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Summary of recent advances
Recent advances from our own group and others have defined a novel PML/PTEN/Akt/mTOR/FoxO
signaling network, and highlighted its critical importance in oncogenesis as well as in the functional
regulation of normal stem cell and cancer-initiating cell (CIC) biology. These findings are of great
importance in cancer therapy in view of the fact that this network is amenable to pharmacological
modulation at multiple levels. The integrated analysis of these data allows us to propose a new
provocative working model whereby the aberrant super-activation of Akt/mTOR signaling elicits
built-in cellular fail-safe mechanisms that could be effectively utilized for cancer treatment to
extinguish the CICs pool. In this review, we will discuss these recent findings, this working model,
and their therapeutic implications.

Introduction
Our review and the working model that we are here discussing unfolds in a conceptual
framework that rests on two major assumptions that are open to debate, but have been
substantiated by compelling experimental evidence in the context of leukemia biology and
treatment. For this reason, we will mostly focus on the normal and aberrant hemopoietic stem
cell compartment while briefly mentioning examples pertaining to solid tumor biology. The
two assumptions that permeate this review are the following:

i. Not all the leukemic/cancer cells are created equal in that a selected cellular pool is
very effective at recreating the disease when transplanted, while other cells found in
the leukemic/tumor bulk are not. These cells have been variably termed leukemia-
initiating cells (LICs) or leukemic stem cells in view of their functional resemblance
to normal hemopoietic cells [1–5,6**,7]. This concept is currently being tested in
solid tumors, where the presence and role of cancer-initiating cells (CICs) is being
validated and challenged in several contexts [1,4,8].

ii. The LIC/CIC pool, and particularly those cells from this pool that are in slow-
proliferative/quiescent state, are impervious to conventional chemotherapy and
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undaunted by targeted cancer therapies. When cancer/leukemia relapses following a
period of remission, it is believed to be the residual CICs/LICs that drive disease
reemergence [2,4,7,8]. Therefore, development of new therapeutic approaches
targeting CICs and LICs may have a profound impact on cancer eradication.

The PML/PTEN/Akt/mTOR/FoxO signaling network that we will discuss in this review has
a critical and druggable “rehostat” at the intersection bewteen cancer and stem cell biology
[9*,10*]. This is to say that physiological regulation and aberrant activation of this signaling
newtork has profound consequences on the function of normal stem cells and their aberrant
LIC/CIC counterpart.

The Akt/mTOR pathway is highly complex and multi-factorial, such that the linear sequence
of kinase activation is further regulated and executed by many regulatory factors and effectors.
Critical modulators and effectors of this pathway, such as PTEN (phosphatase with tensin
homology, which is deleted on chromosome 10), FoxO (forkhead O) family and PML
(Promyelocytic Leukemia), have recently been implicated in stem cell biology, particularly in
the hematopoietic system [11–14**,15*,16**,17**]. Analysis of Pten-deficient hematopoietic
system revealed that conditional ablation of Pten drives exit from quiescence through PI3K/
Akt hyperactivation, and leads to exhaustion of normal HSCs while at the same time initiating
acute leukemia [11–13**]. On the other hand, loss of Pml enhances the cycling pool of HSC
through an increase in mTOR activity, but does not initiate leukemia [14**]. Critically, the
exit from quiescence by loss of PML is significantly more profound in LICs than in HSCs,
therefore suggesting that there could be a therapeutic window in targeting PML for therapy for
leukemia [14**]. Further, recent studies demonstrate that the FoxO trascription factor, a well-
studied nuclear tumor suppressor target of the PI3K/Akt pathway, is also essential for long-
term regenerative potential of the HSC compartment through regulation of HSC quiescence
and survival in response to physiologic oxidative stress [16**,17**].

These recent advances lead to the notion that this signaling network acts as a critical ‘rheostat’
directing stem cell maintenance by finely tuning the balance of cell quiescence versus cycling
and cellular commitment.

On the basis of a critical and integrated analysis of these results, we propose a working model
(Figure 1) whereby in the context of normal hemopoiesis, holding this signal OFF/low
maintains stem cells in a quiescent state, while the ON-signal induces active cycling in stem
cells and their exhaustion. Tight regulation of this network by many modulators is able to
maintain the homeostatis of the normal stem cells. In the context of aberrant signaling in cancer
(Figure 1, right panel), we hypothesize that excessive signaling output leads to distinct
outcomes depending on the genetic make-up of the cells. An aberrant surge in signaling output
would in fact evoke failsafe mechanisms (e.g. cellular senescence, apoptosis or terminal
differentiation) which would extinguish the pre-malignant stem cell clone. Only by evading
these mechanisms can the cells take full advance of the proto-oncogenic signaling surge and
become a full blown neoplasia (Figure 1), as in the case of PTEN loss (see below).

Since this signaling network is eminently druggable, understanding how the PI3K/Akt/mTOR
signaling pathway contributes to stem cell biology and tumorigenesis is of paramount
importance. Here we thus focus on the role of PML/PTEN/Akt/mTOR/FoxO network in HSCs
along this conceptual framework, and summarize the current knowledge of this tumor
suppressors/signaling network in stem cell biology and tumorigenesis.

PML downregulation is effective for LIC eradication
Chronic myeloid leukemia (CML), which is characterized by the presence of the Philadelphia
chromosome (Ph+) and the BCR-ABL aberrant kinase [18,19], is one of the most extensively
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investigated and paradigmatic stem cell disorders [7]. In CML, the LIC-pool is not eradicated
by current therapy, leading to disease relapse on drug-discontinuation [20**,21]. Surviving
leukemia stem and progenitor cells are thought to be the source of relapse in many
malignancies, but above all in CML. For this reason, CML patients must remain on imatinib
for life to keep their cancer at bay.

PML is a tumor suppressor cloned at the breakpoint of the t(15;17) translocation of Acute
Promyelocytic Leukemia (APL). PML epitomizes a distinct macromolecular sub-nuclear
structure termed the PML nuclear body (PML-NB) [22**,23**]. Loss of PML is associated
with the pathogenesis of a variety of hemopoietic malignancies and solid tumors. PML exerts
its tumor suppressive role by modulating a number of tumor suppressive functions including
the suppression of neoangiogenesis through the negative regulation of mTOR activity [24*].

Recently, we defined a critical role for PML in LIC-maintenance in CML disease models and
presented a new therapeutic approach for targeting quiescent LICs by pharmacological
inhibition of PML [14**]. Studies from our lab had previously identified PML as a negative
regulator of the Akt/mTOR pathway at multiple levels. In particular, PML has been reported
to oppose the function of nuclear Akt (Figure 2) [15*]. Also, PML was identified as a repressor
of mTOR through inhibition of Rheb-mTOR interaction in hypoxia (Figure 2) [24**]. Further,
PML regulates PTEN-localization in the hematopoietic system through modulation of a
DAXX/HAUSP deubiquitination network (Figure 3) [25*]. Thus, PML might oppose mTOR
activity by controlling Akt, Rheb-mTOR interaction and/or PTEN in stem cells (Figure 2).

In the hemopoietic system, we found that the expression of PML is high in HSC and declines
while cells commit to differentiate. Moreover and surprisingly, we also found that PML is
highly expressed in cells from CML patients; and contrary to what was described in solid
tumors, loss of PML predicts favorable outcome [14**], suggesting that PML expression may
be selected for and not against in CML. This surprising finding was explained by the analysis
of the role of PML in CML and in HSC/LIC function. With a CML serial bone marrow (BM)
transplantation mouse model, we revealed that PML plays an indispensable role in LICs
quiescence in a cell autonomous manner. Loss of Pml perturbs the quiescence of both HSCs
and LICs (Figure 3a, b), although faster proliferation of HSCs in the sole absence of Pml does
not lead to leukemia, as Pml null mice do not develop leukemia during their life span [14**].
Indeed, in both HSCs and LICs loss of Pml leads to cell exhaustion at some point or another,
as demonstrated by serial transplantation experiments. In agreement with our previous results
indicating that in hypoxic condition PML inhibits mTOR activity [24**], we observed that
HSCs, which are maintained in a hypoxic environment [26,27], have higher mTOR activity in
the absence of Pml [24**]. Moreover, since the mTOR inhibitor rapamycin dramatically
prevents the exhaustion of both Pml−/− HSCs and LICs (Figure 3c, d), we conclude that in
these cellular compartments Pml acts mainly as a repressor of mTOR activity and that mTOR
super-activation impairs normal or leukemic hematopoietic stem cells maintenance [14**].
Our conclusions have been recently confirmed by another study showing that acute Tsc1
inactivation in hematopoietic stem cells causes mTOR hyper-activation, exit from quiescence,
increased proliferation and exhaustion of HSCs without leading to leukemia [28**], a
phenotype similar to what we observed in Pml−/− mice.

Importantly, cell cycle entry and exit from quiescence in response to Pml ablation is
significantly more profound in LICs than in HSCs [14**]. LICs have an overpowered cell cycle
engine and aberrantly elevated signaling output due to the presence of activated oncogenes
(e.g. BCR-ABL). PML likely represents a brake for strong signaling output and increased
proliferation; therefore, once LICs are released from this blockade due to PML-loss, they exit
from quiescent and enter vigorous proliferation followed by exhaustion.
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Importantly, these findings have an immediate therapeutic applicability. To mimic loss of
Pml we utilized As2O3, a drug that downregulates PML through proteosomal-dependent
degradation [29,30**,31**] and that is currently used for the treatment of APL with limited
toxicity [32]. Indeed, the exquisite efficacy of As2O3 in APL treatment is precisely due to its
ability to target the PML-RARα fusion oncoprotein for degradation through its PML moiety
[29]. Recently, it has been shown that the RNF4 (RING finger protein 4) is essential for
As2O3-induced catabolism of both PML and PML-RARα [30**,31**] Similar to genetic
inactivation of Pml, inhibition of Pml by low doses of As2O3 disrupts LICs maintenance. Even
more importantly, As2O3 also increased the efficacy of anti-leukemic therapy for LICs by
inducing exit from a quiescent state and sensitizing both mouse and human LICs to pro-
apoptotic stimuli [14**]. On the basis of our findings, we propose that As2O3 or novel PML
lowering drugs could be transiently utilized at leukemia onset along with or followed by a
standard of care regimens, as we will discuss in the following paragraphs.

Pten-deletion results in generation of LICs accompanied by depletion of
normal HSCs

The PTEN gene encodes one of the most relevant tumor suppressors genes which is mutated,
genetically lost or silenced in multiple sporadic tumor types as well as in patients with cancer
predisposition syndromes such as Cowden disease [33,34]. PTEN is a multifunctional
phosphatase whose major substrate is phosphatidylinositol–3,4,5-triphosphate (PIP3), which
activates numerous downstream targets including the serine-threonine kinase Akt and mTOR
[35].

PTEN itself has been reported as critical regulators of both normal stem cell and LICs/CICs
function in both solid tumors and leukemia (see also following paragraphs). Recent studies
using acute Pten inactivation in the bone marrow have revealed that PTEN may differentially
regulate normal hematopoietic and leukemic cells [11–13**]. Acute deletion of Pten leads to
HSC proliferation, followed by a myeloproliferative disease within days, and by the
development of transplantable leukemias within weeks (Figure 4a) [11–13**]. At the same
time, Pten deletion leads to depletion of HSCs via a cell-autonomous mechanism (Figure 4a)
[11**,12**]. Rapamycin in this model is found to inhibit leukemia development and generation
of LICs while the function of HSCs is normalized (Figure 4b) [11**]. However, rapamycin
treatment does not eradicate these Pten-deficient leukemias after leukemia onset (Figure 4c)
[11**]. Moreover, it should be more clearly demonstrated how rapamycin affects the long-
term Pten-deficient LICs. Further examination, such as analysis at single cell level of enriched
LIC compartment and investigation of the effect of long-term treatment with rapamycin in
serial transplantation models, would reveal the LIC-specific effect of mTOR-inhibition in
Pten-deleted mice. Even more importantly, functional analysis of the consequence of PTEN-
reduction in human LICs and investigation of rapamycin effects in human PTEN-deficient
leukemia/LICs remains to be performed.

Nevertheless, it could be argued that these findings are seemingly at odds with what we
observed when inactivating Pml. Indeed, rapamycine restores LIC maintenance in the Pml
model, while opposing leukemogenesis and restoring normal HSC function in the case of
Pten loss. As we will discuss in greater detail in subsequent paragraphs, we believe that these
findings are in fact in agreement with a model whereby the fail-safe mechanisms that super
activation of the Akt/mTOR pathway elicits must be evaded for leukemogenesis to occur
(Figure 1). According to this working model, in normal HSCs, or in LICs that still retain intact
fail-safe mechanisms, rapamycin protects both HSC and LIC pools from exhaustion by
normalizing the signaling output (hence becoming tumor promoting). Whenever these fail-safe
mechanisms are evaded leading to leukemia, the shut down of the pathway becomes in fact
tumor suppressive. Indeed, Guo et al. recently demonstrated that multiple genetic or molecular
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events, such as β-catenin activation, c-myc overexpression and t(14;15) chromosomal
translocation, collaboratively contribute to T-ALL formation upon Pten deletion [13**].
Therefore, leukemia could be triggered by any of these mechanisms that could rapidly override
the fail-safe mechanisms elicited by Akt/mTOR superactivation.

We therefore explain the difference between the Pml loss/CML model and the Pten loss/AML
model within this conceptual framework. This in turn begs the obvious corollary question on
why upon Pten loss in the HSC compartment these failsafe mechanisms would be rapidly
evaded, unlike in the case of Pml loss and CML. We will discuss this below.

Consequence of FoxO deletion in the HSC compartment
The FoxO subfamily (FoxO1, FoxO3, FoxO4, and FoxO6) of transcription factors, is required
for diverse cellular processes that include tumor suppression and cell death [36]. FoxOs operate
under the negative regulation of the PI3K/Akt pathway: when in the nucleus, Akt directly
phosphorylates FoxO family members leading to their 14-3-3 dependent export into the
cytoplasm [36]. Recently, it has been demonstrated that FoxOs are critical for the long-term
maintenance of HSCs. Mice in which FoxO1, FoxO3 and FoxO4 are conditionally and
concomitantly deleted in the adult hematopoietic system display a marked reduction of HSC
number and function in response to physiologic oxidative stress [16**]. Furthermore, aged
FoxO3a knockout animals also show a reduction of the HSC pool and a deficient repopulating
capacity in serial transplantation assays [17**], similarly to Pml null mutants.

Increased exit from quiescence and enhanced apoptosis, two of the features observed in
FoxO-deficient mutants, could act in concert to decrease the pool size of HSCs available for
self-renewal. FoxO−/− HSCs are driven out of quiescence into cell cycle, possibly due to cell
cycle defects. Indeed, FoxO members play an important role at the G0-G1, G1-S, and G2-M
checkpoints by direct transcriptional modulation of proteins such as p21, p27, and cyclin D
[37**]. In addition, loss of FoxO1, FoxO3, and FoxO4 in the adult hematopoietic system results
in significantly increased levels of apoptosis in HSCs. This has been argued to be due to
defective regulation of FasL production and increased ROS (reactive oxygen species)
production [37**].

Differences and similarities in stem cell and LICs biology among PML, PTEN
and FoxO models

Pten-deficient HSCs have many phenotypic similarities to Pml−/− and FoxOs−/− HSCs, in that
similar perturbations of quiescence of the HSC compartment leads to its exhaustion. However,
the hematological phenotypes observed in Pml-, FoxOs- and Pten-deficient stem cells are quite
different. Pml−/− and FoxOs−/− mice do not develop acute leukemia whilst abrogation of Pten
function in adult hematopoietic cells leads to a brief myeloproliferative disorder (MPD),
followed by the development of acute leukemia which is serially transplantable (Figure 4a)
[11**,12**]. By contrast, Pml-deficient LICs undergo intensive cell cycling, resulting in
impairment of LIC maintenance (Figure 3c) [14**].

Importantly, a recent report demonstrates that hyper-activation of mTOR seems to be relevant
in regulating HSCs, but is not sufficient to trigger leukemia. Tsc1 deletion in the HSC
compartment drives stem cells proliferation which results in their exhaustion, but not in
leukemia initiation [28**]. It can be therefore speculated that different levels of mTOR
activation in Pml-null, Tsc1-null and Pten-null stem cells might result in different outcomes.
Furthermore, chronic mTOR activation, as obtained in Pml−/− HSCs, could be different from
a burst of mTOR activity upon acute Pten loss.
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It has been argued that the PI3K/Akt network regulates HSC activity mainly through Akt/
FoxOs instead of mTOR [16**,17**]. Pml plays a dual role of concomitantly opposing mTOR
and Akt/FoxOs as well [14*]. However, the quantitative output of Pten and Pml loss in the
HSC pool towards mTOR and Akt/FoxOs could be once again distinct.

The different outcomes of deleting Pml or Pten may be also explained by the fact that the
expression pattern of Pml and Pten may not be completely overlapping, although both genes
are expressed in the HSCs. Importantly, PML and PTEN certainly exert additional non
overlapping functions that may justify this differential outcome. For instance, it has been
suggested that Pten exerts multiple roles in the prevention of leukemogenesis [12**]: 1. Pten
regulates the decision of maintaining quiescence (G0) versus entry in G1 in HSC; 2. Pten
controls proliferation speed after HSC have undergone the decision to proliferate; 3. Pten also
plays a role in hematopoietic lineage fate. Pten-deficiency blocks the development of cells in
the prepro-B-lympoid stage, leads to increases in the myeloid and T lineages but decreases in
the B lineage. Thus, Pten may be more pleiotropic than Pml within the stem cell compartment,
and some of these mTOR-independent roles could favor leukemia initiation.

However, another fundamental difference between these two models could reside in the nature
of LICs pools involved in the process. As CML is a stem cell disorder in which all hematopoietic
lineages are involved, the CML-initiating cells very likely originate from the HSC pool.
Therefore, HSCs and CML-initiating cells should be regulated by common mechanisms. On
the other hand, there is no clear evidence that the AML/ALL caused by Pten-loss originates
from a HSC. Indeed, the LIC characterized in Pten-deficient T-ALL compartment (c-
KitmidCD3+Lin−) is a phenotypically different compartment from the HSCs pool [13**].
Pten-deficiency might induce HSC exit from quiescence leading to its exhaustion and at the
same time trigger secondary ‘hits’ through genomic instability, leading to generation of LICs
in more committed cells. It can be therefore speculated that leukemias that harbour PTEN
mutations are driven by LICs that do not originate from the stem cell pool. This hypothesis is
supported by the fact that PTEN is unaltered in patients with CML and MDS, which are
considered to be diseases originating at the pluripotent stem cell level [38].

PML has also been implicated in the control of genomic stability and DNA repair. Furthermore,
we demonstrated that functional inactivation of Pml leads to exit from quiescence in stem cells,
predictive of an increased DNA mutation rate in Pml−/− stem cells than wt control. However,
spontaneous leukemia development was never observed in Pml−/− mice [39]. Further, leukemia
is not triggered by As2O3 treatment neither in the mouse nor in humans [40].

Perhaps one of the most striking differences, however, is the effect of the mTOR inhibitor,
rapamycin, on leukemic cells in the two models. Rapamycin inhibits the development of
leukemia derived from Pten-deficiency (Figure 4b) but maintains the leukemia-initiation
capacity of Pml−/− LICs even after serial BMT (Figure 3c) [11**,14**]. As we have discussed
before, we propose that this difference is due to the fact that BCR-ABL-positive LICs in CML
chronic phase are extremely responsive to super activation of Akt/mTOR because the oncogene
already activates signaling output, and yet they retain the fail-safe mechanims (terminal
differentiation, apoptosis or cellular senescence), that in response to a further elevation of
signaling output would affect their maintenance ability. In this scenario, Pten-deficiency driven
leukemia would have evaded this response through additional mutations, in turn leading to
bypass of cellular senescence, apoptosis or to a block in cellular differentiation. In this respect,
it would be extremely interesting to understand whether when CML evolves to blast crisis and
morphs into an acute leukemia, LICs in this phase are still responsive to pathway
superactivation leading to their exhaustion. On the contrary, it could be hypothesized that the
accumulation of additional genetic hits (e.g. p53 loss, often observed in blast crisis) in this
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phase would prevent LICs exhaustion, and that therefore PML loss or its pharmacological
inactivation may be in this context tumor promoting, and hence detrimental.

Lesson from the analysis of solid tumors and CICs biology
In remains to be established to which extent the notion that acute loss of tumor suppressors
such as PTEN or PML leads to exhaustion of LICs can be exported to solid tumorigenesis and
CICs at large. An indication that this may be the case in other cellular contexts comes from
our analysis of the role of Pten in prostate cancer.

That PTEN is a powerful tumor suppressor is unequivocal, as demonstrated by the extensive
variety of mutations identified in many different tumor types, the augmented tumor
susceptibility of individuals harboring germline PTEN mutations and multiple tumors
identified in Pten knockout mouse models [41*]. Furthermore, analysis of Pten heterozygous
inactivation in the mouse prostate reveals that Pten is haploinsufficient in suppressing
tumorigenesis in the prostatic epithelium, as demonstrated by the fact that Pten+/− mice develop
prostatic intraepithelial neoplasia in the absence of Pten loss of heterozygosity [42].

By contrast, it is currently clear that complete loss of PTEN function is not obligatory for tumor
development. Indeed, we have surprisingly demonstrated that complete Pten loss does not favor
tumor growth at all in the prostate; instead it activates a p53-dependent cellular senescence
program, which acts as a ‘brake’ on tumor growth [43]. Therefore, combined inactivation of
Pten and Trp53 is required for maximal tumor growth as demonstrated in mouse models that
develop rapidly fatal prostate cancer [43]. This is coherent with the fact that in human epithelial
cancers (e.g. prostate cancer and breast cancer), complete PTEN loss is rarely observed and
only described in very advanced cancers which have also suffered functional or genetic loss
of p53. These findings also highlight the importance of cellular senescence as a fail-safe tumor
suppressive mechanism activated in response to maximal and aberrant activation of the PI3K
signaling pathway, suggesting that pharmacological manipulation of this response could be
beneficial for cancer prevention and therapy.

Although it is tempting to speculate that similar fail-safe mechanisms are operational also in
the HSCs compartment, it remains to be proven that this is indeed the case, and to which extent
tissue specificity may affect the biological nature of this response. Indeed, more apoptosis is
found in FoxO-deficient HSCs than WT control [16**], while to date we failed to detect a
significant increase in apoptosis [14**] or senescence in the HSC compartment from young
Pml−/− mice (Ito K et al., unpublished data). It remains to be determined whether Pml−/− HSCs
are more prone to terminally differentiate as a consequence of their enhanced proliferative
potential. On the other hand, nothing is known to date regarding the consequence of acute
Pten inactivation in the HSC compartment at the cell biological level (i.e. we do not currently
know why the HSC pool exhausts upon acute Pten inactivation).

It is also important to point out that acute Akt/mTOR pathway superactivation may have diverse
consequences on the basis of tissue/cell type specific differences. Some cell types may tolerate
better or worse a surge in Akt/mTOR signaling, or the consequence of PML/PTEN/FOXO
inactivation. Hence the outcome may be different in distinct tissues. To this end, activation of
PTEN/mTOR pathway is required for viability and maintenance in breast cancer stem-like
cells [44]. In neurons, for instance, PTEN negatively regulates neural stem cell proliferation.
Loss of PTEN, leads to hyperphosphorylation of Akt and increases the pool of self-renewing
neural stem cells [45], and promotes their escape from the homeostatic mechanisms of
proliferation control, possibly leading to promotion of tumor progression by providing tumor
initiating cells a self-renewal mechanism [46,47]. Thus, it is possible that neuronal stem cells
simply proliferate more and more efficiently in the absence of Pten. Alternatively, once again,
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it could be proposed that this proliferative response is preceded by a senescence/apoptosis
response phase that is subsequently evaded.

Therapeutic Implications and Future Directions
Our findings have straighforward and clinically testable therapeutic implications as the new
signaling network that we have described is eminently “druggable” (11–14**,15*,16**,
17**,37**):

i. By slowing down proliferation and by normalizing signaling output, rapamycin
prolongs maintenance of both wt and Pml-null CML-initiating cells in serial
transplantation models [14**]. Pml−/− LICs treated with rapamycin retained the
potential to develop CML-like disease even after serial BMT by maintaining
quiescence, although a delayed leukemia onset was observed in first BMT. Notably,
rapamycin also accelerated CML-like disease driven by Pml+/+ LICs after serial BMT
[14**]. Taken together, these findings suggest that great caution should be used when
considering clinical trials with rapamycin in CML. In addition, PTEN loss in CML
is infrequently observed [44]. Importantly, the study of Morrison and colleagues
demonstrates that rapamycin is not curative after leukemia development in a Pten null
setting [11**] (Figure 4c). Hence, even if CML blasts experience PTEN loss during
disease evolution, rapamycin would not represent an effective treatment, while the
maintenance of CML LICs with functionally normal PTEN could be promoted by
rapamycin favoring disease recurrence.

ii. PML-targeting drugs such as arsenic trioxide, or RNF4 enhancing drugs in the future,
could eradicate LICs and synergize with standard of care treatments such as imatinib
mesylate in CML (Figure 5). Destabilization of Pml by arsenic treatment was
successful in suppressing LIC maintenance in the mouse model of CML, providing
strong support to the notion that CML patients might benefit from administration of
arsenic-mediated therapy [14**]. However, much work remains to be done to translate
these findings from basic/preclinical research to the clinic. In particular, the tyrosine
kinase inhibitor imatinib mesylate represents to date the first-choice treatment for all
newly diagnosed CML patients [48]. The ability of arsenic to synergize with this
standard of care therapy towards disease eradication has to be rigorously assessed in
clinically relevant mouse models.

It is speculated that in the LIC compartment, inhibition of BCR-ABL activity by
imatinib mesylate would inhibit signaling output (inlcuding PI3K/Akt signaling) and
thus result in reactivation of FoxOs and induction of quiescence, in turn failing to
eradicate the LIC population [37**]. Therefore, it is possible that sequential rather
than combinatorial administration of these two drugs will prove more effective for
eradication of LICs in CML. Priming the cells with arsenic therapy prior to imatinib
therapy could represent a rational approach. Alternatively, discontinuation of imatinib
mesylate could trigger cell cycle entry effectively in LIC which would be exacerbated
by a pulse of arsenic therapy through superactivation of PI3K/Akt signaling.
However, the effect of this short-term imatinib discontinuation(s) on disease outcome
should be investigated at first in a preclinical setting in faithful mouse models of CML.
Finally, the potential toxicity of this combination and the effect on the phenotypic
characteristics of LICs remains to be thouroughly assessed. To this end, it will be
essential to soon perform formal phase I and II clinical trials in human CML patients.
Indeed such clinical trails are currently being designed and developed in several
countries.

iii. Finally, an even more provocative approach to be tested in the future is represented
by testing the efficay of PTEN reversible inhibitors as “Akt/mTOR enhancing drugs”
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towards LIC/CIC eradication. Such small molecule inhibitors are currently at hand,
having been developed for the treatment of diabetes [49], and could be assessed singly
or in combination with PML targeting drugs such as arsenic. To this end, much
preclinical work will be needed, as well as a genetic analysis of the consequence of
compound Pml/Pten inactivation in the stem cell compartment. This will allow a
determination of whether concomitant reduction in Pml and Pten function attenuates
or accelerates disease pathogenesis in a tissue/cell specific setting, and to identify
specific signaling pathways by which Pml, Pten and FoxO can regulate the quiescent
status of LICs. Future work focusing on further defining the PI3K/Akt/mTOR
molecular network regulating stem cell quiescence and biology will enable a more
rational design of novel drugs to eradicate cancer and the cancer-initiating cells
(Figure 5).
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Figure 1. Akt/mTOR signaling pathway as a fundamental ‘rheostat’ for maintenance of stem cells
In the context of normalcy holding this signal OFF/low maintains stem cells in a quiescent
state, while the ON-signal induces active cycling in stem cells and their exhaustion (left panel).
In the context of cancer, an aberrant surge in signaling output would evoke fail-safe
mechanisms (e.g. cellular senescence, apoptosis or terminal differentiation) which would
extinguish the pre-malignant stem cell clone. The cells can become a neoplasia only when they
escape these mechanisms (right panel).
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Figure 2. PML might be a negative regulator of the Akt/mTOR pathway at multiple levels
PML could regulate mTOR activity through nuclear Akt function, mTOR-Rheb interaction
and PTEN localization [15**,24**,25**]. IRS and TSC is insulin receptor substrate and
tuberous sclerosis complex, respectively.
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Figure 3. Critical role of PML in stem cells and the effect of rapamycin in Pml−/− stem cells
a, Loss of Pml leads to enhances the cycling HSC pool through mTOR activation without
initiating leukemia [13**]. b, Pml-deficient LICs also have defect of maintenance of
quiescence, resulting in their exhaustion [13**]. c,d, Inhibition of mTOR by rapamycin rescues
the phenotype of both Pml-deficient HSCs and LICs [13**].
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Figure 4. The function of Pten in HSCs and leukemia-initiation and the effect of rapamycin in
Pten-deficient stem cells
a, In the absence of Pten, the proliferation of HSCs increases and leukemia develops through
hyperactivity of PI3K/Akt pathway, resulting in survival and proliferation advantage.
Additional mutations and/or block of lineage committment lead to development of
transplantable leukemia. At the same time, Pten-deletion induces excessive proliferation in
HSCs, resulting in their exhaustion [11–13**]. b, Treatment with rapamycin before leukemia
development normalizes HSC function and prevents the development of leukemia in Pten-
deleted mice [11**]. c, Administration of rapamycin after leukemia onset, it has survival
advantage by growth inhibitory effect but can not cure leukemia [11**].
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Figure 5. The therapeutic implication of Akt/mTOR signaling
PML-targeting drugs such as arsenic trioxide and RNF4 enhancing drugs could eradicate LICs
and synergize with standard of care treatment. A transient super-activation of Akt/mTOR
signaling might also have therapeutic potential.
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