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p27 in FLT3-driven acute myeloid leukemia: many roads lead to ruin
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cute myeloid leukemia (AML) is an aggressive, genet-
Aifally diverse hematopoietic stem cell (HSC) malig-
ancy with a generally poor prognosis: most patients
die from the disease or from successive but futile rounds of
chemotherapy. The FMS-like tyrosine kinase 3 (FLT3) gene is
frequently altered in AML; an internal tandem duplication
(FLT3-ITD) is seen in approximately 35% of patients, with an
amino acid substitution in the tyrosine kinase domain detect-
ed in approximately 10%."' FLT3-ITD mutations are associat-
ed with an extremely poor prognosis in AML.

The specific pathways elicited by constitutive FLT3 activa-
tion include RAS/ERK/MAPK and PISK/AKT (Figure 1A). In
contrast to the wild-type, FLT3-ITD is a potent activator of
STATS (Figure 1A); the acquisition of FLT3-ITD ensures
leukemic stem cell (LSC) survival by upregulation of MCL-1
via constitutive STATS activation.” The ITD mutations not
only constitutively trigger FLT3 kinase activity, but also pro-
mote aberrant receptor functions, thereby influencing
myeloid differentiation.’ The induction of PIM1, c-MYC and
cyclin D3 is likely to contribute to the altered genetic pro-
grams downstream of FLT3-ITD necessary for leukemic
transformation.’ The clinical importance of FLT3 has stimu-
lated the development of FLT3 tyrosine kinase inhibitors
(FLT3-TKI). Unfortunately, the initial high hopes have not
been fulfilled due to the rapid development of resistance.” A
detailed understanding of the molecular pathways involved
in FLT3-ITD signaling may pave the way for improving tar-
geted therapies.

In this issue of Haematologica, Peschel and colleagues reveal
p27 to be a direct substrate of FLT3. p27 is an inhibitor of cell
cycle progression and is abundant in quiescent cells. p27 is
rapidly degraded to enable cells to enter the S-phase. Wild-
type and FLT3-ITD bind to p27 and phosphorylate it on tyro-
sine 88, a residue linked to oncogenic transformation of
tumor cells. Y88 phosphorylation is a prerequisite for p27
phosphorylation on T187 by the CDK2-cyclin complex,
which results in its ubiquitin-dependent degradation via the
E3 ligase SCF*”. FLT3-TKI treatment significantly reduces
pY88-p27 in FLT3-ITD cells, thereby increasing the level of
p27 protein and causing cell cycle arrest. Peschel et al. detect
p27-Y88 phosphorylation in primary AML blast cells at levels
comparable to those observed in FLT3-ITD* cell lines and
hypothesize that reduced levels of p27 upon Y88 phosphory-
lation and/or an increased localization to the cytoplasm
might be useful indicators of disease outcome.

Although there is a considerable body of evidence to show
that p27 can predict responsiveness in solid tumors,’ the find-
ings in AML are conflicting: while all primary wild-type FLT3
samples have reduced pY88-p27 upon TKI exposure, the lev-
els in ITD* material may be either increased or decreased.
The difference most likely arises from compensatory phos-
phorylation by Src family kinases. p27 is known to be target-
ed by oncogenic tyrosine kinases other than FLT3 (see Figure
1B). In chronic myeloid leukemia, BCR-ABL alters p27 func-
tions by two means:*” i) a kinase-dependent pathway acti-
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vates SCF*”? and promotes degradation of nuclear p27, there-
by undermining its CDK inhibitory activity; and ii) a kinase-
independent pathway increases the cytoplasmic level of p27,
thereby preventing apoptosis by mechanisms that remain
elusive. The prediction of therapeutic response thus repre-
sents a challenge.

p27 has functions in addition to its role as cell cycle
inhibitor and inducer of anti-apoptotic responses. There is
recent evidence for an involvement in transcriptional regula-
tion and cell motility." p27 has been implicated in differenti-
ation:" it provokes an erythroid differentiation response and
its suppression decreases myeloid differentiation. AML is
characterized by a perturbed differentiation and FLT3-ITD
activation leads to inhibition of many myeloid transcription
factors, such as myeloid Pu.1 and C/EBPa.’ It remains to be
determined whether p27 contributes to the pro-survival sig-
nals and the maturation arrest downstream of FLT3-ITD.

p27 is a predominantly nuclear protein that inhibits certain
CDKs, although it is able to shuttle to the cytoplasm. As a cell
cycle inhibitor, nuclear p27 is a candidate tumor suppressor
but the homozygous loss or silencing of the p27 locus is
exceedingly rare.” The complete deletion of p27 causes spon-
taneous tumorigenesis, predominantly in the pituitary. A
decrease in p27 levels due to p27 degradation occurs in
roughly half of carcinomas and correlates with aggressive,
high-grade tumors and a poor prognosis. However, when
mislocated in the cytoplasm, p27 has been reported to show
oncogenic activity. Mice expressing a cytoplasmic p27
mutant lacking the nuclear CDK inhibitory function have a
higher rate of spontaneous tumors in many organs, such as
lung, retina, pituitary, ovary, adrenals and spleen. A low
nuclear:cytoplasmic p27 ratio in solid tumors is an adverse
prognostic marker. Although the mechanisms by which p27
exerts its oncogenic effects remain enigmatic, cytoplasmic
p27 may represent a therapeutic target.

In AML, the cytoplasmic abundance of p27 is regulated by
the PIM family members, which are serine/threonine kinases.
PIM kinases phosphorylate p27 at T157 and T198 to induce
nuclear export and proteasome-dependent degradation. They
also repress p27 transcription by phosphorylation and inacti-
vation of forkhead transcription factors FoxOla and
FoxO3a.” A similar mechanism is employed by mutant FLT3,
which induces FoxO3a inactivation and thereby suppresses
p27 expression.” In addition, FLT3 induces PIM1 expression
through STATS activation and PIM2 through an unknown
STAT5-independent mechanism.” FLT3-ITD thus uses two
routes to ‘silence’ p27: direct phosphorylation on Y88 and
activation of the STAT5-PIM-FoxO3A pathway:.

Encouraged by clinical trials of small-molecule CDK
inhibitors in AML therapy, the authors propose that prevent-
ing p27-Y88 phosphorylation by FLT3-TKI might represent
an alternative strategy to inactivate CDKs, thereby inducing
G1 arrest. This strategy comes with a caveat: when the LSCs
are in a non-cycling stage (dormant), they are more resistant
to therapy and may develop TKI-induced resistance. In prac-
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Figure 1. Vicious feed-forward
loop in FLT3-driven acute myeloid
leukemia (AML). (A) Schematic
presentation of signaling path-
ways initiated by FLT3-ITD muta-
tions. (B) p27, an inhibitor of
cyclin-dependent kinases (CDK),
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is a key regulator of cell cycle pro-
gression. In a pathological condi-
tion, many oncogenic kinases
phosphorylate p27 on tyrosine 88.
The enhanced pY88-p27 leads to
a conformational change that
allows for further phosphorylation,
thereby leading to its proteasomal
. degradation. This mechanism lib-
e ﬁ erates CDKs from p27-mediated
inhibition and stimulates cell-
cycle progression. (C) In the pro-
posed model, FLT3-ITD receptors
constitutively activate pro-survival
pathways through STAT5-depen-
dent and -independent mecha-
nisms. FLT3 and PIM1 inhibit p27
function by direct phosphorylation
and/or by transcriptional repres-
sion, leading to enhanced CDK6
kinase activity, which in turn pro-
motes the transcription and activi-
ty of FLT3 and PIM1. (D) p27 may
represent a therapeutic target.
The big question in the “cure” of
AML remains to be adressed: to
degrade or not to degrade p27.

To degrade

not to degrade

tice, therapeutic failure in AML is due more to the emer-
gence of treatment-resistant clones than to treatment-
related mortality. One may speculate that FLT3 inhibitors
stabilize p27, which in turn restores cell cycle arrest and
dormancy, and enhances the risk of developing resistance.
A potential strategy to circumventing resistance might be
the simultaneous application of a TKI with a specific p27
degrader using novel technologies based on proteolysis-
targeting chimeras."” Support for this idea comes from a
report showing that deficiency of both p27 and p57 in
HSCs induced cycling of dormant cells by activating
CDK4/CDK6.”

A recent study found that FLT3-TKI and the CDK4/6
inhibitor palbociclib act synergistically in FLT3-ITD
mutant cells.”® The rationale for this combination is that
CDKG6 inhibition has effects that go beyond cell cycle con-
trol, which would be induced by the TKI-mediated stabi-
lization of p27 without palbociclib. The synergistic effects

are mediated by an inhibition of cell-cycle progression in
combination with the loss of CDK6-mediated transcrip-
tion of FLT3, PIM1 and other potential targets.”® As PIM
kinases phosphorylate and stabilize FLT3 in vitro,” the
combined treatment disrupts a vicious cycle and feed-for-
ward loop.

The same feed-forward loop may explain why leukemic
cells become more dependent on FLT3-ITD signaling in the
majority of patients, while the ratio of FLT3-ITD mutant
alleles is higher after relapse. The finding is consistent with
a model in which FLT3-ITD triggers its own expression via
PIM1 and CDKG®, thereby promoting hyperproliferation of
leukemic cells. When p27 function is impaired by FLT3 and
PIM1, CDKG6 kinase activity is enhanced, which stimulates
the transcription and activity of FLT3 and PIN 1. Leukemic
cells with mutated FLT3-ITD alleles presumably have a
selective advantage, which results in the expansion of
mutant FLT3 clones. In parallel, FLT3 prevents apoptosis



by activating STATS, which stimulates production of c-
MYC, cyclin D and PIM. It also blocks differentiation, at
least partially, via p27 downregulation, an aspect that
requires further investigation (Figure 1C).

Peschel et al. now add a further layer of complexity to
our understanding. In AML cells, p27 partially co-localizes
with FLT3 in extended perinuclear structures. The co-
localization is accompanied by enhanced p27 Y88-phos-
phorylation. Cytoplasmic p27 is susceptible to SCF**-trig-
gered proteolysis but is potentially able to exert proto-
oncogenic functions. Although the stabilization of p27 is
expected to have a net tumor suppressive effect, the simul-
taneous increase in the cytoplasmic level of p27 might
have unintended consequences that offset the benefits of
restoring nuclear p27. Whether AML therapy should aim
to stabilize p27 or to degrade it is still unclear (Figure 1D).
The importance of learning whether to degrade or not to
degrade cannot be overstated. We hope that drug synergy
screens will soon provide an answer.
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cute myeloid leukemia (AML) is a complex malig-

nant neoplasm of the hematopoietic system, char-

acterized by multiple somatically (germline muta-
tions occur in ~5% of AML cases) acquired pathologic
(driver) mutations and the presence of coexisting compet-
ing malignant clones that frequently evolve under “selec-
tive pressure” exerted by antileukemic treatment strate-
gies. Genomic events in AML follow specific patterns of
mutual exclusivity and co-occurrence and can be grouped
into distinct functional categories of mutational and chro-
mosomal abnormalities, including rearrangements involv-

doi:10.3324/haematol. 2017.171744

ing transcription factors and mutations in tumor suppres-
sor genes, genes encoding myeloid transcription factor,
members of the cohesin complex, genes involved in DNA
methylation, genes responsible for activated signaling,
chromatin-modifying genes, the nucleophosmin 1 (NPM1)
gene and members of the spliceosome complex.! These
patterns of genomic associations can be used to segregate
AML cases into several non-overlapping cohorts, each
with a distinct clinical outcome.”? In addition, these
genomic events result in the clustering of AML patients
into distinct messenger ribonucleic acid (RNA) expression
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