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The mechanistic target of rapamycin (mTOR) is a central regulator
of cell growth and an attractive anticancer target that integrates
diverse signals to control cell proliferation. Previous studies using
mTOR inhibitors have shown that mTOR targeting suppresses
gene expression and cell proliferation. To date, however, mTOR-
targeted therapies in cancer have seen limited efficacy, and one
key issue is related to the development of evasive resistance. In
this manuscript, through the use of a gene targeting mouse model,
we have found that inducible deletion of mTOR in hematopoietic
stem cells (HSCs) results in a loss of quiescence and increased pro-
liferation. Adaptive to the mTOR loss, mTOR−/− HSCs increase
chromatin accessibility and activate global gene expression, con-
trary to the effects of short-term inhibition by mTOR inhibitors.
Mechanistically, such genomic changes are due to a rewiring and
adaptive activation of the ERK/MNK/eIF4E signaling pathway that
enhances the protein translation of RNA polymerase II, which in
turn leads to increased c-Myc gene expression, allowing the HSCs
to thrive despite the loss of a functional mTOR pathway. This
adaptive mechanism can also be utilized by leukemia cells under-
going long-term mTOR inhibitor treatment to confer resistance to
mTOR drug targeting. The resistance can be counteracted by MNK,
CDK9, or c-Myc inhibition. These results provide insights into the
physiological role of mTOR in mammalian stem cell regulation and
implicate a mechanism of evasive resistance in the context of
mTOR targeting.

mTOR | adaptive compensation | drug resistance | hematopoietic stem
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Hematopoietic stem cells (HSCs) are rare cells in the bone
marrow (BM) characterized by multilineage differentiation

and self-renewal capabilities that ensure lifelong hematopoiesis
in mammals (1, 2). HSCs reside in the BM niche and exhibit low
cell cycle activity under homeostatic conditions, whereas, under
stress, HSCs can increase proliferation and then differentiate to
replenish blood cells (3, 4). Disturbance of HSC homeostasis can
lead to HSC exhaustion, BM failure, or malignant transforma-
tion (5–7); thus, HSC quiescence and proliferation need to be
precisely balanced. This process is finely regulated by numerous
intrinsic and extrinsic factors and molecular pathways, including
metabolic and nutrient-sensing pathways through LKB1 and
mTOR signaling (8–11).
mTOR is a serine/threonine kinase that senses and integrates

multiple environmental and intracellular signals from nutrients,
growth factors, and cellular energy status to regulate protein
synthesis, autophagy, metabolism, cell survival, cell growth, and
proliferation (12). Growing evidence has established an essential
role for mTOR in regulating hematopoiesis, controlling HSC
quiescence, and maintaining HSC homeostasis, as well as in
leukemogenesis (9, 10, 13–16). Numerous genetic studies have
demonstrated that hyperactivation of mTOR by deletion of one

of its negative regulators, including PTEN (9, 10), TSC1/TSC2
(11), PML (17), or ITPKB (18), can drive HSCs from quiescence
into active cell cycling and cause subsequent HSC expansion and
transformation. Deregulation of mTOR signaling occurs fre-
quently in various cancers, including hematologic malignancies,
and contributes to leukemia progression, chemoresistance, and
unfavorable outcomes (19–23); therefore, therapeutic targeting
of mTOR is a hotly pursued strategy in anticancer therapies.
Various mTOR inhibitors have been investigated as single or
combination agents in clinical trials (24). However, the first-
generation allosteric mTOR inhibitors, such as rapamycin and
rapalogs that are only effective toward mTORC1, have shown
limited anticancer efficacy in numerous clinical settings due to
incomplete blockade of mTORC1 activity, inability to suppress
mTORC2, and induced resistance (25, 26). The second-genera-
tion mTOR kinase inhibitors, developed with the aim to block
the activity of both mTORC1 and mTORC2, are also showing
limited benefits in clinical trials, as tumor cells can develop re-
sistance by acquiring mTOR genetic mutations or evasively
bypassing mTOR to favor cancer cell proliferation (27, 28).
Therefore, understanding the mechanisms leading to resistance
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to mTOR targeting is essential for the rational design of mTOR-
targeted therapies.
To determine the function of mTOR in HSC regulation, we

previously developed a conditional Mx-Cre;mTORflox/flox mouse
model to inducibly delete mTOR in the BM, and found that
mTOR loss drastically reduced BM cellularity and caused a
transient increase in the number of HSCs. Strikingly, mTOR
deletion led to a loss of quiescence and increased proliferation of
HSCs without affecting survival (29), contrary to conventional
expectations based on mTOR inhibition (30, 31). Here, we de-
fine the adaptive mechanism of HSC and progenitor hyper-
proliferation that results in increased chromatin accessibility and
activated global gene expression upon mTOR loss. We further
implicate this mechanism in the development of evasive resis-
tance in leukemia in the context of prolonged mTOR inhibition.

Results
mTOR Gene Deletion Causes Hyperproliferation and Loss of Quiescence
in HSCs. To examine the function of mTOR in HSC regula-
tion, we used the conditional Mx1-Cre+/−;mTORflox/flox and
Mx1-Cre−/−;mTORflox/flox mice to produce the mTOR−/− and
mTORflox/flox genotypes [hereafter termed mTOR KO and wild
type (WT), respectively] by polyinosine-polycytidine (pIpC) in-
ductions. A PCR analysis confirmed the complete deletion of the
mTOR gene in BM cells from the mTOR KO mice (SI Appendix,
Fig. S1A). Western blotting further confirmed the ablation of
mTOR protein expression, and the concomitantly reduced
mTOR downstream effector activities, including phospho-ribo-
somal protein S6 (S6; S240/244), phospho-eIF4E-binding protein
1 (4E-BP1; T37/46), and phospho-AKT (S473), while phospho-
AKT (T308) was elevated in a compensatory manner (Fig. 1 A
and B). The mTOR KO mice died around 2 wk post pIpC in-
jection due to pancytopenia as described previously (29) (SI
Appendix, Fig. S1B). Transplantation of the BM cells from the
mTOR KO mice resulted in recipient deaths within 2 wk (SI
Appendix, Fig. S1C), confirming that mTOR loss impairs hema-
topoietic stem and progenitor cell (HSPC) engraftment.
At the stem/progenitor cell level, the mTOR KO BM cells

formed few colonies when cultured in methylcellulose medium,
suggesting that mTOR deficiency impairs the colony-forming
ability of HSPCs (SI Appendix, Fig. S1 D and E). In vivo, mTOR
deletion caused a drastic expansion of LK (Lin−c-Kit+) and LSK
(Lin−Sca-1+c-Kit+) cell populations, which account for 2.7%
and 0.9% of the mTOR KO BM, compared with 0.7% and 0.1%
of the WT BM, respectively (Fig. 1C). Moreover, the absolute
number of mTOR KO HSCs (Lin−Sca-1+c-Kit+CD135−) was
about fourfold higher than that of WT controls (Fig. 1 D and E).
Cell cycle analysis found that, upon mTOR deletion, the quiescent
(G0) subsets of HSCs were significantly reduced, whereas the active
cycling G1 and S/G2/M cells were increased (Fig. 1F). No significant
difference in apoptosis was detected in the mTOR KO HSCs
compared with WT controls (SI Appendix, Fig. S1 F and G). The
decrease in G0 cells and subsequent increase in G1/S/G2/M cells
indicate a shift in the HSCs from quiescence to proliferation.

mTOR Gene Targeting Increases Global Chromatin Accessibility and
Promotes Gene Activation in HSCs. To determine the mechanism by
which mTOR KO HSCs become hyperproliferative, we assessed
the impact of mTOR loss on chromatin accessibility of mTOR
WT and KO HSCs by the assay for transposase-accessible chro-
matin using sequencing (ATAC-seq). Previous studies have
established that mTOR inhibition by pharmacologic inhibitors
suppresses chromatin accessibility and gene expression, ultimately
inhibiting cell growth (30, 31). Our ATAC-seq analysis of the WT
HSCs after 10 h treatment with 200 nM of the mTOR kinase
inhibitor AZD2014 or 1 μM rapamycin confirmed the repressive
effects of these mTOR inhibitors on chromatin accessibility of the
HSCs, as the chromatin accessibility was markedly decreased in

inhibitor-treated cells (Fig. 2 A and B). However, contrary to the
effects by mTOR inhibitors, mTOR KO HSCs enhanced global
chromatin accessibility, with remarkably increased signals compared
with WT HSCs (Fig. 2 C and D). Consistent with the chromatin
accessibility changes, chromatin immunoprecipitation sequencing
(ChIP-seq) profiles of both H3K27Ac and H3K4me3, active chro-
matin marks correlating with active gene transcription, revealed
globally activated patterns in mTOR KO HSCs. The signals for
H3K27Ac and H3K4me3 at peaks nearing cell growth-related genes
such as c-Myc, Ccnd1, Dusp1, Fos, Jun, and Pim1 were markedly
increased, suggestive of their transcriptional activation (Fig. 2E–H).
To examine the gene-expression changes associated with HSC

hyperproliferation upon mTOR loss, we performed RNA se-
quencing (RNA-seq) of HSCs. We identified 1,589 differentially
expressed genes (fold change ≥1.3, false discovery rate [FDR]
<0.05), of which 720 genes and 869 genes were up-regulated and
down-regulated, respectively, in mTOR KO HSCs compared
with WT cells (Fig. 2I). Of note, well-known proliferation-asso-
ciated genes such as c-Myc, Dusp1, Fos, Jun, and Pim1 were
significantly up-regulated in mTOR KO HSCs (Fig. 2I). Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway and
Gene Ontology (GO) functional enrichment analyses revealed
that genes up-regulated in mTOR KO HSCs were enriched in
ribosome, MAPK, Jak-Stat, translation, regulation of mitotic

Fig. 1. mTOR KO HSCs lose quiescence and are hyperproliferative. (A)
Representative immunoblotting for mTOR signaling components in LK
(Lin−c-Kit+) cells from WT and mTOR KO mice. (B) Quantification of protein
expression levels relative to β-actin, with the ratios in WT normalized to 1.
Data represent mean ± SEM from three independent experiments. (C )
Representative FACS profiles of the LK (Lin−c-Kit+) and LSK (Lin−Sca-
1+c-Kit+) cells from WT and mTOR KO mice. Numbers represent the aver-
age percentage in total BM cells for each fraction. (D) Representative FACS
gating strategy to analyze HSCs (Lin−Sca-1+c-Kit+CD135−). Cell-surface
makers to identify specific populations are indicated. (E ) Absolute number
of HSCs in total BM of WT and mTOR KO mice (n = 5 per genotype). (F ) Cell
cycle was analyzed by flow cytometry of Ki67 and 7-AAD staining. Pro-
portions of mTOR WT and KO HSCs in each cell cycle phase are indicated
(n = 6 per genotype). Data represent mean ± SEM (*P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001, two-tailed unpaired t test in B, E, and F ). ns,
not significant.
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cell cycle, and regulation of cell growth pathways (Fig. 2J and
SI Appendix, Fig. S2 A and B). These enriched pathways are
involved in promoting cell growth, consistent with the observed
hyperproliferation phenotype of the mTOR KO HSCs. On the
other hand, the down-regulated genes in the mTOR KO HSCs

were enriched in cGMP-PKG, Rap1, cell junction, cell adhesion,
and regulation of cell migration pathways, which may play roles
in the homeostatic maintenance of HSCs by controlling their
homing, mobilization, and retention within the BM niche (32)
(SI Appendix, Fig. S2C). Gene Set Enrichment Analysis (GSEA)

Fig. 2. mTOR gene targeting enhances global chromatin accessibility and promotes gene activation in HSCs. (A and B) HSCs isolated from 16 WT mice were
treated with DMSO, 1 μM rapamycin, or 200 nM AZD2014, followed by ATAC-seq analysis. ATAC-seq density heat maps (A) and tag enrichment profiles (B)
within ±1.5 kb around the peak center are shown. (C and D) HSCs from WT and mTOR KO mice (n = 5 mice for each genotype) were isolated and pooled by
genotype. A total of 50,000 HSCs were used for ATAC-seq. ATAC-seq density heat maps (C) and tag enrichment profiles (D) within ±1.5 kb around the peak
center in HSCs are shown. Data are representative of two independent biological repeats. (E and F) For each ChIP-seq experiment, HSCs from 28 WT and 11
mTOR KO mice were purified by FACS. The sorted cells were pooled by genotype, and half a million HSCs were used for ChIP-seq. ChIP-seq density heat maps
(E) and tag enrichment profiles (F) for H3K27Ac within ±5 kb around the peak center in WT and mTOR KO HSCs. (G and H) ChIP-seq density heat maps (G) and
tag enrichment profiles (H) for H3K4me3 within ±5 kb around the peak center in WT and mTOR KO HSCs. (I) HSCs fromWT and mTOR KOmice (n = 4 mice per
genotype) were used for RNA-seq, and volcano plot of differentially expressed transcripts is shown. Red and blue dots respectively represent genes signif-
icantly up-regulated and down-regulated in mTOR KO HSCs (FDR <0.05, fold change ≥1.3, n = 4 per genotype). (J) Overrepresented KEGG pathways and GO
terms in the genes up-regulated in mTOR KO HSCs compared with WT controls.
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also found up-regulation of genes related to ribosome biogenesis
in mTOR KO HSCs (SI Appendix, Fig. S2 D and E).
Together, these genomic signatures suggest that mTOR gene

targeting initiates an adaptive mechanism different from that
invoked by short-term pharmacologic inhibitors, leading to a more
accessible chromatin landscape with enhanced transcription acti-
vation and sustaining HSC proliferation.

mTOR Loss Causes c-Myc Elevation and the Activation of C-MYC
Targets. c-Myc regulates the balance between self-renewal and
differentiation of HSCs (33); elevated expression of c-Myc can
confer transcriptional amplification, global changes in chromatin
structure, elevated ribosome biogenesis, and cell growth advan-
tages (34, 35). The observation in our RNA-seq data that the
c-Myc transcriptional level was increased in the mTOR KO HSCs
prompted the question as to whether it is associated with hyper-
proliferation of mTOR KO HSCs. qRT-PCR analysis yielded that
c-Myc, as well as several other proliferation-associated genes
found in the ChIP-seq and RNA-seq studies, were up-regulated in
mTOR KO HSCs (Fig. 3A). Western blotting confirmed elevated
C-MYC protein in mTOR-deleted HSCs (Fig. 3B). Increased
signals for H3K27Ac and H3K4me3 occupancies were also ob-
served at the c-Myc locus, suggesting c-Myc transcription activation
(Fig. 3C). Moreover, GSEA analysis revealed that C-MYC target
gene signature was significantly increased in mTOR-deficient
HSCs (Fig. 3 D and E).
To investigate the effects of elevated C-MYC on its genome-

wide occupancy and to identify target genes directly regulated by
C-MYC in HSCs upon mTOR deletion, we isolated WT and
mTOR KO HSCs and performed ChIP-seq with a C-MYC–
specific antibody. In mTOR KO HSCs, elevated c-Myc levels led
to broadly increased C-MYC binding to target loci (Fig. 3 F and
G). To identify the direct C-MYC target genes with altered ex-
pression in mTOR KO HSCs, we intersected the C-MYC–bound
genes with those genes differentially expressed between mTOR KO
andWTHSCs and found about 649 C-MYC–regulated targets (Fig.
3H). These C-MYC targets were involved in various cell-prolifera-
tion processes, including ribosome, MAPK, translation, and regu-
lation of cell cycle pathways (Fig. 3I). Thus, elevated c-Myc
expression in mTOR KO HSCs leads to transcriptional acti-
vation of C-MYC targets associated with cell hyperproliferation.

c-Myc Is Elevated in a Compensatory Manner to Enhance Chromatin
Accessibility and Drive Proliferation of the mTOR−/− HSCs. With
c-Myc expression increasing about twofold in mTOR KO HSCs,
we hypothesized that the hyperproliferation and cell cycle phenotypes
are due to the elevated c-Myc. To test this hypothesis, we used
combined conditional gene targeting and pharmacologic intervention
approaches. First, we generated Mx1-Cre+/−;mTORflox/flox;c-Myc+/flox

mice (termed mTOR KO;Myc+/− mice hereafter), in which
two mTOR alleles and one c-Myc allele were ablated after
pIpC induction (33, 36). A single c-Myc allele ablation in
mTOR KO mice led to a drastic reduction in the absolute
number of HSCs to a level comparable to that of WT mice
(Fig. 4A). Cell-cycle analysis showed that the loss of one c-Myc
allele resulted in a significant increase in G0 and a decrease in
G1 phase, indicating that c-Myc reduction could rescue the cell-
cycle phenotype of mTOR KO HSCs (Fig. 4B). Loss of one
c-Myc allele had no effect on HSC survival (SI Appendix, Fig.
S3A). ATAC-seq analysis showed that one c-Myc allele deletion
markedly reduced the chromatin accessibility and mostly rescued
this mTOR KO effect (SI Appendix, Fig. S3B). In addition,
mTOR KO;Myc+/− HSCs displayed corrected Jun/Fos gene ex-
pressions to the level of WT cells (SI Appendix, Fig. S3C). These
observations suggest that the elevation of c-Myc drives the
adaptive responses of global chromatin change and Jun/Fos up-
regulation of the mTOR KO HSCs. On the other hand, the
mTOR KO;Myc+/− mice retained the phenotype of reduced BM

cellularity as in the mTOR KO mice, indicating that defects of
mTOR KO progenitors and mature blood cell production cannot
be rescued by one c-Myc allele deletion (Fig. 4C).
To complement the genetic evidence, we also treated the

mTORKO andWTHSCs with a bromodomain and extraterminal
domain (BET) inhibitor, JQ1, which is capable of c-Myc inhibition
(37), and examined the effects on cell proliferation and cell cycle
distribution. We confirmed that both c-Myc transcript and protein
levels were significantly reduced by JQ1 treatment of the mTOR
KOHSCs (SI Appendix, Fig. S3D and E). The addition of 500 nM
or 1 μM JQ1 caused a significant decrease in the cell numbers of
mTOR KOHSCs, whereas the cell growth-inhibitory effects on the
WT HSCs were only marginal when JQ1 was at 1 μM (Fig. 4D).
Another c-Myc inhibitor, 10058-F4, showed a similar suppressive
effect (SI Appendix, Fig. S3F), suggesting that mTOR KO cells are
sensitive to c-Myc inhibition. Consistently, JQ1 treatment of mTOR
KOHSCs for 24 or 48 h led to a drastic accumulation of cells in G0
and a significant reduction in G1 and S/G2/M phases (Fig. 4E)
without affecting cell cycle regulator p21 or cell apoptosis (SI Ap-
pendix, Fig. S3 G and H), indicating that pharmacologic inhibition
of c-Myc suppresses the adaptive cell-cycle activation of mTOR
KO HSCs.

mTOR Loss Induces Adaptive RNAP II Protein Elevation That Regulates
c-Myc in HSCs. The above findings led us to consider the mecha-
nism by which c-Myc expression is elevated during mTOR loss.
Since several studies have shown that there is an interregulation
between RNAP II and c-Myc for global transcription regulation
(38–40), we next examined the RNAP II regulation of c-Myc
transcriptional activity in the mTOR-deficient HSCs. We probed
the protein levels of RNAP II, Ser2-phosphorylated RNAP II
(Ser2P), and Ser5-phosphorylated RNAP II (Ser5P) in mTOR
WT and KO LK cells, as well as in HSCs, and found a significant
increase of expression of these proteins in the mTOR KO cells
(Fig. 5 A and B). However, the transcript levels of RNAP II showed
no significant increase in mTOR-deficient HSCs (SI Appendix, Fig.
S4 A and B). The protein synthesis inhibitor cycloheximide (CHX)
selectively decreased RNAP II protein expression in the mTORKO
cells but not in the WT cells (SI Appendix, Fig. S4C), further sug-
gesting that RNAP II protein translation, but not transcriptional
activation, is the underlying mechanism of the observed RNAP II
protein increase in mTOR KO cells.
To determine the role of the elevated RNAP II, we next

treated mTOR WT and KO HSCs with a CDK9 inhibitor, BAY
1143572, which has been reported to inhibit phosphorylation at
the serine 2 site of the RNAP II C-terminal domain (41). BAY
1143572 was able to significantly reduce the cell numbers of
mTOR KO HSCs in a dose-dependent manner, displaying ∼25%
and 47% reduction at 200 nM and 400 nM, respectively, com-
pared with DMSO control. In contrast, it had less of an effect on
cell growth of mTOR WT HSCs and only caused a marginal
reduction in cell numbers, suggesting that the mTOR-deficient
HSCs are more sensitive to RNAP II inhibition (Fig. 5C).
Moreover, BAY 1143572 treatment resulted in a significant in-
crease of mTOR KOHSCs in the G0 phase and a decrease in the
G1 phase (Fig. 5D) without affecting p21 protein expression or
cell survival (SI Appendix, Fig. S4 D and E), suggesting that the
cell-cycle phenotype of mTOR deficiency is related to the ele-
vated RNAP II activity.
In parallel, we observed in mTOR KO HSCs that C-MYC

expression level was significantly reduced by the BAY 1143572
treatment (Fig. 5E), whereas the elevated RNAP II protein level
showed no significant change upon the loss of one c-Myc allele
(Fig. 5F). ChIP-qPCR assay of RNAP II revealed that RNAP II
occupancy was dramatically increased throughout the promoter
and gene body regions of c-Myc in mTOR KO HSCs (Fig. 5G).
These results suggest that RNAP II regulates c-Myc transcrip-
tion, thereby resulting in an elevation of c-Myc in mTOR KO
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HSCs. Interestingly, protein expression, but not RNA expres-
sion, of related RNA polymerase I (RNAP I) and polymerase III
(RNAP III) was also found to be elevated in mTOR KO HSCs
(SI Appendix, Fig. S4 F–H). The housekeeping histone proteins,
H1, H2A, H2B, H3, and H4, however, remained unchanged (SI
Appendix, Fig. S4H), indicating thatmTOR loss causes a selective
increase in protein expression of RNAP I, RNAP II, and
RNAP III.

Adaptive ERK–MNK–eIF4E Activation in mTOR−/− HSCs Causes RNAP II
Protein Elevation. Protein translational control plays a pivotal role
in the regulation of gene expression and protein abundance in
the adaptive response to stimuli (42). In mTOR KO HSCs, ri-
bosome, translation, and MAPK pathways were up-regulated
(Fig. 2J); we thus focused on the MAPK-interacting protein kinase
(MNK), which can be activated by extracellular signal-regulated
kinase (ERK) or p38 MAPK and may enhance translation

Fig. 3. mTOR loss causes c-Myc elevation and activation of C-MYC targets. (A) qRT-PCR analysis of transcript levels of indicated genes in WT and mTOR KO
HSCs. Data represent mean ± SEM (n = 3; *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed unpaired t test). (B, Top) Representative immunoblotting for C-MYC
in WT and mTOR KO HSCs. (B, Bottom) Quantification of C-MYC expression relative to β-actin, with the ratio in WT normalized to 1. Data represent mean ±
SEM from three independent experiments (*P < 0.05, two-tailed unpaired t test). (C) ChIP-seq binding profiles for H3K27Ac and H3K4me3 at the c-Myc locus
in WT and mTOR KO HSCs. (D) GSEA enrichment plot shows C-MYC target genes are up-regulated in mTOR KO HSCs (n = 4 per genotype). NES, normalized
enrichment score. (E) Heat map of C-MYC target genes from GSEA enrichment analysis (in D) in WT and mTOR KO HSCs. (F) Heat map for C-MYC ChIP-seq
peaks in WT and mTOR KO HSCs within ±2 kb around the peak center. (G) C-MYC ChIP-seq tag enrichment profile around the peak center. (H) Venn diagram
shows the overlap between C-MYC–bound genes and differentially expressed genes in WT and mTOR KO HSCs in RNA-seq. The overlapping genes are direct
C-MYC target genes. (I) Enrichment of KEGG pathways and GO terms overrepresented in C-MYC target genes.
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through phosphorylation of the eukaryotic translation initiation
factor 4E (eIF4E) at Ser209 (43–45). Since the mTOR pathway
and the MNK–eIF4E pathway interact in cancer cell proliferation
and drug resistance (46, 47), we hypothesized that MNK–eIF4E
activated by MAPK signaling may be responsible for the elevated
protein level of RNAP II. To this end, we probed for the protein
levels of phospho-MNK1 (T197/202), phospho-ERK (T202/Y204),
and phospho-eIF4E (S209) by Western blotting in LSK cells and
found that they were significantly up-regulated in the mTOR KO
cells (Fig. 6 A and B). We also probed the phospho-p38 MAPK
(T180/Y182) level but observed no change in mTOR KO cells (SI
Appendix, Fig. S5A). Notably, the ERK inhibitor SCH772984 ef-
fectively inhibited MNK/eIF4E signaling, C-MYC, and RNAP II
protein expression in mTOR KO cells (Fig. 6C). These results
suggest that the elevated ERK activity, but not that of p38, causes
the increased MNK/eIF4E signaling upon mTOR loss.
To evaluate the involvement of the MNK–eIF4E axis in the

regulation of RNAP II protein expression, we treated mTOR
KO LSKs with MNK inhibitor CGP 57380 (10 μM or 20 μM) and
found that protein levels of phospho-MNK1, phospho-eIF4E,
C-MYC, and RNAP II were markedly reduced, suggesting that a
blockade of MNK activity can profoundly suppress phospho-
eIF4E and RNAP II protein expression in the context of the
adaptive responses in the mTOR KO cells (Fig. 6D). Moreover,
the HSC population in G0 phase was significantly increased and
cells in G1 phase were decreased (Fig. 6E), while the p21 level
and cell survival remained unchanged upon CGP 57380 treat-
ment of mTOR KO HSCs (SI Appendix, Fig. S5 B and C), in-
dicating that MNK inhibition can revert the hyperproliferation
phenotype of mTOR KO HSCs.

Interestingly, mTOR-deficient HSCs displayed an increased
rate of protein synthesis compared to WT cells (Fig. 6F) despite
the reduced canonical mTOR signaling in phosphorylated ribo-
somal protein S6 and 4E-BP1 (Fig. 1A). To examine whether the
MNK/eIF4E axis is responsible for increased protein synthesis,
we treated the mTOR WT and KO mice in vivo with an MNK
inhibitor, eFT508, after pIpC induction, and observed that
phospho-MNK1, phospho-eIF4E, C-MYC, and RNAP II were
dramatically reduced in mTOR KO cells (SI Appendix, Fig. S5D).
Parallel O-propargyl-puromycin (OPP) incorporation assay
showed that the MNK inhibition reduced protein synthesis of the
mTOR KO HSCs, but had no effect on global protein synthesis
of the WT cells (Fig. 6G). These data suggest that the observed
MNK/eIF4E effect on protein synthesis is due to the adaptive
response of mTOR loss, in line with the previously reported role
of MNK/eIF4E signaling (48–50), i.e., MNK/eIF4E axis does not
increase global protein synthesis under WT conditions. In addi-
tion, the deletion of one c-Myc allele rescued the overall protein
synthesis phenotype of mTOR KO cells without correcting the
elevated RNAPII (Figs. 5F and 6H), suggesting that the increase
in RNAP II-c-Myc mediates the global protein synthesis. Col-
lectively, these results indicate that the adaptive response of the
mTOR KO cells causes an ERK/MNK/eIF4E-mediated RNAP
II up-regulation, which in turn results in a c-Myc–mediated
global protein synthesis effect associated with an adaptive gene
activation and cell proliferation.

mTOR Inhibitor-Resistant Leukemia Cells Mimic the mTOR−/− HSCs in
the Adaptive MNK–RNAP II–c-Myc Response. While therapeutic
targeting of mTOR in leukemia is a promising strategy, mTOR
inhibitors were mostly ineffective in clinical trials, as tumor cells

Fig. 4. The hyperproliferation phenotype of mTOR-deficient HSCs is due to compensatory c-Myc elevation. (A) Absolute number of HSCs in the BM of WT
(n = 5), mTOR KO (n = 5), and mTOR KO;Myc+/− (n = 3) mice 5 d after the last pIpC injection. (B) Cell cycle was analyzed by flow cytometry of Ki67 and 7-AAD
staining. The HSC proportions in indicated phases of cell cycle from WT (n = 4), mTOR KO (n = 5), and mTOR KO;Myc+/− (n = 8) mice are shown. (C) Total BM
cellularity in WT, mTOR KO, and mTOR KO;Myc+/− mice (n = 5 per genotype). (D) Quantification of cell numbers for WT and mTOR KO HSCs treated with
DMSO or JQ1 for 72 h. (E) mTOR KO HSCs were treated with DMSO or JQ1 for indicated times, and cell cycle was analyzed by flow cytometry of Ki67 and
7-AAD staining. The proportions in indicated phases of cell cycle are shown (n = 3). Data represent mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001, one-way ANOVA in A–D, two-tailed unpaired t test in E). ns, not significant.
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tend to develop resistance by evading the mTOR-controlled cell
growth machinery. Our findings in the mTOR KO HSCs prompted
us to ask if leukemia cells can utilize a similar adaptive mechanism
to elicit resistance to prolonged mTOR inhibition.
We employed BaF3 cells with constitutive BCR-ABL expres-

sion (BaF3-BA) (51) to screen for mTOR inhibitor-resistant var-
iants. Exposure of the BaF3-BA cells to 1 μM AZD2014, a
second-generation mTOR kinase inhibitor, resulted in multiple
mTOR inhibitor-resistant leukemia clones (such as S11, S17, and
S19) with significantly reduced phospho-4E-BP1 (T37/46; Fig. 7 A
and B). Western blotting confirmed the constitutively reduced
canonical mTOR signaling activities through phospho-S6 (S240/
244) and a compensating elevated phospho-AKT (T308; Fig. 7C),
mimicking that seen in the mTOR KO HSCs. The resistant leu-
kemia cells also mimicked the mTOR KO HSCs in possessing
elevated RNAP II and C-MYC compared with those in BaF3-BA
parental cells (Fig. 7D). The reduced mTOR signaling caused a
compensatory elevation of phospho-MNK1 (T197/202), phospho-
ERK (T202/Y204), and phospho-eIF4E (S209) as seen by West-
ern blotting (Fig. 7E). As we found in the mTOR KO HSCs, such
adaptive responses of phospho-eIF4E, C-MYC, and RNAP II in
AZD2014-resistant single-clone S11 cells were due to the in-
creased MAPK and the MNK activity, since their levels could be
suppressed after treatment with MNK inhibitor CGP 57380
(Fig. 7F).
Last, BET, CDK9, or MNK inhibitor (JQ1, BAY 1143572, or

CGP 57380) treatment of the AZD2014-resistant leukemia cells

selectively reduced the cell proliferation (Fig. 7 G–I), suggesting
that the mTOR inhibitor-resistant leukemia cells are more sen-
sitive to c-Myc, RNAP II, and MNK inhibition. Together, these
results suggest that mTOR inhibitor-resistant leukemia cells can
adopt a similar adaptive proliferative mechanism to that seen in
mTOR KO HSCs.

Discussion
mTOR is an essential regulator of hematopoiesis and HSC
maintenance (13, 15, 16). Multiple studies have established that
hyperactivation of mTOR through ablation of negative regulators
(9–11, 17) or by overexpression of mTOR activators (52) causes
increased cell cycle rate, transient increase of HSC numbers, and
exhaustion of HSCs. However, contrary to the anticipated de-
crease in cell growth due to mTOR inhibition, in the mTOR
loss-of-function studies using Mx1-Cre+/−;mTORflox/flox mice, we
found that deletion of mTOR in mouse BM resulted in a loss of
quiescence and hyperproliferation of the HSCs (Fig. 1) (29). The
underlying mechanisms are likely related to compensatory adap-
tation, which provides a unique opportunity to better understand
the role of mTOR in hematopoiesis and in the development of
adaptive resistance to mTOR-targeted therapies.
Our ATAC-seq analyses revealed that mTOR WT HSCs dis-

played decreased chromatin accessibility after treatment with
mTOR inhibitors (Fig. 2), consistent with previously reported ef-
fects of mTOR inhibition (30, 31). However, mTOR KO HSCs
showed the opposite effects, with increased chromatin accessibility

Fig. 5. Adaptive RNAP II protein elevation regulates c-Myc in mTOR KO HSCs. (A) Immunoblotting of RNAP II in LK cells fromWT and mTOR KO mice. (B, Left)
Representative immunoblotting for RNAP II in WT and mTOR KO HSCs. (B, Right) Quantification of RNAP II expression relative to β-actin, with the ratio in WT
normalized to 1. Data represent mean ± SEM from three independent experiments. (C) Quantification of cell numbers for mTOR KO and WT HSCs treated
with DMSO or BAY 1143572 for 72 h (normalized to DMSO for each group; n = 3). (D) The proportions in indicated phases of cell cycle in mTOR KO HSCs
treated with DMSO or BAY 1143572 for 24 h (n = 3). (E) Representative immunoblotting (Left) and quantification (Right) of C-MYC in mTOR KO HSCs treated
with DMSO or BAY 1143572 for 24 h. Data represent mean ± SEM from three independent experiments. (F) Immunoblotting of RNAP II in HSCs from WT,
mTOR KO, and mTOR KO;Myc+/− mice. (G) ChIP-qPCR analysis of RNAP II at c-Myc locus in WT and mTOR KO HSCs (n = 4). Data represent mean ± SEM (*P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, two-tailed unpaired t test in B, D, E, and G; one-way ANOVA in C). ns, not significant.
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after genetic deletion (Fig. 2). The discrepancy between genetic
and pharmacological approaches to inhibit mTOR activity is likely
due to differences in the duration and extent of the inhibition vs.
gene targeting. ChIP-seq analyses in mTOR KO HSCs found
globally increased signals for both H3K27Ac and H3K4me3
marks, indicative of active enhancers and promoters of active
chromatins (Fig. 2) (53–55). These genome-wide studies indicate
that mTOR gene loss leads to more accessible chromatins in
HSCs, which allows consequential activation of genes.
Our mRNA transcriptome profiling saw a significant up-reg-

ulation of proliferation-associated genes and an enrichment of
related pathways, including c-Myc, Fos, Jun, MAPK, ribosome,
and Jak-Stat pathways (Fig. 2). The C-MYC targets were enriched
in proliferation-related pathways such as ribosome and MAPK
signaling (Fig. 3). Genetic rescue experiments in mTOR-deficient
HSCs by ablation of one c-Myc allele in mTOR KO mice or by

pharmacologic inhibition with BET inhibitor JQ1 were able to
revert the HSC cell number and cell cycle phenotype (Fig. 4).
Moreover, ATAC-seq analyses showed that the loss of one c-Myc
allele in mTOR KO HSCs reduced the chromatin accessibility
effect (SI Appendix, Fig. S3). Thus, the compensatory elevation of
c-Myc is essential in the adaptive responses of the mTORKO cells,
including increased gene activation and chromatin accessibility.
The protein level of RNAP II in mTOR KO HSCs was ele-

vated, and the RNAP II-suppressing CDK9 inhibitor BAY
1143572 reduced the cell numbers and restored the cell-cycle
phenotype of mTOR KO HSCs (Fig. 5), indicating that RNAP II
contributes to the hyperproliferation of mTOR-deficient HSCs.
ChIP-qPCR assay of RNAP II at the c-Myc locus found that
RNAP II occupancy was significantly increased throughout the
gene body of c-Myc in mTOR KO HSCs (Fig. 5), suggesting that
RNAP II regulates c-Myc transcription and causes elevated

Fig. 6. Elevated ERK–MNK–eIF4E axis provides a compensatory pathway for maintaining protein synthesis and proliferation in mTOR KO cells. (A) Repre-
sentative immunoblotting for phospho-MNK1 (T197/202), phospho-ERK (T202/Y204), and phospho-eIF4E (S209) in WT and mTOR KO LSK cells. (B) Quanti-
fication of protein expression levels relative to β-actin, with the ratios in WT normalized to 1. Data represent mean ± SEM from at least three independent
experiments. (C) Immunoblotting for phospho-MNK1 (T197/202), phospho-eIF4E (S209), C-MYC, and RNAP II in mTOR KO LSK cells treated with the ERK
inhibitor SCH772984 for 24 h. (D) Immunoblotting for phospho-MNK1 (T197/202), phospho-eIF4E (S209), C-MYC, and RNAP II in mTOR KO LSK cells treated
with CGP 57380 for 24 h. (E) mTOR KO HSCs were treated with DMSO or CGP 57380 for 24 h, and cell cycle was analyzed by flow cytometry using Ki67 and
7-AAD staining. The proportions in indicated phases of the cell cycle are shown. (F) Representative histogram shows OPP incorporation into HSCs isolated
from WT (blue) and mTOR KO (red) mice. (G) WT and mTOR KO mice (n = 3 mice per genotype) were treated daily for 5 d post pIpC injection with vehicle or
10 mg/kg eFT508 by oral gavage. Then the relative protein synthesis rates of HSCs were quantified by flow cytometry of OPP, normalized to the geometric
mean fluorescence intensity (MFI) of OPP in WT vehicle condition. (H) The relative protein synthesis rates in WT, mTOR KO, and mTOR KO;Myc+/− HSCs were
quantified by flow cytometry of OPP, normalized to MFI of OPP in WT group (n = 3). Data represent mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001, two-tailed unpaired t test in B; one-way ANOVA in E, G, and H). ns, not significant.
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c-Myc expression, thereby leading to HSC hyperproliferation.
Interestingly, despite the RNAP II elevation at the protein level,
the transcriptional level of RNAP II was not significantly in-
creased in mTOR-deficient HSCs (SI Appendix, Fig. S4). In ad-
dition, the protein synthesis inhibitor CHX selectively suppressed
RNAP II protein expression in the mTOR KO cells but not in the
WT cells (SI Appendix, Fig. S4), suggesting that the elevated
RNAP II protein in mTOR KO cells is due to RNAP II protein
translation, not transcriptional activation. Indeed, the posttran-
scriptional increase of RNAP II appears essential for the adaptive
response of mTOR-deficient HSCs. Previously, activation of
mTORC1 has been shown to promote protein synthesis while also
increasing the capacity of proteasome-mediated protein degrada-
tion through nuclear factor erythroid 2-related factor 1 (Nrf1; also
known as Nfe2l1), whose transcription is induced by sterol regu-
latory element binding transcription factor 1 (Srebf1; also known
as Srebp1) (56). In our case, the mRNA levels of Srebf1 andNfe2l1
in mTOR KO HSCs did not change compared with WT controls,

suggesting that the effect is through an Srebf1- and Nfe2l1-
independent mechanism.
In eukaryotes, activated mTORC1 phosphorylates downstream

targets S6K1 and 4E-BP1 to allow cap-dependent translation (57).
Despite decreased canonical mTOR signaling, mTOR KO HSCs
were able to compensate with an increased protein synthesis rate,
bypassing the mTOR/4E-BP1/eIF4E axis to promote translation
and induce RNAP II protein elevation (Figs. 1 and 6). The ribo-
some and MAPK pathways were up-regulated in mTOR KO
HSCs, and elevated MAPK/MNK can promote translation activity
through phosphorylation of eIF4E at Ser209 (43–45). Indeed, the
compensatory response of the ERK/MNK/eIF4E pathway was
adaptively activated duringmTOR loss (Fig. 6). Moreover, protein
levels of RNAP II and C-MYC in mTOR KO LSKs, and conse-
quently global protein synthesis as well as the cell cycle rate in KO
HSCs, were reduced by anMNK inhibitor (Fig. 6). Thus, a rewired
ERK–MNK–eIF4E axis is involved in the adaptive response to
mTOR loss in protein translation, leading to hyperproliferation of
mTOR KO HSCs. We also found that one c-Myc allele deletion

Fig. 7. mTOR inhibitor-resistant leukemia cells mimic mTOR KO HSCs in utilizing the MNK–RNAP II–c-Myc cascade for proliferation. (A) Schematic for
in vitro screen of mTOR inhibitor (1 μM AZD2014)-resistant BaF3-BA single clones. (B) Intracellular staining of phospho-4E-BP1 (T37/46) in AZD2014-
resistant BaF3-BA single clones and parental control measured by flow cytometry. (C and D) Immunoblotting for phospho-S6 (S240/244) and phospho-AKT
(T308; C) and for RNAP II and C-MYC (D) in indicated AZD2014-resistant BaF3-BA single clones and parental control. (E ) Immunoblotting for phospho-
MNK (T197/202), phospho-ERK (T202/Y204), and phospho-eIF4E (S209) in AZD2014-resistant BaF3-BA single clone S11 and parental control cells. (F )
Immunoblotting for phospho-eIF4E (S209), C-MYC, and RNAP II in AZD2014-resistant BaF3-BA single-clone S11 treated with CGP 57380 for 24 h. (G, H, and I)
Quantification of cell numbers for indicated AZD2014-resistant BaF3-BA single clones and parental control treated with DMSO or JQ1 (G), BAY 1143572 (H), or CGP
57380 (I) for 72 h. Data represent mean ± SEM (n = 3; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; G and I, one-way ANOVA; H, two-tailed unpaired t test). ns,
not significant.
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can reduce the protein synthesis in mTOR KO HSCs (Fig. 6),
suggesting that elevated c-Myc drives the increased protein syn-
thesis upon mTOR loss. Taken together, we propose a mechanism
of the adaptive response to mTOR loss in which mTOR loss
causes a compensatory elevation of ERK/MNK/eIF4E signaling
and RNAP II protein translation, consequently increasing RNAP
II protein and c-Myc expression, which is responsible for the
global transcription and translation up-regulation (Fig. 8).
mTOR-targeted therapies are currently in clinical trials to combat

the increased mTOR signaling found in many human cancers, in-
cluding leukemia (19–24, 58, 59). However, the strategy has yet to
show major benefits, in part due to widespread resistance to both the
first- and second-generation mTOR inhibitors (25–28). Other than
innate resistance derived from mutations in mTOR itself, evasive
resistance from adaptive compensations may also play a role. To this
end, activation of compensatory signaling such as MAPK or PI3K/
Akt has been implicated in mTOR targeting resistance (60).
We found that the adaptive response observed in the mTOR−/−

HSCs appears to be similarly adopted in mTOR inhibitor-resistant
leukemia cells. A compensatory MNK–RNAP II–c-Myc cascade
can contribute to maintaining leukemia cell proliferation by
evading mTOR-controlled protein synthesis and normal cell

growth machineries after long-term exposure to mTOR inhibitors
(Fig. 7). These insights provided from the mTORKOHSC studies
are valuable for developing alternative strategies to overcome such
resistance. In the case of leukemia cells that have acquired adap-
tive resistance, the use of BET inhibitors to suppress c-Myc, a
CDK9 inhibitor which controls RNAP II activity, or an MNK in-
hibitor which suppresses RNAP II translation, can have potential
benefits in suppressing the evasive mTOR drug resistance (Fig. 7).
Our work adds significantly to previous studies that identified

MEK/ERK, GSK3β/β-catenin, and PI3K/Akt pathways as mecha-
nisms of mTOR targeting resistance (60). It further rationalizes that
a combinatory treatment targeting multiple pathways involved in
the adaptive responses should be taken into consideration when
developing therapies.

Materials and Methods
Mice. Mouse strains of mTORflox/flox and c-Mycflox/flox were previously described
(61, 62). All animal experiments were approved by the institutional animal care
and use committee at Cincinnati Children’s Hospital Medical Center.

HSC Isolation. LK (Lin−c-Kit+), LSK (Lin−Sca-1+c-Kit+), andHSC (Lin−Sca-1+c-Kit+CD135−)
subpopulations were identified with surface markers. Flow cytometry cell
sorting was performed on a FACSAria II device (BD Biosciences).

OPP Assay. An OPP‐labeling assay was performed to measure in vivo global
protein synthesis rates of HSCs as previously reported (63).

Statistics. All data are presented as mean ± SEM unless otherwise specified.
Statistical significance was determined using two-tailed unpaired t test or
one-way ANOVA followed by Tukey/Dunnett’s tests.

Detailed materials and methods, including mice, BM transplantation and
survival analysis, colony formation assay, drugs, flow cytometry analysis and HSC
isolation, apoptosis assay, cell cycle analysis, OPP assay, phospho-flow analysis, cell
culture, generation of mTOR inhibitor-resistant leukemia single clones, cell
growth assay, Western blot assays, RNA isolation and quantitative real-time PCR,
RNA-seq and data analysis, ChIP-seq, ATAC-seq, ChIP-qPCR assay, and statistics
are available in SI Appendix, SI Materials and Methods.

Data Availability. All of the RNA-seq, ChIP-seq, and ATAC-seq data reported in
this paper have been deposited in the National Center for Biotechnology
Information Gene Expression Omnibus database under accession numbers
GSE134316 and GSE134317.
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