C overnight with primary antibodies diluted in 1% skimmed milk-
TBST and at room temperature for 1 h with secondary antibodies diluted in 1% skimmed milk-TBST
supplemented 0.01% SDS. Primary antibodies used were: anti-ATG16L1, clone EPR15638 (Abcam,
ab187671) and anti-GAPDH, clone 6C5 (Sigma-Aldrich, MAB374). Secondary antibodies used were:
IRDye 680LT Goat anti-Mouse IgG (H + L) (Licor, 926-680-70) and IRDye 800CW Goat anti-Rabbit
IgG (H+L) (Licor, 926-322-11). Images were acquired using the Odyssey CLx Imaging System. Data
were analyzed using Image Studio Lite or Fiji.

Autophagy flux

Autophagy flux was measured using the Guava® Autophagy LC3 Antibody-based Detection Kit
(Luminex, FCCH100171). As the only modification to manufacturer’s instructions, autophagy
inhibition was achieved by BafA (10 nM) treatment for 2 h.

5FU treatment

5FU (fluoracil) (LKT laboratories, F4480) induced proliferation was performed by intravenous
administration (3 mg) in C57BL/6 mice with 4 weeks of age.
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Supplementary Figures
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Figure S1. Atg1611 deletion does not lead to cytopenia and inhibits autophagy flux in the Fgd5 model
and tamoxifen-driven deletion of Atg5 and Atgl6l1 is efficient. (A) Fgd5°=™ atg1611"" mice were
analyzed 5 weeks after tamoxifen treatment (nwr=4, nko=3). Splenic frequencies of myeloid cells
(ITGAM/CD11b"), PTPRC/B220" cells, CD4" T cells and CD8" T cells are depicted. (B) Ratio
(Tomato*:Tomato’) of LC3B expression in HSCs from Fgd5°"c"™ atg1611"" mice exposed or not to
BafA treatment (10 nM for 2 h) (n=3). (C) Real-time gPCR analysis of Atg5 gene expression in sorted
LSKs from Mx1°* atg5"™" chimera; fold change to PTPRC*CD45.1 WT cells. Data are shown as fold
change normalized to Actb (n=4). (D) ATG16L1 protein expression in sorted T cells from
Ro0sa26°™ "™ atg16L1" mice 24 h following tamoxifen treatment in vitro assessed by
immunoblotting (tam=tamoxifen; BafA=bafilomycin A;). Data representative of 1 out of 4
experiments.

24



A PTPRC#/CD45.1 (WT)
+

PTPRCP/CD45.2

tamoxifen
or M (1:1)
CreERT2 il -
Rosa26‘r=4 arg16L 1" (KO) PTPRC= recipient analysis
0 BM reconstitution 8 9 weeks

B SLC1A5/ASCT2 SLC38A2/SNATZ2 SLC26A6/PAT1
£ 25, S 25, £ 251 09017 0.0297
D O O T T g
¥ 2.0 i 2.0 ¥ 2.0-
B 0.9072 0.0633 o 0.7193 0.0408 o /
& 151 %15 154
2 2 =3 o—o0
£ 101 % ﬁ g o =4 é 5101 =8 % (O PTPRCa WT
2 s 2 05 2 s 9PTPRCD WT
m m [ PTPRCP atg16L1KO
200 200 200 7

WTWT  WT/KO

WTIWT  WT/KO WTWT =~ WT/KO

Figure S2. Expression of amino acid transporters is upregulated in constitutive model of autophagy
deficiency. (A) Experimental setup for generation of mixed BM chimeras using the inducible
Ro0sa26°"™ atg1611"" model. (B) Surface expression of AAT (amino acid transporters) in HSCs
from mixed Rosa26°f™ atg16l1"":WT (1:1) BM chimera were analyzed by flow cytometry.
PTPRC?CD45.1 WT (white symbols), PTPRC’/CD45.2 WT (gray symbols), and PTPRC"/CD45.2
atg16L1 KO (black symbols). Geometric mean of fluorescence intensity (JMFI) of AAT is normalized
and expressed as fold change to WT PTPRC?/CD45.1. nyr.wr =7 and nyr.ko=12 per group with Two-
way ANOVA with Sidak’s correction for multiple testing.
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Figure S3. Increased AA uptake in autophagy deficient HSCs from Fgd5°=" atg1611™" mice results
in MTOR activation, translation and proliferation. In Tomato® atg1611 KO HSCs (A) Fold change of
p-RPS6 expression, as a readout of MTOR activation, (B) Fold change of OPP expression, as a
readout for translation, (C) Fold change of kynurenine (Kyn) expression, as a readout for amino acid
uptake, (D) Fold change of MKI67 expression, as a readout for proliferation. Dotted line is WT
(Tomato) levels in cells from 3 mice (average). Data was obtained from cells isolated from
Fgd5°™ ™ atg16L1"" mice 5 weeks post-tamoxifen treatment (n=3). 5FU-induced proliferation
increased AA uptake, MTOR activation and translation in HSCs from wild type animals. Mice
received 3mg of 5FU intravenously and BM was isolated 7 days later (Neontro=3; Nsru=3). Proliferation,
measured by MKI67 (E), translation, measured by OPP (F), MTOR activation, measured by p-RPS6
(G), SLC3A2/CD98 expression (H) and amino acid uptake (I, J) were assessed by flow cytometry.
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Figure S4. mRNA expression of metabolic regulators and amino acid transporters in HSCs from
Vav®™ atg7"™ mice. Real-time gPCR analysis of Myc (A), Atf4 (B), and Slcla5 (encoding for
SLC1A5/ASCT?2), Sic3a2, Slc7all and Slc7a5 (AA transporters, C) expression in sorted LSKs from
Vav©' atg7" mice. SLC3A2/CD98, SLC7A11/xCT and SLC7A5/LAT-1 are involved in cystine and
kynurenine uptake. R= rapamycin treated animals. Data are relative to Actb (n=2-5/group). Two-way
ANOVA with post hoc Sidak’s test.
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Figure S5. The rescue effect of MTOR inhibition on autophagy deficient HSCs is cell intrinsic and the
phenotype of higher AA transporter protein expression is not reversed upon rapamycin treatment. (A)
Experimental setup of rapamycin (R) treatment in Mx1°" atg5™™:WT (1:1) mixed BM chimeras. (B)
Contribution of donor-derived PTPRC®/CD45.2 HSCs (WT in gray, KO in black) and recipient-
derived PTPRC?%/CD45.1 WT HSC (in white) to the total HSC compartment. Multiple unpaired
Student’s t test used. (C) HSC cell size measured as mean FSC intensity. (D) gMFI of kynurenine

(Kyn) uptake in HSCs. n=4-7 animals/group. When not otherwise stated, data are represented as mean
+ SEM with two-way ANOVA with post hoc Tukey’s test.
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Figure S6. Rapamycin rescues HSCs in an inducible HSC-specific mouse model of autophagy
deletion. (A) Experimental setup for the treatment with rapamycin in mice where Atgl6l1 deletion in
HSC is induced by tamoxifen treatment in Fdg5°™=*™? atg16™" mice. (B) Absolute number of HSCs
after treatment with rapamycin (R) (nwt=4, nwr+r=6, Nko=3, Nko+r=3). Representative data from one
experiment.
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