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The mTOR pathway is a critical determinant of cell persistence and growth wherein mTOR complex 1 (mTORC1)
mediates a balance between growth factor stimuli and nutrient availability. Amino acids or glucose facilitates mTORC1
activation by inducing RagA GTPase recruitment of mTORC1 to the lysosomal outer surface, enabling activation of
mTOR by the Ras homolog Rheb. Thereby, RagA alters mTORC1-driven growth in times of nutrient abundance or
scarcity. Here, we have evaluated differential nutrient-sensing dependence through RagA and mTORC1 in hematopoietic
progenitors, which dynamically drive mature cell production, and hematopoietic stem cells (HSC), which provide a
quiescent cellular reserve. In nutrient-abundant conditions, RagA-deficient HSC were functionally unimpaired and
upregulated mTORC1 via nutrient-insensitive mechanisms. RagA was also dispensable for HSC function under nutritional
stress conditions. Similarly, hyperactivation of RagA did not affect HSC function. In contrast, RagA deficiency markedly
altered progenitor population function and mature cell output. Therefore, RagA is a molecular mechanism that
distinguishes the functional attributes of reactive progenitors from a reserve stem cell pool. The indifference of HSC to
nutrient sensing through RagA contributes to their molecular resilience to nutritional stress, a characteristic that is
relevant to organismal viability in evolution and in modern HSC transplantation approaches.
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Introduction
mTOR complex 1 (mTORC1) consists of the mTOR kinase plus 
multiple protein partners, including the key substrate-guiding 
molecule RAPTOR (1). Multiple extracellular and intracellular 
stimuli, such as growth factors (GFs), nutrients, and cytokines, can 
signal to mTORC1 (2) to upregulate anabolic metabolic processes. 
GF signaling leads to the removal of the inhibitory tuberous scle-
rosis (TSC) complex from the lysosomal surface, leading to acti-
vation of Rheb (3, 4). Full activation of mTORC1 then occurs by 
nutrients through a mechanism independent of TSC (1). Elevated 
levels of aa and/or glucose are sensed by multiprotein complexes 
on the lysosomal surface that converge on activation of a heterod-
imer of Rag GTPases (5–7). GTP-bound RagA or RagB dimerized 
with GDP-bound RagC or RagD, recruiting cytoplasmic mTORC1 
via RAPTOR to the lysosome, leading to its full activation by Rheb 
and subsequent phosphorylation of mTORC1 substrates, such as 
S6K1 or 4EBP1/2 (1).

A carefully balanced level of mTORC1 activity is required for the 
proper functioning of the hematopoietic system, particularly under 

stress conditions (8–10). Deletion of Raptor leads to hematopoietic 
stem cell (HSC) failure under stress (8, 10), and chronic mTORC1 
signaling by Tsc1 or Pten deletion can lead to HSC functional exhaus-
tion and leukemia (10–17). Given that nutrient levels can differ 
markedly between homeostatic and stress conditions, particularly 
in the nutritional deprivation context of HSC transplant (18–20), we 
asked whether nutrient signaling to mTORC1 via RagA differentially 
affects the well-defined cell states relevant for hematopoiesis.

Results
Differential functions of RagA in homeostatic hematopoietic progen-
itor cell subsets. To assess the role of aa sensing in hematopoiesis, 
we crossed Rragafl/fl with Mx1-Cre mice (referred to as MxCre) and 
deleted the floxed gene with polyinosinic:polycytidylic acid (pIpC) 
administration. RagA (encoded by Rraga) is the major sensor of 
aa and/or glucose upstream of mTOR in mice (21, 22). Primitive 
hematopoietic stem/progenitor cell (HSPC) subsets were enumer-
ated in the bone marrow (BM) and spleen of control and Rraga- 
deleted mice based on well-established immunophenotypes 
(23–25). No differences in BM HSC (either Lin–CD127–Sca1+cK-
it+[LSK]CD34–FLT3– or the highly enriched long-term HSC LSK-
CD34–FLT3–CD150+CD48– fraction) or short-term reconstituting 
cells (STRC) (Lin–CD–Sca1+cKit+[LSK]CD34+Flt3–) were observed 
in the BM of Rraga-deleted mice (Figure 1, A and B, and Sup-
plemental Figure 1, G and H; supplemental material available 
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treated with pIpC to delete RagA and chimerism was assessed 
(Figure 2, A and B, and Supplemental Figure 2, A and B). Rraga- 
deficient grafts tended to give rise to lower peripheral blood 
(PB) chimerism over time (largely due to decreased monocytes/ 
neutrophils; Figure 2, A and B, and Supplemental Figure 2B). 
Unlike PB chimerism, Rragafl/fl MxCre+ grafts contributed as effi-
ciently as competitor cells to the BM and spleen (Figure 2D and 
Supplemental Figure 2B). Chimerism in the HSC compartment 
and contribution to myeloid/erythroid progenitors in transplant-
ed mice was not significantly different at approximately 19 weeks 
after pIpC treatment between control and Rragafl/fl MxCre+ CD45.2 
cells (Figure 2, D and E). HSPC from sorted Rragafl/fl MxCre+ 
CD45.2 cells contained markedly reduced Rraga mRNA expression 
(Figure 2F). While HSC from Rraga-deficient mice were unaffect-
ed under these stress conditions, mature cell output from Rraga- 
deleted cells displayed cell autonomous decreases in BM B and T 
cells and neutrophils, with an increase in monocytic cells in the 
transplantation setting (Figure 2G and Supplemental Figure 2C).

We also more directly assessed whether Rraga-deficient HSC 
were sensitive to the acute stress of transplantation. FACS-purified 
Rraga–deleted HSC did not demonstrate differences compared with 
WT HSC in their ability to home or short-term engraft (2 weeks) when 
assessed in transplanted lethally irradiated mice (Supplemental Fig-
ure 2E). Finally, HSPC in Rraga-deleted mice did not show increased 
sensitivity to 5-FU stress (ref. 26 and Supplemental Figure 2F). Thus, 
Rraga, like Raptor, is required for mature hematopoietic and lym-
phoid output. However, unlike Raptor, Rraga appears dispensable for 
HSC function under the acute stress of transplantation.

Expression of Rag family members in RagA null HSPC. We 
hypothesized that HSC function in the absence of Rraga may not 
have been compromised due to a compensatory increase in Rraga  
expression, as described previously in Rraga-deficient mouse 
embryonic fibroblasts (MEFs) (21). However, Rragb expression 
did not increase in Rraga-deficient HSPC other than MEP (Figure 
3A). Interestingly, the anemia in Rraga-deleted mice is less severe 
than in Raptor-deleted mice, suggesting that Rragb overexpression 
in response to Rraga loss may be a lineage-specific compensatory 
mechanism. We also examined the levels of Rragc or Rragc, either 
of which is required to dimerize with any Rragb expressed in Rraga 
null cells. Neither Rragc nor Rragc mRNA expression increased in 
Rraga-deleted HSPC (Figure 3A). Strikingly, both Rragc and Rragc 
levels were severely reduced in Rraga null HSC (Figure 3A). Thus, 
diminished expression of Rag family members in Rraga-deleted 
HSC suggest minimal Rag activity and argue against compensa-
tion by other Rag family members in HSC function.

online with this article; https://doi:10.1172/JCI89452DS1.org). An 
increase in the frequency and number of STRC was observed in 
the spleens of Rraga-deleted mice compared with controls (Figure 
1B and Supplemental Figure 1H), consistent with extramedullary 
hematopoiesis (EMH) (see below). We also examined the effects of 
Rraga loss on more downstream progenitors. While the frequency  
of most progenitor fractions was unaffected, Rraga deletion led 
to decreased megakaryocyte-erythroid progenitor cells (MEP) in 
the BM and a concomitant increase in the number of MEP in the 
spleen, consistent with anemia and EMH (described below) (Fig-
ure 1C and Supplemental Figure 1H). Finally, and unlike Raptor- 
deleted progenitors, Rraga-deficient progenitors could grow ex 
vivo into well-defined colonies, displaying skewed differentiation, 
with mostly CFU-M (macrophage/monocyte) colonies produced 
(Figure 1D). These data indicate that aa signaling through RagA to 
mTORC1 does not play a role in HSC maintenance when nutrient 
abundance is presumably not limiting and primarily functions to 
influence progenitor differentiation.

Effects of Rraga on mature hematolymphoid cell subsets in 
homeostasis. We then examined the effects of RagA loss on mature 
hematopoietic and lymphoid populations. Blood cell counts were 
markedly affected by Rraga deletion, with decreased wbc, rbc, and 
platelets (Supplemental Figure 1D). These phenotypes were indis-
tinguishable from MxCre-mediated homozygous deleted Raptor 
mice, though the anemia was less severe (Supplemental Figure 
1D). Like constitutive Ubc-Cre-ER–mediated deletion of Rraga and 
Raptor deletion, inducible and cell-restricted MxCre-mediated 
deletion also led to diminished lymphocytes (both B and splenic 
T cells) and neutrophils, with an expansion in tissue-infiltrat-
ing monocytic cells causing precipitous death (ref. 23; Figure 1E; 
and Supplemental Figure 1, A, B, and E). Consistent with anemia, 
Rraga loss also had effects on erythroid differentiation in the BM 
(Figure 1F and Supplemental Figure 1F). Collectively, these data 
indicate that Rraga controls the production/accumulation of most 
mature hematopoietic lineages and is critical for constraining the 
production of monocytes. Therefore, during steady-state hemato-
poiesis, nutrient signaling through RagA to mTORC1 is dispens-
able for stem cell maintenance, but critical for downstream pro-
genitors in maintaining tissue homeostasis.

RagA is not required for HSC function under stress. To assess 
the role of RagA in HSC regeneration under stress, noninduced 
BM from Rragafl/fl MxCre+ or controls was mixed at a 1:1 ratio with 
CD45.1 or CD45.1STEM (a truly congenic mouse strain, ref. 18) and 
transplanted into lethally irradiated CD45.1 mice (Supplemental 
Figure 2A). After a 4- to 6-week engraftment phase, mice were 

Figure 1. Rraga is required for maintaining proper progenitor differentiation and mature hematopoietic lineage cells. (A) Quantitative PCR (qPCR) 
on cDNA was performed to measure levels of mRNA of Rraga (normalized to Gapdh) from the indicated cell populations from mice induced with pIpC 
1 to 1.5 months previously (+/+, WT; Δ/Δ, induced Rragafl/fl MxCre; n = 2–4). (B) The frequency of LSKCD34–FLT3– gated CD150+CD48– cells in BM of mice 
of the indicated genotypes is shown with representative FACS plot (n = 5). Additional HSPC populations in BM (left panel) and spleen (right panel) from 
the mice of the indicated genotypes 1 to 1.5 months after pIpC (n = 7 for BM and n = 6–7 for spleen). HSC, Lin–7AAD–CD127–Sca1+cKit+CD34–FLT3–; STRC, 
Lin–7AAD–CD127–Sca1+cKit+CD34+FLT3–; LMPP, Lin–7AAD–CD127–Sca1+cKit+CD34+FLT3+. (C) The frequency of committed progenitors is shown from BM (left 
panel) and spleen (right panel) of mice of the indicated genotypes 1 to 1.5 months after pIpC (n = 6–7). (D) Types and total number of colonies produced 
in M3434 media from cells of mice are indicated (n = 3). G, granulocyte; M, macrophage/monocyte; E, erythroid; GEMM, GEM-megakaryocyte; MEG, 
megakaryocyte-EG. (E) The frequencies of B cells (B220), T cells (CD3), and myeloid cells (monocytes [Mac1+Gr1lo] and granulocytes [Mac1+Gr1+]) in the BM 
and spleen from mice of the indicated Rraga genotype 1 to 1.5 months after deletion are shown (n = 3–4). (F) Ter119/CD71 staining was performed from BM 
and spleen to assess erythroid fractions (F1–FIV) in control and Rraga-deleted mice 1 to 1.5 months after deletion (n = 3). See Supplemental Figure 1F for 
gating scheme. Error bars indicate SEM. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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minutes) aa treatment (Figure 3, C and D, and Supplemental 
Figure 3A); neither did they achieve localization of mTOR to the 
lysosomal surface comparable to that in control cells (Supple-
mental Figure 3B). These effects occurred despite the presence 
of Rragb, further suggesting that there was no compensation by 
Rragb. However, Rraga-deficient HSC and STRC showed elevat-
ed basal levels of p4EBP after aa deprivation (Figure 3, C and D). 
MEFs and heart and muscle cells that have adapted to Rraga or 
Rraga/b loss have previously been described as having increased 

mTORC1 signaling in Rraga-deficient HSC and progenitors is 
insensitive to aa levels. Normal HSPC responded to aa treatment by 
elevating levels of both p4EBP (a direct mTORC1 substrate) and  
pS6 (a surrogate of mTORC1 activity downstream of S6K) at 
both 10 and 60 minutes after aa addition (Figure 3B and Supple-
mental Figure 3A). HSPC were then treated with aa to assess the 
effects of Rraga loss on mTORC1 activity after aa deprivation (0 
minutes aa treatment; Figure 3, B and C). Rraga null HSPC did 
not demonstrate elevation of mTORC1 activity after acute (10 

Figure 2. HSC were preserved from 
the Rraga-deficient setting under 
transplantation stress. (A) A 1:1 
mixture of CD45.2 test cells (indicat-
ed) were transplanted with CD45.1 
competitor cells. At the indicated time 
points, mice were treated with pIpC 
and PB was collected and analyzed for 
CD45.2 chimerism (n = 4–8). (B) The 
frequencies of B cells (B220), T cells 
(CD3), and myeloid cells (mono-
cytes [Mac1+Gr1lo] and granulocytes 
[Mac1+Gr1+]) from the PB of transplant 
recipients from A are shown (n = 4–8). 
(C) BM HSC (CD48–CD150+LSK gate) 
chimerism was assessed 19 to 20 
weeks after pIpC in mice receiving cells 
of the indicated genotypes (n = 7). (D) 
The percentage of chimerism in each 
cell type of the indicated genotypes 
is shown at 19 to 20 weeks after pIpC. 
HSC, Lin–Sca1+cKit+CD150+CD48– (n = 7); 
HPC, Lin–Sca1+cKit+CD48+ (n = 7); whole 
BM (WBM, n = 4). (E) The contribution 
to indicated progenitors from mice of 
the indicated genotypes was assessed 
in the Lin–Sca1–cKit+ gate (n = 3). GMP, 
Lin–Sca1–cKit+CD34+CD16/32+; CMP, 
Lin–Sca1–cKit+CD34+CD16/32–; MEP, 
Lin–Sca1–cKit+CD34–CD16/32–. (F) The 
relative levels of Rraga mRNA were 
assessed from sorted BM CD45.2 
LSK cells from mice of the indicated 
genotypes 20 weeks after pIpC (n 
= 3). (G) The frequencies of B cells 
(B220), T cells (CD3), and myeloid cells 
(monocytes [Mac1+Gr1lo] and granulo-
cytes [Mac1+Gr1+]) are shown at 19 to 
20 weeks after pIpC (n = 4) in the BM 
of mice receiving cells of the indicated 
genotype. Error bars indicate SEM.  
*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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vivo, albeit at a reduced level compared with controls, and rapamy-
cin treatment led to a marked reduction in cell number (Figure 3F).  
Finally, neither changes in cell cycle (26, 28), ROS levels (28), nor 
mitochondrial membrane potential (28) could explain Rraga- 
deficient HSC phenotypes (Supplemental Figure 3, E–G). We conclude 
that the absence of a proper aa signal from RagA to mTORC1 leads to 
compensatory upregulation of basal mTORC1 activity, which is sensi-
tive to serum factors that sustain growth under stress conditions.

Hyperactivation of RagA does not alter HSC function. Physiolog-
ical levels of mTORC1 signaling are critical for proper HSC func-
tion, particularly under stress conditions. Raptor and Mtor KO HSC, 

mTORC1 activity (21, 27). Further, mTORC1 activity in Rraga- 
deficient, but not control, HSC was particularly sensitive to dialyzed 
(aa depleted) serum stimulation that was mTOR inhibitor sensitive 
(Figure 3E and data not shown). Basal levels of both pERK (T202/
Y204) in STRC and GMP/CMP and pAKT (S473) in HSC were also 
elevated in certain Rraga null HSPC populations (Supplemental Fig-
ure 3, C and D). These data suggest a general increase in GF/serum 
factor signaling in the absence of aa signaling through RagA to 
mTORC1. To test the functional consequence of elevated mTORC1 
activity in Rraga null HSPC, HSC were plated in growth media with 
and without rapamycin (Figure 3F). Rraga null HSC could grow ex 

Figure 3. HSPC upregulate mTORC1 activity in the absence of Rraga, allowing cell production under stress conditions. (A) qPCR analysis of Rragb, Rragc, 
and Rragd levels in the indicated populations from indicated genotypes (n = 2–4). Level of each molecule normalized to Gapdh is shown in relation to the 
level in WT HSC. (B) Quantitative histograms from WT BM treated with aa for the indicated time points (minutes) showing levels of p4EBPT37/46. Stimulation 
with the cytokine SCF is also shown for comparison. Color key shows fold change to untreated cells. (C and D) Lineage-depleted (LinDep) BM from mice of the 
indicated Rraga genotypes were placed in aa-free media containing 10% dialyzed FBS (aa depleted) for 1 hour and then stimulated with aa for the indicated 
time points in minutes. Intracellular flow cytometry was performed to assess levels of p4EBPT37/46 in the indicated gated populations after aa stimulation for 
the indicated time points in minutes. The fold change in levels of p4EBPT37/46 relative to WT unstimulated cells is indicated for LinDep HSC and STRC  
(n = 5–7). Student’s t test was applied comparing time 0 values between cells of WT and homozygous knockout genotypes. Ordinary 1-way ANOVA was 
applied to assess differences in mean fluorescence intensity (MFI) within WT or homozygous knockout groups. (E) LinDep BM from mice of the indicated Rraga 
genotypes was placed in aa-free media containing 0% or 10% dialyzed FBS (aa depleted). Shown are p4EBPT37/46 levels in the HSC gate (n = 3). (F) LSKCD48–

CD150+ cells from mice of the indicated genotypes were cultured in media containing 10% FBS, IL-3, SCF, and TPO–containing media for 7 to 9 days with 
or without 10 nM rapamycin, and cell number was assessed by CountBright Absolute Counting Beads and normalized to WT untreated (n = 2 independent 
experiments and 4 total measurements per genotype and treatment). Un, unstimulated. One-way ANOVA with Tukey’s multiple comparison test was applied, 
and relevant statistically significant differences are noted. Error bars indicate SEM. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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defective for mTOR signaling, have regeneration defects, as do HSC 
with constitutively active mTOR signaling driven by hyperactivation 
of downstream GF-responsive signaling (Pten or Tsc1 homozygous 
deletion) (10, 12, 13, 16, 29). To assess the role of deregulation of 
the aa signaling arm of the mTORC1 pathway, fetal liver cells from 
RragaQ66L knockin mice were utilized (Figure 4A, Supplemental Fig-

ure 4A, and ref. 22). Tissues from these homozygous mice (referred 
to as RagAGTP/GTP) are constitutively active for mTORC1 activity 
regardless of aa availability, due to diminished GTPase activity of 
this mutant Rraga (22, 29). Transplantation of fetal liver cells was 
performed, since RagAGTP/GTP neonatal animals die prematurely. 
Transplantation of Pten-deficient neonatal HSC leads to normal 

Figure 4. Constitutive nutrient signaling to mTORC1 preserves HSC function. (A) Contribution of CD45.2 cells to total PB enucleated cells from donors of 
the indicated genotype over time (n = 4–5). (B) The percentage of CD45.2 cells that are B cells (B220), T cells (CD3), and myeloid cells (monocytes [Mac1+Gr1lo] 
and granulocytes [Mac1+Gr1+]) in the PB approximately 20 weeks after transplantation is indicated (n = 4–5). (C) Analysis as in B for BM lineage approximate-
ly 28 weeks after transplantation (n = 3). (D) The percentage of chimerism in each cell type of the indicated genotypes is shown at approximately 28  
weeks after transplantation. HSC, Lin–Sca1+cKit+CD150+CD48–; HPC, non-HSC in the LSK fraction; GMP, Lin–Sca1–cKit+CD34+CD16/32+; CMP, Lin–Sca1–cKit+ 

CD34+CD16/32–; MEP, Lin–Sca1–cKit+CD34–CD16/32– (n = 4). (E–H) Representative histograms from signal transduction experiments performed with cells from 
transplanted mice of the indicated genotypes. Cells were starved of aa (aa deprivation) and then stimulated for the indicated time points in minutes. Fold 
change above unstimulated WT cells is indicated. Lineage depleted (LinDep) BM from mice transplanted with cells from the indicated genotypes approx-
imately 28 weeks after transplantation was stimulated with aa for the indicated time points (in minutes), then processed for flow cytometry. The fold 
change in levels of p4EBPT37/46 relative to unstimulated WT cells is indicated for (E) LinDepCD45.2+ HSC, (F) STRC, (G) GMP/CMP, and (H) MEP gated events  
(n = 3 mice each of the indicated genotype). Student’s t test was applied comparing time 0 values between cells of WT and GTP/GTP genotypes. Ordinary 1-way 
ANOVA was applied to assess differences in MFI within WT or homozygous knockout groups. Error bars indicate SEM. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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in HSC regeneration under stress is Rraga independent. However, 
Rraga is necessary for the previously defined mTORC1-regulated 
levels of rbc, platelets, and wbc in the blood and for differentiation 
decisions along the neutrophil/monocyte lineage. Thus, nutrient 
sensing by RagA and its activation of mTORC1 play different roles in 
steady-state compared with stress hematopoiesis and in HSC com-
pared with more mature progenitors (Figure 5).

The leukopenia, anemia, and thrombocytopenia with rapamy-
cin analog therapy in patients may reflect nutrient-sensing aspects 
of mTORC1 regulation (30). This possibility is supported by the 
observation that l-leucine can regulate hemoglobin levels through 
an mTORC1/4EBP1 mechanism (31). The effect of nutrient signal-
ing through mTORC1 on differentiation is evident in the preferen-
tial production of monocytes seen with Raptor, Rraga, or folliculin 
(a GTPase-activating protein for Rragc/Rragd, ref. 32) deletion or 
deprivation of glutamine (10, 21, 33, 34). These data indicate that 
nutrient signaling through mTORC1 alters mature cell production 
and may play an instructive rather than simply a permissive role 
in lineage-fate decisions. During nutritional stress, progenitors 
enhance generation of a fundamental cell of innate host defense 
at the expense of other hematopoietic cell types.

However, in more immature HSPC, loss of the aa-sensing dimen-
sion of mTORC1 signaling is without significant cost to cell number 
or function under stress, likely due to upregulation of mTORC1 inde-
pendently of RagA. This upregulation could be particularly import-
ant when aa levels are low. For example, it may explain why patients 
undergoing HSC transplantation rarely experience graft failure, 
despite being in an extreme catabolic and poorly nourished state 
(19, 20, 35). Abundance of nutrients also leaves HSC unaffected, 
as demonstrated by RagAGTP/GTP, providing no competitive advan-
tage or disadvantage to HSC. These data also show that increased 
signaling to mTORC1, per se, is not deleterious to HSC function. 
While mutations that mimic chronic and less regulated mTORC1 
activation by GFs, such as Pten or Tsc1 deletion, lead to HSC impair-
ment and sometimes leukemia (11–14, 16, 17), genetic upregulation 
of mTORC1 activity through nutrient signaling does not impair HSC 
function. It appears then that HSC enact an mTORC1-signaling pro-
cess that protects them from both variable nutrient availability and 
oncogenesis due to excess nutrient stimulation.

The insensitivity of HSC to RagA signaling has implications for 
the development of pharmacological mTORC1 inhibitors in metabol-
ic diseases and cancer. To date, specific mTORC1 inhibitors that do 
not affect mTORC2 (which plays distinct roles in human health) have 
not been identified. Identification of drugs that affect nutrient signal-
ing via RagA to mTORC1 would result in specific mTORC1 inhibi-
tors that would not affect mTORC2. Our data suggest that inhibiting 
nutrient signaling to mTORC1 via RagA would not impair HSC even 
under stress conditions. Thus, a pharmacological inhibitor of nutrient 
signaling to mTORC1 as opposed to a general mTOR inhibitor would 
potentially have fewer long-term hematological side effects, particu-
larly when used in combination with chemotherapy or radiation.

In summary, HSC are essentially indifferent to the decreased 
or increased activities of the aa-sensing arm of mTORC1 signaling 
and perhaps thereby, from the vicissitudes of nutrient availabili-
ty. In contrast, more mature hematopoietic populations are high-
ly affected by changes in aa and glucose-sensing RagA activity. 
These distinctions correlate with the different functions of the 

reconstitution in recipients up until the time of transition from the 
fetal to adult HSC program, at which point hematopoiesis from 
Pten-deleted HSC declines (15). Thus, our system would allow us to 
monitor effects of RagA hyperactivation in both fetal and adult HSC.

Fetal liver cells from controls and RagAGTP/GTP mice were then 
competitively transplanted versus CD45.1STEM whole BM cells (Fig-
ure 4A and Supplemental Figure 4A). RagAGTP/GTP had no detectable 
effect on chimerism, the number of HSPC or mature hematopoietic 
cell types, or on gross hematopoietic parameters up to 28 weeks after 
transplantation. We confirmed the presence of recombined alleles 
after long-term transplantation (Figure 4, B–D, and Supplemental 
Figure 4). RagAGTP/GTP HSC in transplanted mice retained elevated 
basal mTORC1 signaling as well as increased levels of p4EBP after 
10 minutes of aa stimulation for at least 28 weeks (Figure 4E). Oth-
er RagAGTP/GTP HSPC populations also had elevated basal mTORC1 
signaling compared with control cells (Figure 4, F–H). Unlike muta-
tions that mimic hyper-GF signaling, such as deletion of Pten or Tsc1, 
hyperactivation of nutrient sensing by activating Rraga mutations do 
not perturb HSC function under the stress of transplantation.

Discussion
In this study, we demonstrate that HSC are unaffected in the BM and 
STRC are increased in the spleen by the loss of Rraga under steady-
state conditions. This is consistent with previous data from us and 
others regarding mTORC1 based on Raptor deletion (8–10). Notably, 
we demonstrate that the previously demonstrated need for mTORC1 

Figure 5. Model depicting differential requirements for mTORC1 regu-
lation by nutrient signaling through RagA in homeostatic versus stress 
hematopoiesis. (A) Under homeostatic conditions, HSC do not depend on 
mTORC1. Under hematopoietic stress, mTORC1 is critical for HSC function, 
as previously shown by Raptor deletion (Raptor–/–). However, nutrient 
sensing by RagA is not required for mTORC1 activity in HSC and Rraga–/– 
HSC are indifferent to aa levels. (B) In contrast, progenitors (STRC) depend 
on RagA-regulated mTORC1 activation to maintain normal production of 
mature blood cells. Distinct effects are noted on monocyte production 
(increased) compared with other blood cells (decreased) with either Raptor 
or Rraga deletion.
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and/or tissue, a standard curve was established using cDNA prepared 
from Rraga null MEFs, which express high levels of Rragb (21).

Statistics. Sample size required for the experiments was estimated 
based upon results of preliminary data. No blinding or randomization 
was performed for any of the experiments. The statistical significance of 
differences between data points was assessed by either 2-tailed unpaired 
Student’s t test or 1-way ANOVA with or without Tukey’s multiple com-
parison test as implemented in Graphpad Prism software and as indicat-
ed. Kaplan-Meier log-rank test was used to analyze mouse survival data.

Study approval. All mice were kept in a specific pathogen–free 
facility at Massachusetts General Hospital. All mouse studies and 
breeding were carried out under the approval of the Institutional Ani-
mal Care and Use Committee of Massachusetts General Hospital.
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stem and progenitor populations with the more nutrient-insensate 
stem cell population, providing the deep reserve of hematopoiet-
ic tissue that must be resilient to varying environments and stress 
conditions to preserve organismal viability. The differential gov-
ernance of mTORC1 through RagA is one specific molecular basis 
for accomplishing this distinct function of the stem cell pool.

Methods
Mouse and animal procedures. All mice were kept in a specific pathogen–
free facility at Massachusetts General Hospital. Rragafl/fl, described 
previously (21), were backcrossed to at least 6 generations in the 
C57BL/6 and crossed with Mx1-Cre mice (36). Raptorfl/fl Mx1-Cre mice, 
RragaQ66L (RagAGTP/GTP) mice, and pIpC administration were described 
previously (10, 22). CD45.1STEM mice (CD45.1*, a truly congenic mouse 
strain) have been previously described (18). Transplantations were 
performed as described previously (10).

Flow cytometry. Flow cytometry was performed as described previ-
ously with antibodies listed in Supplemental Methods and Materials  (10).

aa signaling and intracellular flow cytometry. Intracellular 
flow cytometry was performed with modifications to previous-
ly described protocols (10, 37). BM was isolated by crushing long 
bones and sternum in 0.5%BSA/PBS, rbc lysed, and cells passed 
through 40-μm or 70-μm nylon cell strainers (BD). To ultimate-
ly exclude dead cells from the analysis, 1 ml of BM solution was 
incubated with 1 μl of fixable viability dye eFluor 780 (eBiosci-
ence) on ice for 10 minutes, washed twice, and resuspended in 1 
ml of 0.5%BSA/PBS. BM was then depleted of mature cell lineages 
by incubating cells at room temperature for 15 minutes with bio-
tin-conjugated antibodies to the following: CD3ε (clone 145-2c11), 
CD4 (clone GK1.5), CD8a (clone 53-6.7), CD19 (clone ID3), B220 
(clone RA3-6B2), GR1 (clone RB6-8C5), TER119 (clone TER-119), 
and CD127 (clone A7R34). Then 50 μl of EasySep Streptavidin Rap-
idSpheres (Stem Cell Technologies) was added and solution incu-
bated at room temperature for 2 to 5 minutes before separation of 
cells from magnetic beads using an EasySep Magnet.

BM was then incubated at 37°C in aa-free RPMI media (US Bio-
logical) containing 10% FBS (Life Technologies) that was dialyzed 
using a 3500 MW cutoff Slide-A-Lyzer (Thermo Fisher Scientific) 
for approximately 1 hour. Cells were then stimulated with a 1× mix-
ture of aa (Sigma-Aldrich) supplemented with l-glutamine (300 
mg/l final) (Thermo Fisher Scientific) for indicated time points. 
Cells were then fixed with paraformaldehyde (Electron Microscopy 
Sciences) for 10 minutes at room temperature at a final concentra-
tion of 1.5%, permeabilized with ice-cold acetone for 10 minutes 
on ice, washed, and stained for flow cytometry. Cells were typically 
stained with BV605 SCA1 (clone D7), BUV395 cKIT (clone 2B8), 
eFluor450 CD34 (clone RAM34), Ax647 p4EBP (clone 236B4), and 
PE pS6 (clone N4-41). PE-CF594 pERK (clone 20A), Ax488 pAKT 
(clone 193H12), FITC CD45.2 (clone 104), and PE CD45.1 (clone 
A20) were also used in some analyses. Data were analyzed either 
using FlowJo (Treestar) or Cytobank software (38).

Gene expression. RNA/cDNA isolation and syntheses were performed 
as described previously (10). The following TaqMan assays were used: Rra-
ga, Mm02525632_s1; Rragb, Mm01348407_m1; Rragc, Mm00600306_
m1; Rragd, Mm00546741_m1; and Gapdh Mm99999915_g1 (Applied 
Biosystems). Reactions were run on an Applied Biosystems StepOnePlus 
qPCR machine. Since Rragb RNA can be difficult to detect in normal cells 
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