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Abstract

Hematopoietic stem cell (HSC) differentiation is regulated by cell-intrinsic and extrinsic cues. In
addition to transcriptional regulation, post-translational regulation may also control HSC
differentiation. To test this hypothesis, we visualized ubiquitin-regulated protein stability of a
single transcription factor, c-Myc. The stability of c-Myc protein was instructive of HSC
guiescence and c-Myc protein abundance was controlled by the ubiquitin ligase Fbw7. Fine
changes in stability of c-Myc protein regulated the HSC “gene expression signature”. Using whole
genome genomic approaches, we identified specific regulators of HSC function that are directly
controlled by c-Myc binding, however adult HSCs and embryonic stem cells sense and interpret
distinctly c-Myc regulated gene expression. These studies show a ubiquitin ligase substrate pair
can orchestrate the molecular program of HSC differentiation.
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Hematopoietic stem cell (HSC) self-renewal and quiescence are controlled by a highly
orchestrated integration of environmental signals, most of them originating from the stem
cell nichel, 2. Long term HSCs (LT-HSCs) reside at the top of the developmental pyramid
as they possess the ability to self-renew and sustain hematopoiesis®. This fraction of HSCs
remains largely quiescent or even dormant throughout the lifetime of an organism. Cells that
receive differentiation-promoting niche signals are able to generate multi-potent progenitors
(MPPs), cells that have diminished self-renewal and can enter further differentiation routes
that will lead them to generate progenitors of the myeloerythroid or lymphoid lineages.

Intense experimentation during the last two decades suggested that tight control of HSC
differentiation is controlled by the interplay of a handful genetic and epigenetic regulators of
gene transcription?, 3. However, transcriptional control is unlikely to provide the complete
answer to the puzzle of stem cell differentiation. It is thus intriguing to suggest that post-
transcriptional or even post-translational regulation plays an essential role. The emergence
of microRNA function in both embryonic and adult stem cell biology is one example®.
Another emerging paradigm of post-translational modification is mono- or
polyubiquitination of protein substrates leading to alteration of target half-life or
modification of activation status. Ubiquitination is performed by large enzymatic complexes
that include ubiquitin activating and conjugating components as well as adapters that dictate
substrate specificity’, 8. One of the most important and well-characterized outcomes of
protein ubiquitination is targeting to and subsequent degradation by the proteasome. By
controlling protein stability and abundance, ubiquitin ligases regulate distinct biological
processes, including cell cycle entry and progression?®.

Previous studies have suggested that ubiquitination, proteosomal degradation and protein
stability could also control stem cell function in different organisms19-13, These studies
introduced the intriguing hypothesis that fine-tuning of the half-life, stability and abundance
of key regulators by the ubiquitin—proteasome machinery could control HSC function,
specifically, self-renewal and differentiation. Testing this hypothesis in vivo is a challenging
task as it requires quantitative assessment of substrate abundance in small stem cell and
progenitor subsets. To overcome this limitation, we utilized gene-targeted mice in which
relative protein abundance can be studied in vivo using flow cytometry and microscopy. As
a model ubiquitin-substrate, we selected the transcription factor c-Myc, a well-known
oncogene and developmental regulatorl4, 15, c-Myc expression and function has been
suggested to be important for HSC differentiation and more specifically for HSC niche
retention and survivall6, 17. However, the molecular mechanism by which c-Myc controls
HSC function is largely unknown. For example, similar amounts of Myc mRNA are detected
in HSC and differentiated progenitors8. This finding introduces the hypothesis that c-Myc
functions in stem and progenitor cells are more likely to be controlled post-translationally
rather than at the level of transcription. Moreover, several studies have shown that c-Myc
protein stability is controlled by the ubiquitin system. At least three distinct E3 ligases
(Skp2, Huwel and Fbw7)18-20 are involved its regulation.

We demonstrate here that relative abundance of nuclear c-Myc protein was instructive of
HSC quiescence and self-renewal status, and c-Myc stability in HSC was controlled by a
single E3 ubiquitin ligase, Fbw7. Deletion of Fbw7 led to the overexpression of c-Myc
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protein in single HSC cells and reduction of c-Myc abundance rescued the Fbw7~/~ HSC
phenotype. Moreover, we demonstrate that the HSC gene expression signature was
controlled by fine changes in relative stability of c-Myc protein and identify specific gene-
regulators of HSC quiescence and self-renewal. Whole genome chromatin
immunoprecipitation experiments identify genes that are directly regulated by c-Myc
promoter-binding and transcriptional activity. Finally, we contrast adult HSC with in vitro
self-renewing embryonic stem cells (ESCs). We demonstrate that each stem cell type is able
to sense and interpret c-Myc abundance and c-Myc-regulated gene expression in distinct
ways. Our studies offer the first example of an ubiquitin ligase—substrate pair able to
orchestrate the molecular program of adult mammalian stem cell differentiation.

c-Myc protein abundance in single HSC and progenitors

To visualize c-Myc protein abundance in vivo, we took advantage of a recently generated
animal model?L, in which the eGFP reporter replaced the start codon of Myc within the
second exon in the Myc locus, generating a functional N-terminally tagged c-Myc protein
that faithfully mirrored the expression of endogenous protein. MyceSFP/eGFP homozygous
mice were viable, with no alterations in the kinetics of hematopoietic differentiation or
immune function. MyceCFP was not expressed in lineage-positive (Lin*), mature bone
marrow (BM) cells, but its expression became evident when we focused on Lin~ progenitors
(Fig. 1a—c). The highest expression of c-Myc (Myc-eGFP) was detected in the
myeloerythroid progenitor fraction (MP), a cell population that originates directly from
Lin~, Sca-1*, c-Kit* (LSK) cells and is actively proliferating. To further validate the faithful
expression of the c-Myc-eGFP fusion, we purified wild-type Lin~ c-Kit* progenitors and
Lin* cells from whole bone marrow. Endogenous c-Myc protein was only expressed in the
progenitor fraction (Fig. 1d). These experiments showed that c-Myc protein expression was
detectable in the LSK fraction and peaked at the MP stage in adult bone marrow.

c-Myc protein correlates with HSC differentiation

We noticed that LSK cells, a population containing HSCs and multipotential progenitors,
possessed both a c-Myc-eGFP* and a c-Myc-eGFP~ fraction (Fig. 1e). HSCs differentiate
through intermediate stages, generating at least two subsets of multipotential progenitors
(MPP1 and MPP2)22, Only long-term (LT)-HSCs have the ability to self-renew and are
largely quiescent or even dormant22. Therefore, we subdivided the LSK fraction using both
SLAM markers (CD150 and CD48) (Fig. 1f and Supplementary Figure 1) and Flt-3 with
CD34 (not shown). A substantial increase in c-Myc protein (Fig. 1f) correlated perfectly
with differentiation stage as, LT-HSCs were almost (>95%) exclusively c-Myc-eGFP~
whereas the MPP1 fraction was the first subset with detectable c-Myc protein and further
increases c-Myc protein abundance occurred in more differentiated CD150~CD48* MPP2
cells. To examine whether the c-Myc expression changes that we observed were
independent of transcriptional control, we compared Myc mRNA expression in the different
populations. Myc transcription was not elevated as LT-HSCs differentiated (Fig. 1),
suggesting that the protein changes that we identified were largely due to post-
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transcriptional mechanisms. These data connect relative c-Myc protein abundance to
specific stages of HSC differentiation.

Effects of extrinsic stress signals on c-Myc expression

We then sought to determine whether environmental cues, for example stress or tissue
injury, could feedback on LSK proliferation and c-Myc protein abundance. Initially, we
discovered that c-Myc protein abundance was not only suggestive of the differentiation
stage but also dictated cell cycle status. Indeed, c-Myc-eGFP!® LSK cells were exclusively
in GO/G1 phases and c-Myc-eGFP"i cells were actively cycling (Fig. 1h). Moreover, as
tissue injury can induce exit of HSCs from quiescence, we used the chemotherapeutic agent
fluorouracil (5-FU) to induce myeloablation, a process that normally activates quiescent
HSCs?23. Consistent with this notion, a 2-3 fold increase of LSK numbers from 5-FU treated
MyceCFP* mice had entered cell cycle 2 days post treatment when compared to non-treated
controls. Most importantly, these cells purified from 5-FU treated animals demonstrated
substantially increased amounts of c-Myc protein (Supplementary Fig. 2). These
experiments show that extrinsic stress signals can affect c-Myc protein expression in
primitive hematopoietic progenitors, illustrating an intriguing feedback regulation.

c-Myc protein expression predicts self-renewal status

These observations suggested that c-Myc protein abundance (but not mRNA) could dictate
the potential of HSCs to self-renew and influence their ability to differentiate. To test this
hypothesis we used fluorescence activated cell sorting (FACS) to divide the LSK population
into c-Myc-eGFPN and c-Myc-eGFP!© cells (Fig. 2a). To achieve an estimate of the
differentiation capacity of these two populations, we seeded each subset on colony forming
unit (CFU) assays using cytokine-supplemented methylcellulose media. The first plating
showed that the c-Myc-eGFPNi fraction had an increased (two to three fold) capacity to
generate colonies, however, replating of the sorted c-Myc-eGFPN expressing LSKs yielded
a total inability in colony formation, reflecting a putative loss in in vitro self-renewing
capacity. In contrast, the c-Myc-eGFP!° population efficiently generated colonies after the
first replating, retaining characteristics of bona fide self-renewing HSCs (Fig. 2b). To
support these observations with in vivo studies, competitive reconstitutions were performed
using 1000 LSK cells purified from both fractions (expressing the marker CD45.2). In
agreement with the in vitro studies, c-Myc-eGFP'© cells had the ability to efficiently
compete (50:50) and generate all mature lineages as well as stem and progenitor cells 25
weeks after transplantation (Fig. 2c,d). On the other hand, c-Myc-eGFPN cells were less
efficient (6-10% that of the c-Myc-eGFP!° population) in generating long-term chimerism,
suggesting that this population is largely devoid of LT-HSC activity (Fig. 2¢,d). A previous
study suggested that aging could affect differentiation ability of HSCs due to aberrant DNA
repair24. As all the experiments described above were performed using 6-10-wk-old animals
we asked whether the c-Myc-dependent regulation of HSC self-renewal is a central control
mechanism in adult HSCs independently of HSC age. We repeated these experiments using
aged (>60-wk-old) HSC. As shown in Supplemental Figure 3a, old and young HSCs
demonstrate identical c-Myc-eGFP profiles. Colony assays and bone marrow transplantation
assays further proved that relative abundance of c-Myc protein dictate LSK long-term
reconstitution ability (Supplementary Figure 3b and data not shown). These findings support
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the notion that the abundance of c-Myc protein expression can predict the HSC stage and
that upon c-Myec protein stabilization HSC cells lose their ability to self-renew.

Fbw?7 regulates c-Myc protein abundance in adult HSC

These observations suggested that c-Myc-regulated adult HSC self-renewal could be
controlled by a post-transcriptional and likely a post-translational mechanism of regulation.
To start probing this hypothesis, we studied the expression pattern of three enzymes,
members of the ubiquitin-proteasome system (UPS) that have been previously suggested as
putative regulators of c-Myc protein stability (Huwel, Skp2, Fbw7)Z5. One of these genes,
Fbw7, demonstrated a reciprocal expression pattern when compared to c-Myc-eGFP protein
expression (Fig. 1g). To further examine whether Fbw7 controls c-Myc protein stability in
HSCs, we generated Mx1-Cre*Fbw710X/flox\jyceGFP/EGFP mjce. Mx1 is an type | interferon
(IFN)-inducible promoter28 that is activated by intra-peritoneal injection of polyl-polyC
resulting in inducible expression of Cre-recombinase and subsequent deletion of the Fbw7
locus. We reasoned that if c-Myc is a bona fide substrate of Fbw?7 in HSCs then deletion
should significantly stabilize the c-Myc protein, an effect that will correspond to an elevated
eGFP mean fluorescence intensity. Consistent with this hypothesis, c-Myc-eGFP abundance
in polyl-polyC injected Mx1-Cre*Fbw7flox/floxnjyceGFPIEGFP | SK cells was substantially
higher than their control, polyl-polyC injected Mx1-Cre*Fbw7*/*MyceGFPIEGFP counterparts
(Fig. 3a). More importantly, c-Myc protein was more stable in the LT-HSC compartment as
defined by the SLAM markers CD150 and CD48 upon deletion of Fbw?7. (Fig. 3b). Such
stabilization was also evident in both the MP subset and in thymic CD4-CD8™ double
negative (DN) T cell progenitors. Moreover, there were no significant differences on the
abundance of Myc mMRNA expression between the different genotypes (not shown). Thus,
these data provide in vivo support of the interaction between c-Myc protein stability and
Fbw7 enzymatic function in HSCs.

Reduction of c-Myc rescues Fbw7~/~ HSC phenotypes

To further prove the relevance of c-Myc stabilization in Fbw7~/~ LSK cells, we attempted to
rescue the Fbw7 deficiency-induced HSC phenotype by decreasing the c-Myc protein
expressionl4. As total c-Myc deficiency completely abrogates HSC differentiation1®, 17 (Fig.
3e), we generated Fbw7~/~ LSK cells that lack a single copy of c-Myc (Mx1-
Cre*Fbw7flox/flox\ycflox/+) “Deletion of a single Myc allele rescued LSK numbers, cell cycle
status and in vitro self-renewal capacity (Fig. 3c—€). The combined data illustrated in Fig. 2
and Fig. 3 suggest that c-Myc protein stability in HSCs is largely controlled by the activity
of the Fow?7 ligase. These results are consistent with our studies that were unable to detect
stabilization of additional Fbw?7 substrates (Notch1/3, c-jun, cyclin E) in Fbw77/~
hematopoietic progenitors (data not shown and 12).

Fbw7—c-Myc interplay controls LT-HSC differentiation

The previous observations led us to predict that Fbw7 deletion should decrease LT-HSC
absolute cell numbers and, conversely, Myc deletion should — at least phenotypically —
expand the HSC subset. To test this hypothesis, we initially induced Fbw7 deletion using the
Mx1-Cre model (Mx1-Cre*Fbw7f1oX/flox mice). Deletion of Fbw7 rapidly led to a significant
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decrease in LSK frequency (Supplemental Fig. 4a). Likewise, within the LSK subset, there
was an obvious decline in the frequency and total cell number of CD150* CD48~ LT-HSC
subset (Supplemental Fig. 4b,c) suggesting that Fbw7 deletion promotes the LT-HSC to
MPP developmental transition and explaining the loss of LT-HSC activity observed in
Fbw7~/~ animals. On the other hand, inducible deletion of Myc lead to an opposite
phenotype characterized by the accumulation of CD150M, FIt3~, CD34~ LT-HSC-like cells
(Supplemental Fig. 4d—g). These results further support in vivo the role of the antagonistic
interplay between the ubiquitin ligase (Fow7) and substrate in the differentiation and self-
renewal capacity of HSCs.

c-Myc abundance controls the molecular program of HSC

To further understand the mechanistic impact of c-Myc protein stabilization in HSCs, we
purified c-Myc-eGFPN and c-Myc-eGFP!© subsets and used whole-genome transcriptome
analysis to define the gene expression signatures of each population. A substantial alteration
of the gene expression program accompanies the transition from c-Myc-eGFP'° to c-Myc-
eGFPhi stages (Fig. 4a). Indeed, stabilization of c-Myc protein correlated with upregulation
of cell cycle (including Cendl, CcnA2, Bubl, Aurka, Skp2, Cdk2), transcription (including
Nargl, Tcergl, 11f3, E2F2, E2F3) and epigenetic (including Ezhl, Suv39h2) regulators.
Consequently, a large number of genes known to regulate HSC self-renewal (including Evil,
Eyal, Meisl, Hoxa5/9, Hoxb3, Cdknlc, Egrl) were significantly down-regulated in the c-
Myc—-eGFPN subset. Further analysis has revealed a striking overlap of gene expression
signatures between c-Myc—eGFPN and Fbw7~/~ LSKs (Fig. 4a) underlining the close
biological connection between the two molecules and further explaining the loss of self-
renewal capacity of Fbw7~/~ HSCs. Further studies using the Gene Set Enrichment Analysis
(GSEA) tool?” provided additional information on shared gene clusters between the c-Myc-
eGFP!° versus c-Myc-eGFPM signature and publicly available datasets. A sizable correlation
exists between the c-Myc-eGFP!° gene signature and several published HSC-related datasets
(Fig. 4b). Conversely, the c-Myc-eGFPNi signature was significantly enriched in datasets
presenting genes that positively control cell cycle progression, DNA replication and c-Myc-
induced genes in different cell types28—20, Similarly, KEGG pathway/DAVID database
analysis showed significant enrichments associated with cell cycle, DNA replication, and
metabolism in the c-Myc-eGFPN population (not shown). Interestingly, further GSEA
analysis revealed significant enrichment of TGF- and Wnt—f-catenin pathway-regulated
genes in the c-Myc-eGFP'° signature (Fig. 4c and Supplementary Fig. 5). Both pathways
have been implicated in the regulation of HSC differentiation and self-renewal3!, 32, These
studies correlate the relative abundance of a single transcription factor to the gene
expression signature that defines HSC quiescence and self-renewal.

Identification of genes directly controlled by c-Myc

These results are of unique significance as they suggest that c-Myc protein stability is a
central regulator of gene expression programs that influence HSC self-renewal, transcription
and cell cycle entry. To further explore the mechanism of c-Myc-controlled gene regulation
we have compared the identified microarray signatures to our whole genome Chromatin
Immunoprecipitation (ChIP2) datasets that contain loci occupied by c-Myc factors in c-Myc-
expressing leukemia (T-ALL) cells33. This comparison demonstrated a significant

Nat Immunol. Author manuscript; available in PMC 2010 September 01.



1duosnuely Joyiny |AHH duosnuely Joyiny [INHH

1duosnuey Joyiny [INHH

Reavie et al.

Page 7

enrichment for genes overexpressed in the c-Myc-eGFP subset within the TALL Chip?
dataset (Fig. 5a). The majority of these genes also belonged to functional categories related
to cell cycle progression, transcription, translation and epigenetic control (Fig. 5 and
Supplemental Figure 6). To demonstrate the validity of these whole-genome wide ChIP?
studies we have selected ten genes previously suggested to play important roles in the
regulation of cell cycle progression, gene translation and transcription. Using this model-
gene subset we performed conventional ChIP. As predicted, the c-Myc binding sites on the
promoters of all these genes were indeed occupied by the c-Myc factor (Fig. 5b).

As the presented database was generated using human c-Myc-expressing hematopoietic
tumor (leukemia) cells we sought to further validate these studies using mouse c-Kit-
expressing stem and progenitor cells. We were able to demonstrate that the genes bound by
c-Myec illustrated in Fig. 5b were also transcriptionally regulated by c-Myc in BM HSCs and
progenitor cells (Fig. 5b,c and Supplementary Fig. 7). These genes were expressed in wild-
type HSCs, highly expressed in the c-Myc-eGFPN subset and silenced in HSCs purified
from compound Myc™~ mice (Myc and Mycn)18. To further rule out the possibility that
present findings were biased due to the ChIP database used, we selected a group of genes
that are overexpressed in the c-Myc-eGFPM LSK subset and also have highly conserved
(between mouse and human) putative c-Myc binding sites. We performed conventional
ChIP using highly purified bone marrow Lin~ c-Myc-eGFP" progenitors and showed that a
significant portion of these genes promoters were indeed bound by c-Myc factors (Fig. 5c¢).
Collectively, these studies demonstrate a mechanistic correlation between c-Myc protein
abundance, binding on regulatory DNA sites and transcriptional control of HSC
differentiation.

Fbw7:c-Myc axis in fetal liver hematopoietic cells

We next sought to test the importance of the c-Myc stability in a stem cell population
closely related to adult HSCs, namely fetal liver HSCs. Although very similar
phenotypically and functionally, fetal HSCs actively expand in number in the fetal liver
during embryonic days 12.5-14.5 (ref. 34). Thus, we hypothesized that fetal HSCs would
show higher amounts of c-Myc protein than their adult counterparts. Our experiments (Fig.
6) have validated this hypothesis. Initially, almost three-fold more fetal LSK cells were in
cycle at any given moment, in agreement with previous findings (Fig 6b). Also, abundance
of c-Myc protein (in E13.5-14.5 MyctCFP* embryos) was substantially higher in fetal total
and CD150* LSKs when compared to adult LSKs (Fig 6¢c—d).

Interestingly, in vitro CFU assays using purified c-Myc-eGFP and c-Myc-eGFP' fetal
HSCs revealed no differential ability to generate hematopoietic colonies in primary,
secondary or tertiary plating assays (Fig 6e). These findings were consistent with
transcriptome studies which showed very similar gene expression signatures between the c-
Myc-eGFP and c-Myc-eGFP!° fetal LSK subsets, in contrast to the well defined and
largely distinct signatures illustrated using their adult counterparts (Fig. 6f and Supplemental
Fig. 8). However, long-term competitive reconstitution assays using the fetal liver c-Myc-
eGFPN and c-Myc-eGFP!° LSK subsets demonstrated that when introduced in an adult
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environment c-Myc-eGFPN cells were unable to produce long-term chimerism, in agreement
with the results obtained using their adult counterparts (Fig. 6e).

Dynamic regulation of Fbw7 and c-Myc in ESCs

To further probe the universality of the Fow7-c-Myc interaction in stem cell self-renewal
we turned to the study of embryonic stem cells (ESCs), a stem cell type with properties
fundamentally distinct from adult and quiescent HSC. ESC are unique among stem cells as
they can differentiate into all three germ layers and self-renew extensively in culture3®, In
terms of cell cycle regulation, ESCs proliferate rapidly, display a shortened G1 phase and
possess a constitutively active cyclinE-CDK2. Furthermore, ESCs express low amounts of
the D-type cyclins and have almost no CDK4 kinase activity36. It was thus tempting to
suggest that Fbw7 could be dispensable for the self-renewal of ESCs. Indeed, our initial
expression studies supported this notion as Fbw7 was expressed less in self-renewing ESCs
and was upregulated as differentiation was induced (Fig. 7a). To further prove these gPCR
studies we used a trapped ESC line, in which a LacZ reporter cassette was introduced in the
Fbw7 locus disrupting expression monoallelically (Fig. 7b). Fow7-3¢Z expression was
almost undetectable in self-renewing ESCs and was subsequently induced upon ESC
differentiation (Fig. 7c). Although there were minimal changes in Myc transcript abundance
between self-renewing and differentiating ESCs (Fig. 7a), c-Myc protein expression, on the
other hand, was readily detectable in self-renewing ESCs and became down-regulated upon
induction of differentiation (Fig. 7d), confirming multiple previous studies which connected
c-Myc expression to ESC pluripotency3’, 38, ChIP studies showed that c-Myc was not only
expressed but was also detectable on the promoters of selected predicted gene targets (Fig.
7e).

Fbw7 is dispensable for self-renewal of ESCs

To address whether c-Myc stability could also be regulated by the UPS in ESCs, we treated
self-renewing and differentiating ESCs with the proteasome inhibitor MG-132. We found
that both total-and phospho-c-Myc protein accumulated in both self-renewing and
differentiating culture conditions (Fig. 7d). Complimentary to this finding, we also treated
MyceCFP/+ ESCs with MG-132 and observed stabilization of c-Myc—eGFP by flow
cytometry as well as immunofluorescence using an antibody which detects eGFP (Fig. 8a,b).
To begin assessing the role of Fbw7 in ESCs self-renewal and its regulation of c-Myc, we
used siRNA-mediated gene silencing. ESC cell specific Fow7 knockdown resulted in
accumulation of c-Myc eGFP, suggesting that Fbw?7 regulates c-Myc protein stability in
self-renewing ESCs (Fig. 8c). Knockdown of Fbw7 was very efficient as measured by qRT-
PCR expression assays (Figure 8d). We observed similar results in another mouse ESC line
(W4) using shRNA directed against Fbw7 where knockdown resulted in accumulation of
both total- and phospho-c-Myc protein (Figure 8e). However, there were no phenotypic
changes (Fig. 8f) or changes in expression of germline markers demonstrating that ESCs
retain characteristics associated with molecular (data not shown) effects of ESC self-
renewal. In contrast, silencing of the pluripotency regulator Nanog, led to rapid cell
differentiation and loss of self-renewal (Fig. 8f). To further test the dispensability of Fbw7
in ESCs — at least in this in vitro system — we used a transgenic ES cell line that reports for
self-renewal due to the expression of GFP-driven by Nanog regulatory elements3?. Fow7
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silencing was unable to affect Nanog—GFP expression and ES cell self-renewal in this
system (Fig. 8g). Overall, these observations show that Fbw7 expression is upregulated
during ESC differentiation and that Fbw?7 silencing is dispensable for the in vitro self-
renewal of ES cells. They also identify a significant molecular distinction between ESCs and
quiescent adult stem cells (HSCs) (Supplemental Figure 9).

DISCUSSION

Our observations are the first to identify a specific ubiquitin ligase: substrate pair as a central
regulator of stem cell differentiation. They demonstrate in vivo that slight changes in the
stability and abundance of c-Myc protein expression could play the role of a rheostat
controlling adult stem cell quiescence and self-renewal. Our work also explains the
mechanism by which c-Myc carries out its function within the HSC population. It identifies,
using whole-genome transcriptional analysis and ChIP2 approaches, a constellation of genes
that are directly regulated by relative abundance of this transcription factor during these
early stages of hematopoiesis. Most importantly, our studies suggest a differential need for
c-Myec stability between adult and embryonic stem cells suggesting that different stem cell
types sense and interpret c-Myc-regulated gene expression in distinct ways. All these studies
prove the hypothesis that the ubiquitin—proteasome system can control stem cell
differentiation by directly controlling important regulators of cell cycle entry, self-renewal
and/or lineage commitment. Further studies are needed to define the extent of the
involvement of the ubiquotome in different aspects of stem and progenitor cell biology.

Our findings explain the discrepancy between Myc mRNA expression and function that has
been previously demonstrated. Indeed, c-Myc deletion studies suggested that c-Myc
expression is essential for the exit of HSCs from the osteoblastic niche through regulating
the expression of essential adhesion molecules, including N-Cadherinl’. However, the same
investigators have shown that Myc mRNA stability remains stable from the LT-HSC stage to
the common myeloid progenitor (CMP) stage questioning the HSC-specific function of this
transcription factorl6. These findings were verified by our own independent analysis. We
demonstrate here that Fow?7 expression is high in the LT-HSC stage and virtually
undetectable at subsequent MPP and MP stages of differentiation. Similarly, c-Myc protein
abundance increased as HSCs differentiated and reached their peak at the MP and CMP
stages. These observations explain the previously reported discrepancy and underline the
importance of ubiquitin-mediated protein stability in these early stages of hematopoiesis.

One of the most exciting aspects of this study is the differential dependence of embryonic
(ESC) and adult HSCs on c-Myc stability and Fbw?7 activity. Indeed, adult HSCs are
characterized by high Fbw?7 expression and a rapid c-Myc turnover while self-renewing ESC
demonstrate only a basal Fobw?7 activity and a very stable c-Myc protein. Few such factors
that have distinct functions in the two stem cell types have been identified thus far, most of
them members of the machinery that initiates cell cycle, including cyclins D and E, cell
cycle inhibitors (CDKI) and the retinoblastoma protein (pRb). It is very likely that the
differential Fow7 expression is tightly linked to the cell cycle entry machinery. Indeed,
studies in embryonic fibroblasts reveal that Fbw7 expression is cell cycle-dependent, with
the highest levels recorded at the GO/G1 stages (B.A-O and I.A., unpublished). The Fbw7
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behavior during ES cell differentiation is consistent with c-Myc availability and its essential
role in the regulation of pluripotency, however at this point we cannot exclude a role for
additional ESC Fbw7 substrates that could control cell cycle progression, including cyclin E.
Finally, as c-Myc was recently proved to be one of the factors controlling adult cell
reprogramming38, it is intriguing to propose that the ubiquitin system and more specifically
Fbw7 could be a key regulator of this process. Our data also fit perfectly with other studies
that showed that the kinase GSK3p, which phosporylates c-Myc on Thr®® and triggers
Fbw7-mediated degradation in other cell systems*?, is largely excluded from the nucleus in
self-renewing ESCs. GSK3p enters the nucleus upon ESC differentiation due to the absence
of LIF-induced Akt activation*!. We demonstrate here that both proteasome inhibition and
Fbw7 knockdown leads to stabilization and overexpression of c-Myc phosphorylated on
Thr%8 connecting ESC differentiation, kinase activation, SCFFW7 complex recruitment and
c-Myc degradation.

Our work also suggests that the ubiquitin complex is a novel regulator of stem cell
differentiation and function. Indeed, activity of ubiquitin ligases (like Fbw7) or opposing
deubiquitinases (DUB) could control both the abundance and the activation of central stem
cell regulators. This close connection appears to be conserved between species as a recent
report has demonstrated the requirement for the DUB Scrawny in the epigenetic control of
gene expression in Drosophila stem cells10. These observations propose an additional layer
of stem cell regulation and also suggest that genetic or chemical targeting of specific
ubiquitin enzyme activity could affect somatic cell reprogramming, adult stem cell
expansion and putatively cancer stem cell differentiation and oncogenicity.

METHODS

Animals

The Mycf1o%x 42 mice were a kind gift from F. Alt (Harvard University). All mice were
housed in a pathogen-free animal facility at New York University School of Medicine. All
animal procedures were carried in compliance with Institutional Animal Care and Use
Committee of the New York University School of Medicine.

Genotyping and in vivo animal studies

Tails were clipped from mice 1-2 weeks after birth and incubated in tail-lysis buffer
containing Proteinase-K for 24 h at 55 °C. NaCl was added and cellular debris pelleted by
ultra-centrifugation. DNA was precipitated upon addition of isoproanol, pelleted and washed
using 70% ethanol. DNA pellet was dissolved in water and used for PCR analysis. Primers
were designed to amplify both WT and floxed Myc and Fbw7 alleles. Furthermore, primers
were designed to detect both WT and Myc-eGFP knockin alleles (Supplemental Table 2).
Mice received 5 i.p. polyl:polyC injections of 20ug/gram of body weight 2 weeks after birth
and analyzed 2 weeks post injection. Deletion of targeted alleles and transcript levels were
measured by genomic PCR and qRT-PCR.
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Quantitative real-time PCR

RNA was isolated using RNeasy-Plus Mini Kit (Qiagen). cDNA synthesis was carried out
by using Super-Script 111 First Strand Synthesis System Reverse Transription Kit
(Invitrogen) and used for gRT-PCR with iQ SYBR green supermix on an iCycler (BioRad).
Relative expression was determined from cycle-threshold (C;) and normalized to internal
control, Actb. For primer sequences, see Supplemental table 2.

Flow cytometry and antibodies

Flow cytometric analysis was carried out as previously described 12, In experiments utilizing
the Myc-eGFP knock in mouse we analyzed a fluorescence minus one (FMO) littermate
control in parallel to set eGFP gates (Supplementary Fig. 9). Antibodies used for FACS
analysis were procured from e-Bioscience. Ki-67 antibody used for cell cycle analysis was
bought from BD Biosciences. Specifically, the antibodies we used were as follows: c-kit
(2B8), Sca-1 (D7), CD150 (TC-15-12F2.2), CD48 (HM48-1), Mac-1 (M1/70), Gr-1
(RB6-8C5), NK1.1 (PK136), TER-119, CD3 (145-2C11), CD19 (1D3), IL7R (RAM34),
CD4 (RM4-5), CD4 (H129.19), CD8 (53 - 6.7), CD25 (PC61), and CD44 (IM7). BM
lineage antibody cocktail includes: Mac-1, Gr-1, NK1.1, TER-119, CD3, IL7R and CD19.

Immunoblotting

Immunoblotting was done as previously described2. Briefly, c-Kit* and c-Kit™ bone
marrow cells were isolated using a magnetic-bead based positive selection kit with a
biotynylated c-Kit primary antibody (EasySep Positive Biotin Selection kit; Stem Cell
Technologies). Upon selection, cells were lysed using RIPA lysis buffer, incubated at 0 °C
for 20 min, and cellular debris was pelleted using ultra-centrifugation. Total cell lysates
were separated on a 4-20% Tris-HCI gradient gel by SDS-PAGE electrophoresis and
transferred to nitrocellulose membrane. Membrane was probed with the following
antibodies: c-Myc (SC-764; Santa Cruz Biotechnology) and tubulin (Santa Cruz
Biotechnology).

Immunofluorescence

Experiments were carried out as previously described*3. c-Kit* bone marrow cells were
purified as described above (immunoblotting). Cells were aliquoted onto charged glass
slides, fixed using 4% para-formalydehyde, cell membrane permeablized by 0.1% Triton-X,
and incubated with GFP-specific rabbit polyclonal antibodies at 4 °C overnight (ab290;
Abcam). Subsequently, washed slides were incubated with anti-Rabbit 1gG alexa-488
conjugated secondary antibody (Invitrogen) and counterstained with Dapi nuclear stain
(Sigma).

Gene Set Enrichment Analysis

GSEA was performed on normalized expression data as described®*. Gene expression
profiles of c-Myc-eGFP'° versus c-Myc-eGFPi cell populations were used as background
dataset and two different gene sets were used as foreground: “C2 curated gene sets” from the
Broad Institute (http://www.broad.mit.edu/gsea/msigdb/index.jsp) and a homemade gene set
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constructed by considering c-Myc Chip on chip data, P-value < 0.005 (ref. 33). The
differentially expressed genes are ranked using “signal to noise” metric.

Microarray Analysis

Five nanograms (5 ng) of total RNA from target cell populations was amplified and labeled
using the Ovation Amplification v2 and Biotin cDNA Biotin systems (Nugen, Inc.). The
resulting cDNA was hybridizated to GeneChip MG 430 2.0 arrays following
recommendations of the array manufacturer (Affymetrix). The raw data were processed in
GeneSpring 7.2 (Agilent). The Affymetrix CEL files were normalized using Robust Multi-
Array Average expression measure (RMA) and baseline scaling*®. To identify differentially
abundant MRNAs between replicate experimental conditions, the abundance levels had to be
identified as significantly different by at least one of three statistical algorithms available
from TIGR Microarray Suite TM4: T-test (P < 0.05, a correction), Significance Analysis of
Micro-array (SAM, false discovery rate set 5% and Pavlidis Template Matching (PTM, P <
0.05)%5. KEGG pathway and DAVID tools were accessed through http://
david.abcc.ncifcrf.gov/ for pathway enrichment analyses. The c-Myc-eGFP gene expression
datasets are available through the Gene Expression Omnibus (GEO) repository (GSE19502).

Chromatin Immunoprecipitation Assay

Chip? and ChIP assays were performed as previously described33 using T-ALL cell lines,
Lin~c-Kit* selected bone marrow cells and mouse embryonic stem cells (W4, 129/sj).
Briefly, gRT-PCR was completed on chromatin immunoprecipitates and corresponding
whole cell extracts to validate c-Myc promoter occupancy of 10 “hand-picked” genes using
an ABI 7300 Real-Time PCR system (Applied Biosystems). f-actin was used as input
reference.

In vitro colony forming assays

Total LSK from control, Fbw7~/~Myc*/~ MxCre* and Fbw7/~Myc™~ MxCre* mice or
upper 30% c-Myc-eGFP*/~ and lower 30% of c-Myc-eGFP*/~ LSK cells were sorted from
MyceGFPIEGFP knock-in adult mice or E14.5 embryos. 300 cells per subset were seeded in
duplicate and cultured in cytokine supplemented methylcellulose medium (MethoCult 3434;
Stem Cell Technologies). Subsequently, colonies were counted on day 7, isolated, re-plated
and cultured for another 7 days (total 14 days).

ES cell culture, lenitviral transduction and siRNA transfection

All embryonic stem cell lines were maintained on MEFs cultured on gelatin-coated plates in
the presence of DMEM (Cellgro) supplemented with 15% FBS. The Fbw7 ESC LacZ
trapped line was obtained by the Texas Institute for Genomic Medicine. Myc€SFP~ ESCs
and Nanog-GFP ESCs were reverse transfected by mixing 30 nM siRNA (commercially
available, siGENOME SMARTpool, Dharmacon) with Lipofectamine 2000 (Invitrogen) in
supplemented DMEM media (Cellgro). sSiRNA mix was added to a gelatin coated 96-well
plate, and ES cells were plated at 1,500 cells/well in DMEM and LIF (Chemicon). For
differentiation experiments, ESC cells were pre-plated for 1 h (to remove MEFs), seeded at
low density, and at 24 h post initial plating (Day 0) either only LIF was removed or LIF was
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removed and Retinoic Acid was added. eGFP fluorescence was measured using an LSRII
(BD Biosciences) 48 h post-transfection. Nanog-GFP ESC cells (kind gift from I.
Lemischka) were transduced by pLKO.1-PIG lentiviruses (a gift from lhor Lemischka see
reference 3° and Supplementary Table 3) containing respective ShRNAs 1 h after preplating.
Two days post-transduction, transduced cells were selected by puromycin (2 pg/ml) and
subsequently used for self-renewal and differentiation experiments.

Bone marrow transplantation

Freshly dissected femur and tibia were flushed using a 1cc insulin syringe filled with PBS
supplemented with 3% FBS. Cells were spun for 2.5 min at 200g and red blood cells lysed
using ACK lysis buffer for 3 min. at 25 °C. The cells were then washed in PBS/3%FBS and
spun. Subsequently, the cells were passed through a cell strainer, counted, and stained using
antibodies directed against lineage markers (PE), c-Kit (APC), and Sca-1 (Pe-Cy7). Finally,
bone marrow derived CD45.2* c-Myc-eGFPHi or c-Myc-eGFPLO LSK subsets (from adult
mice and E14 fetal livers) were FACS purified and 1000 cells from each subset were mixed
with 1.0 x 10° wild-type CD45.1* bone marrow cells and injected into the ocular cavity of
lethally irradiated (2x 600rad) CD45.1 host mice. Chimerism was analyzed by peripheral
blood analysis at 7,12, 17 and 25 weeks post transplantation. Chimerism in bone marrow,
thymus and spleen was measured at 17 weeks.

5-FU treatment

Experiments using 5-FU were performed as previously described8. Briefly, MyceGFP/-
mice were injected one time with 75 pg/gram of body weight of fluorouracil and LSK
population within the bone marrow was analyzed 2 days post treatment using flow
cytometry.

Statistical analysis

All the statistical analyses were performed using un-paired two-tailed Student’s t-test
assuming experimental samples of equal variance, unless otherwise specified.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Visualization of c-Myc protein abundancein early hematopoiesis
a) Levels of c-Myc-eGFP expression during early hematopoiesis in Lineage*, Lineage™,

LSK (Lineage™, c-Kit*, Scal*) and MP (lineage™, c-Kit*, Scal) BM subsets. n=6 mice b)
Immuno-fluorescence tracing of nuclear c-Myc-eGFP expression in Lineage™ bone marrow
progenitors. ¢) Western blot demonstrating presence of c-Myc protein in c-Kit* and absence
in c-Kit™ subset of adult bone marrow. d) Overlay histogram depicting c-Myc-eGFP protein
expression within LSK cells. €) c-Myc-eGFP expression in eGFP~~control, LT-HSC and
MPP (1, 2) populations. f) gRT-PCR quantification of Myc and Fbw7 mRNA expression
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during HSC differentiation. g) Levels of c-Myc-eGFP protein correlate with the cell cycle

status of LSK cells. Sorted c-Myc-eGFPHI or c-Myc-eGFPLC LSK cells were analyzed using
Ki-67 and DAPI staining. Plots are a representation of at least 3 independent experiments.
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CFU in vitro cultures using sorted c-Myc-eGFPHI and c-Myc-eGFPLO cells. In black: First
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mice in 3 independent experiments). c) Peripheral blood chimerism in competitive
reconstitution assays at 25 weeks post transplant (n=3 mice). d) Relative chimerism of
sorted c-Myc-eGFPHI and c-Myc-eGFPLO LSKs (CD45.2) in the bone marrow (LSK
subset), thymus and spleen (d) 17 weeks post transplantation (n=3 mice).
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Figure 3. c-Myc protein stability in HSC is controlled by the ubiquitin ligase Fbw7
a) FACS analysis showing detection of c-Myc-eGFP in different progenitor populations.

LSK, MP and thymic DN (CD478") subsets are shown. b) FACS analysis showing
stabilization of c-Myc-eGFP protein in LT-HSC subset (LSK, CD150%, CD48~) upon Fbw7
deletion c-d) Deletion of a single Myc allele significantly rescues the Fow7~/~ HSC
phenotype. FACS profiles of bone marrow LSKs (c), cell cycle status of LSKs (d) and
methylcellulose assays (CD150" LSKs) (e) are shown. Black: first plating, Grey: second

Nat Immunol. Author manuscript; available in PMC 2010 September 01.



1duosnueln Joyny |NHH 1duosnuely Joyny |NHH

1duosnuey Joyiny [INHH

Reavie et al.

Page 20

plating. Error bars indicate standard deviation (Std) (n=5 mice). Plots are a representation of
at least 3 independent experiments.
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Figure4. Theroleof thec-Myc:Fbw?7 interaction in fetal liver stem and progenitor cells
a) FACS staining defining LSK cells in e.d.14.5 fetal liver and adult (6wk old) bone

marrow. b) Cell cycle status of fetal and adult LSK cells. ¢) Levels of c-Myc-eGFP protein
expression in fetal and adult LSK cells. The overlay histogram shows induction of c-Myc
protein expression in fetal LSKs. d) Levels of c-Myc-eGFP protein expression in CD150*
LSKs. e) Methylcellulose culture using the indicated cell populations purified from the fetal
liver (fetal) or the bone marrow (adult). Black: first plating, Grey: second plating. Error bars
indicate standard deviation (Std) (n= 6 mice). f) c-Myc-eGFPL° but not c-Myc-eGFPH
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expressing fetal liver LSK subsets show chimerism in the peripheral blood 20wks post
transplant in competitive reconstitution assays. CD45.2* cells are donor-derived cells in the
peripheral blood (n= 6 mice). Plots are a representation of at least 3 independent
experiments.
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Figure5. c-Myc protein abundance directly controlsthe molecular program of stem cell
differentiation, cell cycle entry and self-renewal

a) Heat map demonstrating relative gene expression signatures of c-Myc-eGFPHi and c-
Myc-eGFPLO subsets. A direct comparison to the relative gene expression in Fow7~/~ LSKs
is also shown. b) Representative GSEA profiles showing positive correlation of the c-Myc-
eGFPLO signature to stem cell gene sets and negative correlation to cell cycle and DNA
replication gene sets. c) Representative GSEA profiles showing a positive correlation
between both TGF- and Wnt signaling pathways with c-Myc-eGFPL° gene expression data

set.
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a) GSEA analysis showing a positive correlation of c-Myc-eGFPHI gene expression profiles
to a direct c-Myc target Chip-on-chip dataset. b) ChIP assay and Heat map of selected genes
that are over-expressed in the c-Myc-eGFPHI cells. Red color: gene upregulation, Blue
color: gene down-regulation. Two individual chromatin IPs using T-ALL cell line genomic

DNA are shown. ¢) ChIP assay of selected genes using genomic DNA from purified
Lineage™ c-Kit¢GFP* hone marrow progenitor cells. Also, Heat Map showing over
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expression of selected genes in the c-Myc-eGFPHI LSK subset. Error bars indicate standard
deviation (std) from 3 independent experiments.
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Figure 7. Patterns of Fbw7 and c-Myc expression in mouse embryonic stem cells
a) mRNA transcript expression levels of Fbw7 (black), Myc (dark grey) and Nanog (light

grey) in self-renewing (+LIF) and differentiating (-LIF, +RA) mouse ESC. Different days
of differentiation (d0—6) are shown), b) Schematic diagram of Fbw7 gene-trap cassette. c)
LacZ staining in Murine ESCs containing the Fbw7 gene trap cassette depicting
upregulation of Fbw7 expression as Murine ESCs differentiate via the removal of LIF and
the addition of Retinoic Acid (RA). d) Western blot showing stabilization of both phospho-
(T58) and total-c-Myc in self-renewing and differentiating Murine ESCs treated with 20uM
of proteosome inhibitor MG-132. €) ChlP assay was carried out using the specific regulators
shown in Fig 6 revealing substantial enrichment upon c-Myc immunoprecipitation in Murine
ESCs. Error bars indicate standard deviation (std) from 3 independent experiments.
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Figure 8. Fbw7 isdispensablefor the self-renewal of Murine ESCs
a) Inhibition of proteasomal degradation via MG-132 treatment resulted in accumulation of

c-Myc protein in Myc®SFP/= Murine ESCs. b) Visualization of c-Myc-eGFP in W4 and
MyceGFPI= Murine ESCs with and without treatment with MG-132. GFP (green), nuclear
staining (DAPI) c) Knock-down of Fbw7 using siRNA in c-Myc€SFP/~ ESCs resulted in
accumulation of c-Myc protein (increase in eGFP levels) while siRNA targeting both Myc
and GFP showed a reduction in c-Myc-eGFP levels as assessed by FACs analysis. d) qRT-
PCR of Fbw7 mRNA expression in ESCs expressing sShRNAs against Fbw7 and Nanog. A
non silencing shRNA is used as a control. €) Western blot depicting accumulation of both
phospho (T58)-and total-c-Myc protein upon shRNA mediated knock down of Fbw7 when
compared to a non-silencing sShRNA control. f) Alkaline phosphatase staining in Murine
ESCs showed no difference in differentiation capacity upon shRNA mediated knock-down
of Fbw7 when compared to non-silencing control while silencing of Nanog resulted in
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complete differentiation. g) siRNA knock-down of Fbw7 in a Nanog-eGFP reporter ESC
line resulted in no difference in Nanog-eGFP expression levels when compared to non-
silencing control. Knock-down of Oct4 resulted in a reduction of Nanog-eGFP expression
levels (marking differentiation). Plots are a representation of at least 3 independent
experiments
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