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The Tuberous Sclerosis Complex component, TSC1, functions as a
tumor suppressor via its regulation of diverse cellular processes,
particularly cell growth. TSC1 exists in a complex with TSC2 and
functions primarily as a key negative regulator of mammalian
target of rapamycin complex 1 (mTORC1) signaling and protein
synthesis, although the TSC1/TSC2 complex also shows mTORC1-
independent outputs to other pathways. Here, we explored the
role of TSC1 in various aspects of stem cell biology and dissected
the extent to which TSC1 functions are executed via mTORC1-
dependent versus mTORC1-independent pathways. Using hema-
topoietic stem cells (HSCs) as a model system, we demonstrate that
somatic deletion of TSC7 produces striking stem cell and derivative
effector cell phenotypes characterized by increased HSC cell cy-
cling, mobilization, marked progressive depletion, defective long-
term repopulating potential, and hematopoietic lineage develop-
mental aberrations. On the mechanistic level, we further establish
that TSC1 regulation of HSC quiescence and long-term repopulat-
ing potential and hematopoietic lineage development is mediated
through mTORC1 signaling. In contrast, TSC1 regulation of HSC
mobilization is effected in an mTORC1-independent manner, and
gene profiling and functional analyses reveals the actin-bundling
protein FSCN1 as a key TSC1/TSC2 target in the regulation of HSC
mobilization. Thus, TSC1 is a critical regulator of HSC self-renewal,
mobilization, and multilineage development and executes these
actions via both mTORC1-dependent and -independent pathways.

FSCN1 | hematopoietic stem cell | Tuberous Sclerosis Complex

erm-line mutation of either 7SCI and TSC2 genes causes
Tuberous Sclerosis Complex (TSC), a rare condition man-
ifesting as hamartoma formation in a wide range of tissues (1).
TSC1 and TSC2 form a stable complex and function as the
GTPase activating protein of the small GTPase, Rheb, which is
a positive upstream regulator of mammalian target of rapamycin
complex 1 (mTORC1). The TSC1/TSC2 complex thus inhibits
mTORCI activity by stimulating Rheb GTP hydrolysis (2).
mTORCI functions as the key regulator of cell growth (increase
of cell size), which is a prerequisite for cell cycle progression (3).
TSC1/TSC2-mTORCI1 signaling activities and its capacity to
regulate cell growth and macromolecular synthesis involves its
ability to control mRNA translation, ribosome synthesis, me-
tabolism-related gene expression, and autophagy (4).
TSC1/TSC2 signaling can also impact the regulation of cell
proliferation and cell adhesion/migration via interaction with
many other signaling pathways, including B-Raf, B-catenin,
ERM proteins, small GTPase Rho, and mTORC2-Akt signaling
(5-8). mTORC1 pharmacological inhibition and mutagenesis
approaches have indicated that some of these functions are
mTORCI-independent (6, 8). The extent to which TSC1/TSC2
complex operates via mTORCI1 or additional pathways in the
regulation of tissue homeostasis in vivo remains an area of active
investigation.
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Given the multitude of TSC1/TSC2 downstream targets and
the context-specific actions of TSC1/TSC2 complex interactions
with other signaling components, we elected to assess TSC1
function via genetic means in a well-defined model system that
is subject to stringent regulation of cell growth, proliferation, and
differentiation. Hematopoietic stem cell (HSC) affords such a
biological system. Adult HSCs sustain all blood lineages through-
out life via a highly orchestrated process involving a balance
between self-renewal and differentiation. HSCs exist in a rela-
tively quiescent state in the bone marrow microenvironment and
can be activated to rapidly enter cell cycle to regulate hemato-
poiesis as physiological demands dictate (9). The maintenance of
HSC reserves therefore demands strict control over quiescence,
renewal, and differentiation processes in the context of various
intrinsic and extrinsic cues (9). In contrast to considerable
information supporting the key roles of components governing
cell cycle entry in the regulation of HSC biology (10), much less
is known about the cell growth regulatory circuits governing
HSC homeostasis and its effector lineages.

In this study designed to assess the impact of somatic deletion
of TSCI in the adult hematopoietic system, an integrated genetic,
transcriptomic, functional validation and pharmacological analysis
establishes that both mTORC1-dependent and -independent TSC1
activities regulate HSC homeostasis and that the actin-bundling
protein FSCN1 serves as a key mTORC1-independent mediator of
TSC1 in the regulation of HSC mobilization.

Results

Somatic Deletion of TSC1 Leads to Fatal Bone Marrow Failure and
Multiple Lineage Defects. To dissect TSCI in vivo function in the
adult mouse and circumvent the embryonic lethality associated
with germ-line nullizygosity (11, 12), we adopted a conditional
somatic KO strategy that uses the established inducible deletor
allele Rosa26-CreERT2 (13) and the conditional KO allele
TSCI* (11). Treatment of adult mice with tamoxifen resulted in
complete deletion of 7SC! in hematopoietic organs (Fig. S1 A
and B). Within 4-7 weeks after tamoxifen treatment, all 7.SCI
KO mice exhibited constitutional signs of illness, including
weight loss (Fig. S1C), lethargy, scruffy fur, hunched posture,
and ultimately death; in contrast, 7SC/ WT mice remained
viable and healthy (Fig. 14).

Extensive analysis revealed severe multilineage defects in the
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Fig.1. Somaticdeletion of TSC7 leads to fatal bone marrow failure and multiple lineage defects. (A) Kaplan-Meier overall survival analysis of Rosa26-CreERT2",
TSC1LL(TSCT1 KO) and Rosa26-CreERT2,, TSC1Ht or Rosa26-CreERT2*, TSC1+/* (TSCT WT) after tamoxifen treatment. (B) Bar graph showing decreased percentages
of erythroid cells at different developmental stages, including proerythroblasts (population |, Ter119medCD71h), basophilic erythroblasts (population I,
Ter119MCD71M), late erythroblasts (populations IlI-IV, Ter119hCD71med and Ter119"CD71'°), in TSC7 KO bone marrow cells. (C) Bar graph showing increased
percentages of Mac-1/Gr-1 double positive (DP) cells from spleen (SP), peripheral blood (PB), and bone marrow (BM) in TSC7 KO mice. (D) Bar graph showing
decreased number of various B cell lineages in TSC7 KO bone marrow cells. (E) Bar graph showing absolute number of various subpopulations of thymic T cells,
including CD4/CD8 double-positive cells (DPC), CD4 single-positive cells (CD4 SPC), CD8 single-positive cells (CD8 SPC), and CD4/CD8 double-negative cells (DNC).

n > 3 for each genotyping. P values are shown in the bar graphs (B-E).

hematopoietic systems of 7SCI KO mice. In addition, a subset
of TSC1 KO mice developed polycystic kidney disease (data not
shown), in line with the previous report in 7SC2 mutant rat
model (14). TSCI deletion results in severe anemia as reflected
by dramatic decline in red blood cells, hemoglobin, and hemat-
ocrit counts that reached lethal levels by 40-50 days post
completing tamoxifen injection (DPI) only in the 7SCI KO mice
(Fig. S1D). Detailed analysis of erythroid differentiation indi-
cated severe reductions in total Ter119* cells in 7SC1 KO bone
marrow (Fig. S1E) and erythroid progenitors of various devel-
opmental stages (Fig. 1B), a profile consistent with decreased
survival in 7SCI KO Ter119* population (Fig. S1F) and a
significantly reduced erythroid burst-forming units (BFU-E)
and colony-forming units-erythroid (CFU-E) activities of 7SC1
KO bone marrow cells (Fig. S1G). Analysis of the myeloid
progenitor compartment (Lin~, Sca-17, c-Kit™) revealed that
TSC1 deletion leads to increased number of the granulocyte—
monocyte progenitor (GMP) and decreased number of the
megakaryocyte—erythrocyte progenitor (MEP) subpopulation
without any obvious changes in the common myeloid progenitor
(CMP) compartment (Fig. S1H). Furthermore, 7SCI KO mice
also show reduced platelet counts (Fig. S1/). Together, de-
creased erythroid survival and selective suppression of the MEP
compartment likely contribute to the anemia phenotypes ob-
served in 7SCI KO mice.

Within 30 DPI, the 7SC1 KO mice also exhibited myelopro-
liferative disease characterized by a significantly higher percent-
age of Gr-1*/Mac-1" cells in bone marrow, spleen, peripheral
blood (Fig. 1C and Fig. S24), and abundant chloroacetate-
esterase-positive myeloid cells in spleen and liver (Fig. S2B).
TSC1 KO animals also developed extensive extramedullary
haematopoiesis with splenomegaly (Fig. S2C), increased spleen
cellularity (Fig. S2D), and effaced splenic architecture caused by
expanded numbers of myeloid cells and megakaryocytes (data
not shown). Furthermore, CFU-C assays showed dramatic in-
creased representation of myeloid colony formation from
splenocytes in the 7SCI KO samples compared with WT con-
trols (Fig. S2E)

Severe progressive B and T lymphoid defects were also evident
in the 7SCI KO mice. By 30 DPI, TSC1 KO mice showed
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dramatic reduction of peripheral blood lymphocytes (Fig. S3 A
and B) and total and various subpopulation of bone marrow
B220" cells (Fig. 1D). Correspondingly, there was significant
increase of apoptosis and cell death in 7SC/ KO B220*"IgM~
cells (Fig. S3C) and decreased pre-B colony-forming activity in
vitro only in 7SCI KO bone marrow cells (Fig. S3D). Finally,
TSC1 KO mice also exhibited a progressive reduction in thymus
weight (Fig. S3E) and cellularity (Fig. S3F) and a dramatic
decrease in thymic CD4*/CD8" cells (DPC) (Fig. 1E and Fig.
S3G). In summary, 7SC! deficiency causes severe multilineage
defects characterized as anemia, myeloid expansion, and sup-
pression of lymphoid lineage development.

TSC1 Deficiency Causes Short-Term Expansion, but Provokes Long-
Term Reduction of HSC Reserves and Repopulating Potential. The
severe multilineage defects in 7.SC7 KO mice prompted detailed
examination of HSC and hematopoietic progenitor populations.
Quantitative RT-PCR from various sorted hematopoietic stem
and progenitor populations showed that TSC1 is expressed in
most of the hematopoietic cells tested, but most highly expressed
in the Lin~, Sca-1*, c-Kit™ (LSK) CD34~ HSCs (Fig. S4A4).
Consistent with TSC1 function in the regulation of protein
synthesis and cell size, TSC! deletion is associated with an ~10%
increased average cell size of the LSK compartment (Fig. S4 B
and C).

The LSK cells are comprised of a heterogeneous mixture of
long-term HSCs (LT-HSCs; LSK CD34~ Flt-37), short-term
HSCs (LSK CD34* Flt-37), and multipotent progenitors (LSK
CD34" Flt-3*) (15, 16). Correspondingly, multiparameter flow
cytometry revealed that documented complete 7SCI deletion
(Fig. S4A) results in marked acute increase in both percentage
and absolute number of HSC-enriched LSK cells in bone marrow
immediately after completion of tamoxifen treatment (0, 1, and
3 DPI; Fig. 2B and Fig. S4D), an effect observed in all subpopu-
lations of LSK cells, particularly the LT-HSCs in the 7.SCI! KO
mice at 3 DPI (Fig. S4E). However, such expansion of the LSK
population in 7SCI KO bone marrow was transient, because
serial analysis shows decreasing LSK cell numbers in the 7SC1
KO mice beyond 10 DPI (Fig. 2 4 and B).

This pattern of acute and transient expansion of LSK popu-
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Fig. 2.

TSC1 regulates HSC quiescence and mobilization. (A) Flow cytometry analysis of LSK cell from bone marrow at 30 DPI from representative 7SC7 KO and

WT mice. The averaged percentage of LSK population from the Lin~ population is also indicated. (B) Bar graph showing the absolute numbers of LSK cells per
femur and tibia at various DPIs in TSC7 KO and WT mice. Pvalue and the number of mice of each genotype at each time point are indicated. (C) Bar graph showing
the percentage of BrdU-positive LSK cells in bone marrow in TSC7 KO and WT mice at 3 and 30 DPI. n = 3 for each genotype. P value for each day is indicated.
(D) Recipient mice from competitive transplantation were analyzed by CD45 staining to examine the contribution of donor-derived cells in peripheral blood at
various time points before or after tamoxifen treatment. Fifteen recipients for each genotype were used in competitive transplantation. *, P> 0.1; **, P < 0.01.
(E) Flow cytometry analysis of LSK cell from spleen at 35 DPI from representative TSC7 KO and WT mice. The averaged percentage of LSK population from Lin~
population is also indicated. (F) Bar graph showing the percentage of LSK cells from spleen in TSC7 KO and WT mice at various DPIs as indicated. n > 3 for each
genotype at each time point. *, P < 0.01. (G) Kaplan—Meier overall survival analysis of lethally irradiated hosts transplanted with TSC7 KO splenic LSKs or vehicle
control. n = 6 for each genotyping. (H) Bar graph showing the percentage of LSK cells from spleen in TSC7 KO and WT transplants [tamoxifen-treated WT recipient
mice reconstituted with Rosa26-CreERT2*, TSC1LL (TSCT KO) and Rosa26-CreERT2~, TSC1HL (TSC1 WT) BM cells]. n = 6 for each genotyping.

lation followed by its contraction is suggestive of 7SCI deficiency
leading to enhanced HSC exit from quiescence without self-
renewal maintenance leading to exhaustion of its reserve. Ac-
cordingly, 7-amino-actinomycin D (7-AAD)/Annexin-V staining
of the LSK compartment showed no obvious difference in
apoptosis between 7SCI KO and WT controls at different time
points we examined (1, 3, 14, and 30 DPI; data not shown). In
contrast, BrdU labeling revealed significantly higher percentage
of BrdU-positive cells in 7SC1 KO LSK cells relative to WT LSK
controls at 3 DPI, but not at 30 DPI (Fig. 2C).

Next, competitive and noncompetitive transplantation assays
were performed to assess the impact of TSC1 status on HSC
repopulating ability in vivo. Bone marrow cells from TSCIL/L,
Rosa26-CreERT? or littermate WT mice were transplanted into
lethally irradiated mice, followed by tamoxifen treatment 5-6
weeks posttransplantation to delete 7SCI in hematopoietic
systems in the recipient hosts (Fig. S54). Before tamoxifen
treatment, flow cytometry analysis of peripheral blood showed
that 7SCI KO and WT bone marrow cells possessed similar
reconstitution activity in both noncompetitive and competitive
settings. However, with tamoxifin treatment, 7SCI! KO trans-
plants exhibited progressively diminished repopulating potential
relative to WT controls, commencing at 2 weeks posttamoxifen
treatment and thereafter (Fig. 2D and Fig. S5B). At 16 weeks
posttamoxifen treatment, bone marrow analysis of TSCI KO
transplants showed reductions in all hematopoietic lineages
examined (Fig. S5 C and D). Together, the data indicate that
TSC1 is essential for proper HSC cell cycle control and the
maintenance of repopulating potential, prompting us to propose
that a failure to maintain quiescence in 7SCI KO mice results in

19386 | www.pnas.org/cgi/doi/10.1073/pnas.0810584105

transient expansion, yet long-term decline, in the bone marrow
LSK population and hematopoiesis support of the periphery.

Deletion of TSC1 Results in HSC Mobilization. Adult HSCs normally
reside in the bone marrow microenvironment and are minimally
present in extramedullary sites (17). In the TSCI KO mice, we
observed that the decrease in LSK cells in the bone marrow
coincided with a dramatic increase in LSK cells in the extramed-
ullary sites, including peripheral blood (data not shown) and
spleen (Fig. 2E). Increased LSK cell numbers in 7SC! KO
spleens were first evident as early as 1 DPI and rose steadilyy
thereafter to a 7- to 10-fold increase of the percentage of LSK
cells by 30 DPI (Fig. 2F). This fold increase is likely an
underestimate given the significantly increased cellularity of the
TSCI KO spleens (Fig. S2D). Furthermore, these 7SC! KO
splenic LSK cells could support lethally irradiated mice via
transplantation for at least 16 weeks (Fig. 2G), suggesting that
these HSCs possess some degree of functional repopulating
potential. Additionally, the 7SCI KO transplants described
above (Fig. 2D) also displayed the HSC mobilization phenotype
(Fig. 2H). Collectively, these data point to an HSC intrinsic role
for TSC1 in the maintenance of a productive interaction between
the HSC and its bone marrow niche that serves to constrain HSC
mobilization and extramedullary hematopoiesis.

TSC1 Operates via both mTORC1-Dependent and -Independent Mech-
anisms to Regulate HSC Biology. To begin to understand the role
of mTORCI-dependent and -independent signaling in TSC1-
directed HSC biology, we assessed the impact of mTORCI1
pharmacological inhibition on 7SCI KO HSC self-renewal,

Gan et al.
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Fig. 3.

Rapamycin treatment reveals both mTORC1-dependent and -independent TSC7-deficient phenotypes in HSC. (A) Bar graph showing the percentage

of B220* B cells, Ter119+ erythroid cells in bone marrow and CD4*/CD8 T cells in thymus from the mice shown in Fig. S6A. n = 3 for each genotype. (B and C)
Scatter plots showing the percentage of LSK cells from spleen (B) and bone marrow (C) of the mice at 4 DPI as shown in Fig. S6F. (D) Bar graph showing the
percentage of donor-derived cells in peripheral blood from 1 week before and 16 weeks after tamoxifen treatment. n = 3 for each genotyping. See S/ Text for

a detailed description of rapamycin treatment of TSC7 KO transplants.

mobilization, and lineage development. We administered daily
rapamycin or vehicle control to 7SCI KO and WT mice from 30
DPI thereafter, a time frame during which severe hematopoietic
defects are well-established (see above) (Fig. S6A4). Importantly,
we first documented that rapamycin treatment indeed reversed the
hyperactivation of the mTORCI1-S6K signaling axis in 7SCI KO
mice; note the restoration of S6 phosphorylation to levels detected
in TSCI WT mice treated with vehicle (Fig. S6 B and C).

Within several days of rapamycin treatment, the 7.SC1 KO
mice were noticeably more active and healthier than vehicle-
treated 7SC1 KO controls, which experienced progressive illness
and death 7-15 days into the treatment protocol (i.e., 37-45
DPI). Rapamycin treatment produced a prominent rescue of
myeloid expansion in spleen (Fig. S6F), restored bone marrow
B220* B cells and thymic CD4*/CD8" cells (Fig. 34), and
reversed anemia (Fig. S6D) with normalization of bone marrow
Ter119+ cells (Fig. 34). Thus, TSCI regulation of lineage
development is mediated largely through the mTORCI pathway.

Notably, certain 7SC1 KO phenotypes were unaffected by the
rapamycin treatment. Specifically, rapamycin-treated 7SCI KO
mice continued to exhibit increased LSK cells in the spleen (data
not shown). One explanation may be that HSCs have already
been mobilized to the spleen at the time rapamycin treatment
was initiated at 30 DPI. To address this, we also subjected mice
to prophylactic rapamycin administration. To that end, at the
time of tamoxifen treatment, we initiated daily rapamycin or
vehicle protocols to 7.SCI KO and WT mice. The continuously
treated mice were analyzed at 4 DPI (Fig. S6F), revealing
minimal impact of rapamycin treatment on LSK splenic mobi-
lization in 7SCI KO mice (Fig. 3B), but clear reversal of LSK
expansion in the BM (Fig. 3C). Continuous rapamycin treatment
up to 14 DPI still had very limited effect on splenic mobilization
in TSC! KO mice (Fig. S3G). Finally, rapamycin treatment
blocked the long-term exhaustion of HSC reserve (data not
shown) and restored the defective long-term repopulating ca-
pability in 7SC1 KO transplants (Fig. 3D) Taken together, TSC1
acts through mTORCI1 to regulate HSC quiescence and long-
term repopulating capability, but acts through an mTORCI1-
independent mechanism to regulate HSC mobilization to the
periphery.

FSCN1 Plays a Key Role in Mediating TSC1 Regulation of HSC Mobili-

zation. To gain insight into the mechanistic basis for the
mTORCI1-independent regulation of HSC mobilization by
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TSC1, we performed comparative transcriptome analysis of
sorted LSK cells from 7SCI WT and KO bone marrows at 3 DPI
(Fig. 44). Note at 3 DPI, there is documented 7SC! deletion in
TSCI KO LSK cells (Fig. S44), yet no discernable bone marrow
failure phenotype (see above). It is worth noting that, although
the TSC1/TSC2 complex mainly functions to regulate protein
synthesis through mTOR, transcriptomic network analysis can
readily identify targets/pathways modulated by TSC1 via its
engagement of other signaling outputs.

The TSCI KO transcriptome contains ~200 significantly
differentially expressed genes, 116 down-regulated, 95 up-
regulated (Table S1). Knowledge-based pathway analysis of
these genes showed significant enrichment of genes involved in
the amino acid biosynthesis/metabolism pathway (Table S2),
consistent with TSC1’s major functions in protein synthesis and
metabolism. In addition, there was enrichment for known reg-
ulators of cell migration/adhesion and homing, including CCR9,
Cdc42, FSCNI, ID2, and Racgapl (Rac GTPase activating
protein 1) (Table S2). Differential expression was validated by
quantitative RT-PCR in the 7SCI KO HSCs (Fig. 4B).

To test whether these cell migratory genes might mediate
TSC1 regulation of HSC mobilization, we focused on FSCN1, an
actin-bundling protein with known functions in cell mobilization
(18). The selection of FSCN1 was based on the observations that
(i) it is 1 of the most significantly up-regulated genes upon TSC1
deletion, and (if) rapamycin treatment has no impact on FSCNI
expression in 7SC! KO HSCs (Fig. 4C), whereas rapamycin
treatment restores the expression of Cdc42, CCRY, and Racgapl
(data not shown). Because our data in the transplantation
experiments indicated intrinsic regulation of HSC mobilization
by TSCI1, we used the transplantation approach to further
examine the role of FSCNI1 in TSCl-mediated HSC mobiliza-
tion. In the transplant studies, 7SCI WT and KO bone marrow
cells were infected with scramble or FSCN1 shRNA-expressing
lentivirus and then transplanted into lethally irradiated mice.
FSCN1 shRNA causes 80% expression knockdown in 7SC1 KO
HSCs, i.e., FSCNI expression levels similar to those in 7SCI WT
HSCs (Fig. 4D Left). Remarkably, FSCNI knockdown in TSCI
KO transplants significantly blocked the HSC mobilization
phenotype (Fig. 4D Right). Thus, FSCN1 is a validated key
mediator of TSC1 in the regulation of HSC mobilization.
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Discussion

Here, we establish a role for TSC1 as an essential regulator of
HSC homeostasis. Consistent with the major function of TSC1
as the negative regulator of mTORCI, rapamycin treatment
shows that the TSC-mTORCI axis controls HSC quiescence
maintenance, long-term repopulating potential, and lineage
development, but that HSC mobilization is controlled primarily
by a TSC-mTORCI-independent pathway. Integrated transcrip-
tomic and functional analyses identified the cell mobility protein,
FSCNI1, as at least 1 key mediator of this TSCl-dependent,
mTORCI-independent process (Fig. 4F).

FSCNL1 is an actin-cross-linking protein and plays an impor-
tant role in the regulation of cytoskeleton reorganization and cell
motility. FSCN1 has been shown to be up-regulated in a number
of human cancers and functions to promote cancer cell migration
and invasion (18). Interestingly, FSCN1 has been identified as a
transcriptional target of B-catenin/T cell factor (TCF) signaling
(19), and this signaling can be inhibited by the TSC1/TSC2
complex (7). Whether TSC1/TSC2 regulates FSCN1 via B-cate-
nin/TCF signaling awaits further investigation. Because abnor-
mal stem cell mobilization often correlates with neoplastic

19388 | www.pnas.org/cgi/doi/10.1073/pnas.0810584105

transformation and metastasis (17), our findings prompt spec-
ulation that TSC1 regulation of FSCN1 might play a role in the
dissemination of hematopoeitic cells in the cancer setting.

The phenotypes from our 7SCI-deficient mice share many
similarities with those of previously reported PTEN KO mice
(20, 21), including increased proliferation, but not aberrant
apoptosis, leading to short-term expansion, but long-term de-
pletion of HSCs, HSC mobilization to extramedullary sites,
lineage development defects with blockade of lymphocyte de-
velopment, and expansion of myeloid development. Our study
thus provides direct genetic evidence that the TSC-mTORCI1
pathway is an important downstream target of the PI3K-PTEN-
Akt pathway to regulate HSC biology. At the same time, it is
important to note that the phenotypic impacts of T7SCI versus
PTEN deletion are not identical. For example, the myeloprolif-
erative disease phenotype in 7SCI KO mice is much less severe
than in the PTEN KO model, which progresses to leukemia.
Nevertheless, the TSC1/TSC2 complex may still be an important
target of PTEN's actions as evidenced by 7SCI deletion in an
experimental model of thymic lymphoma (22). At the same time,
the PTEN versus TSC1 phenotypic differences provide genetic
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evidence that the actions of PTEN extend beyond its regulation
of the TSC1/TSC2 complex. Along these lines, our recent studies
(23) and those of others (24) show that the FoxO transcriptional
factors can serve as important regulators of HSC homeostasis.
Specifically, conditional deletion of FoxOs in adult murine
hematopoietic system results in a phenotype with similarities to
that of PTEN-deficient mice (23). Thus, the findings of this TSC1
study, together with the PTEN and FoxO studies (20, 21, 23, 24),
support the view that the TSC-mTORCI1 and FoxO pathways
collectively serve as 2 key downstream effector arms of PI3K-
PTEN-AKkt signaling in the regulation of HSC self-renewal. The
extent to which the TSC1/TSC2 and FoxO signaling arms are
interconnected will require further investigation as current
models of feedback regulation do not adequately rationalize the
concordance of HSC phenotypes.

Materials and Methods

Generation and Analysis of Mice. Rosa26CreERT2* deletor mice (13) were
crossed with TSC7 L/L mice (11) to generate TSCT L/+, Rosa26CreERT2" mice.
TSCT1 L/+, Rosa26CreERT2™" mice were backcrossed 5 generations into C57BL/
Ka-CD45.2:Thy-1.1 background, which were then intercrossed to generate
mice of the desired genotypes. Recipients in transplantation assays were adult
C57BL/Ka-CD45.1:Thy-1.2 mice (Jackson Laboratory). The protocols for tamox-
ifen administration and rapamycin administration are described in S/ Text.

Flow Cytometric Analysis. LSK, GMP, MEP, and CMP populations were analyzed
and sorted by using FACSAria (Becton Dickinson) as reported (23). Apoptosis
was determined by staining freshly harvested bone marrow mononuclear cells
with lineage, stem, and progenitor markers, followed by Annexin V and
7-AAD staining. Cell cycle analysis was carried out as reported (25). Additional
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analyses were carried out on a 4-color FACSCalibur cytometer (Becton Dick-
inson) with a minimum of 10,000 events acquired. The data were analyzed by
FlowlJo and CellQuest softwares. Additional details are provided in SI Text.
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