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Introduction
The Philadelphia (Ph+) chromosome is pathognomonic for the
myeloproliferative disease, chronic myeloid leukemia (CML). It is the
result of a translocation between the long arms of chromosome 9 and
22, which functionally give rise to the constitutively active protein
tyrosine kinase, BCR-ABL [1]. Currently, the initial treatment of CML
revolves around targeting the kinase activity of BCR-ABL, by utilizing
a first generation tyrosine kinase inhibitor (TKI) imatinib [2]. Since
the clinical employment of imatinib, multiple second generation TKIs
have been developed. Second generation TKIs, such as dasatinib, were
developed to target BCR-ABL with more potent capabilities to
overcome disease resistance to first line TKI treatment [3]. Although
survival and remission rates of CML disease have significantly
increased since the advent of TKI therapies, many patients go on to
develop resistance or intolerance to treatment. Usually, TKI treatment
is associated with very limited to mild side effects. However, there are
severe
symptoms
that
develop,
such
as
neutropenia,
thrombocytopenia, anemia, and cardiovascular complications that
may be life threatening, ultimately leading to the patient being taken
off TKI therapy [4].
A significant portion of patients will have CML disease that
develops resistance towards TKI treatment. Resistance can be classified
into two categories: primary and secondary. With the former entailing
the TKI failing to achieve a desired response, and the latter being
associated with relapse from initial treatment that displayed some level
of response early on in the course of treatment [5]. Although various
mechanisms lead to TKI resistance, one of the most clinically
significant is the result of a T315I mutation within the BCR-ABL
kinase domain that directly impacts the binding of all first and second
generation TKIs, by removal of a key hydrogen bond necessary for TKI
binding [6]. The T315I mutation has been associated with a poor
clinical outcome, and poses a major hurdle for treating CML due to the
lack of TKIs capable of binding BCR-ABLT315I [7]. Ursan et al. in 2015,
conducted an extensive meta-analysis of 12 clinical studies which
involved a total of 1,698 patients diagnosed with CML. Results
demonstrated the T315I mutation to be one of the most commonly
reported mutations in patients displaying TKI resistance. Concluding
this study, it was estimated within the meta-analysis that 13% of
patients with imatinib resistance contained the T315I mutation [8].
These findings coincided with prior studies conducted by Jabbour et al.
and Nicolini et al., which also demonstrated the T315I mutation to
appear in 5% to 15% of CML patients who developed resistance to TKI
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therapy [9,10]. Being that the T315I mutation requires a complex
strategy to treat, these studies highlight the frequent obstacle clinicians
encounter when treating patients afflicted with CML that harbors the
T315I mutation [11].

Ponatinib, a third generation TKI is a potent inhibitor of
BCR-ABLT315I
Currently there are only five TKIs approved by the United States
Food and Drug Administration (FDA) for treating CML. These TKIs
include: Imatinib (Gleevec, Novartis Pharma), dasatinib (Sprycel,
Bristol-Myers Squibb Pharma), nilotinib (Tasigna, Novartis Pharma),
bosutinib, (Bosulif, Pfizer Inc.), and ponatinib (Iclusig, ARIAD
Pharmaceuticals) [4]. Less than two decades ago the first TKI,
imatinib, was developed to selectively target BCR-ABL, opening an
avenue for targeted therapies to treat cancer with limited side effects,
compared to conventional chemotherapies [3]. Second generation
TKIs, dasatinib and nilotinib, were developed to be more potent
against CML that became insensitive to imatinib treatment. Although
the second generation TKIs proved efficacious in treating several
imatinib resistant types of CML, point mutations within the BCR-ABL
protein began to clinically appear which displayed resistance to both
second generation TKIs [5]. Bosutinib, a late second generation TKI, is
only US FDA approved to treat CML that has failed all TKI therapies.
Bosutinib displays increased potency in overcoming most drug
resistant CML, with the exception of CML possessing the T315I
mutation [12]. Ponatinib, a TKI used in the treatment of drug resistant
CML, is currently the only third generation TKI developed to
overcome T315I positive CML [13]. Prior TKIs relied on a hydrogen
bond interaction within the kinase domain of the BCR-ABL protein,
but with the T315I mutation, this hydrogen bond is lacking. Ultimately
leading to the inability of the TKI to inactivate the kinase activity of
the BCR-ABL protein. Ponatinib is a designer drug that was developed
using BCR-ABL crystal structure guidance, resulting in a TKI capable
of overcoming the T315I mutation via van der Waals interactions [14].
For this reason, in 2012 the US FDA granted ponatinib accelerated
approval for the treatment of CML patients who failed, or were
intolerant to, initial TKI treatment regimes. Although ponatinib
proved efficacious in treating aggressive and drug resistant CML, in
October of 2013 the US FDA recommended the suspension of all
marketing and sales of ponatinib. This was in response to the increased
incidences of patients experiencing vascular complications such as
thrombosis and narrowing of blood vessels while taking ponatinib. The
US FDA later reinstated ponatinib, under conditions of more stringent
monitoring and evaluation, since few treatment options were available
for CML patients with a T315I mutation. However, ponatinib carries a
boxed warning of arterial thrombotic events [15].

Volume 7 • Issue 5 • 1000465

Citation:

Oaxaca DM, Yang-Reid SA, Ross JA, Staniswalis JG, Kirken RA (2016) Tyrosine Kinase Inhibitors and Phosphatases: Overcoming the
BCR-ABL T315I Mutation in CML with a Synergistic Combination of Ponatinib and Forskolin. J Clin Cell Immunol 7: 465. doi:

10.4172/2155-9899.1000465

Page 2 of 4

Molecular applications of forskolin in cell-signaling

PP2A regulates BCR-ABL tyrosine kinase activity

The adenylate cyclase activator, forskolin, has been shown to
modulate platelet signaling via suppression of platelet derived growth
factor (PDGF), or alteration of intracellular cyclic AMP levels [16,17].
Such properties of forskolin have been useful in multiple studies
involving mechanisms associated with platelet formation and
aggregation [18-20]. Taking this into account, it would prove
worthwhile to investigate whether the synergistic combination of
ponatinib and forskolin has any implications on reducing common
adverse cardiovascular events seen in patients treated with ponatinib
alone. In addition to the possible reduction in thrombotic events,
forskolin has also been shown to hinder CML proliferation through
activation of Protein Phosphatase 2A (PP2A) [21].

BCR-ABL activity has been shown to modulate the activity of PP2A.
The manipulation of PP2A activity coincides with the stages of CML
disease progression, with dramatic decreases in PP2A activity observed
during the CML blast phase [21]. The mechanism of PP2A inhibition
has been correlated to the tumor suppressor inhibitor, SET. The
expression and activity of SET is enhanced by BCR-ABL; therefore
favoring CML progression through the SET mediated inhibition of
PP2A. This SET/PP2A relationship is altered when CML cells are
treated with PP2A activators, such as forskolin [22,23].

Figure 1: Schematic of synergistic action between ponatinib and forskolin. 1) Forskolin (FSK) combats SET protein’s negative regulation of
PP2A allowing for PP2A to reestablish phosphatase activity, which negatively regulates tyrosine kinases such as BCR-ABL. In addition, 2)
ponatinib (PON) is capable of inhibiting BCR-ABL activity by directly binding the active pocket of the BCR-ABL protein. Together both FSK
and PON form a synergistic combination that might act to inhibit BCR-ABL activity.
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Sensitivity of imatinib-resistant T315I BCR-ABL CML to a
synergistic combination of ponatinib and forskolin
When investigated, ponatinib and forskolin (PF) demonstrated a
synergistic effect in a highly imatinib-resistant T315I BCR-ABL CML
cell line. Used in combination with 20 μM of forskolin, ponatinib IC50
concentrations were attained at 0.5 nM [24]. Achieving such potency
towards T315I positive CML may warrant in vivo and clinical
investigation into whether such a combination possesses clinical value
over standard ponatinib therapy. While the synergistic mechanism of
action remains to be elucidated, PF dual treatment is able to induce cell
cycle arrest within the G1 phase. In addition, apoptosis associated
protein, BAD, showed increased activity with PF treatment.
Furthermore, SRC family tyrosine kinases and Signal Transducer and
Activator of Transcription 3, STAT3, activity was negatively impacted
with PF treatment [24]. One could speculate the synergistic
mechanism observed in CML cell lines treated with PF treatment is
two-fold (Figure 1). First, there is a direct inhibition of BCR-ABL
because ponatinib would compete for the ATP binding site within the
enzymes’ catalytic domain. Second, forskolin might reactivate PP2A,
which would then act to inhibit BCR-ABL directly [23]. In summary,
the model for the proposed synergistic mechanism suggests that PP2A
and ponatinib inhibit BCR-ABL activity thus reducing the amount of
ponatinib required to achieve therapeutic effectiveness [24]. Current
guidelines in managing CML cases that contain the T315I mutation
recommend using the lowest effective dose of ponatinib. This is due to
the uncertainty of adverse events being associated with increased doses
of ponatinib [4]. Ponatinib remains to be the only TKI available that is
US FDA approved for treating T315I positive CML. It is imperative
that drug combinations are identified that allow for its usage at lower
concentrations. The study described herein reveals such a combination,
allowing for ponatinib to be used at effective concentrations that are
several times less it’s recommended dose [24]. Forskolin is a natural
herb that is used globally for treating various ailments including,
cardiovascular conditions, skin disorders, hypertension, asthma, aiding
fat metabolism, and treating other disorders [25]. The safety profile of
forskolin is very extensive, with limited adverse events reported in
humans [26,27]. Ponatinib has been utilized in combating extremely
drug resistant CML in the last three years, and its usage is limited by its
reported toxicity profile. An international phase 3 clinical trial
demonstrated promising preliminary data of ponatinib’s efficacy over
imatinib in treating newly diagnosed CML. However, the phase 3 trial
was terminated due to increased adverse events reported in patients
receiving ponatinib therapy [28]. To date, ponatinib remains to be the
only US FDA approved TKI capable of overcoming the T315I BCRABL mutation. As discussed earlier, the T315I mutation remains to be
a frequent clinical problem encountered after patients fail first-line TKI
therapy. In conclusion, more studies are needed for identifying safer
analogues of ponatinib, or discovering strategic drug combinations
that allow for ponatinib to be effectively utilized at lower and safer
concentrations.

References
1.
2.
3.

Apperley JF (2015) Chronic myeloid leukaemia. Lancet 385: 1447-1459.
Kalmanti L, Saussele S, Lauseker M, Müller MC, Dietz CT, et al. (2015)
Safety and efficacy of imatinib in CML over a period of 10 years: data
from the randomized CML-study IV. Leukemia 29: 1123-1132.
Cortes J, Rousselot P, Kim DW, Ritchie E, Hamerschlak N, et al. (2007)
Dasatinib induces complete hematologic and cytogenetic responses in
patients with imatinib-resistant or -intolerant chronic myeloid leukemia
in blast crisis. Blood 109: 3207-3213.

J Clin Cell Immunol, an open access journal
ISSN:2155-9899

4.
5.
6.

7.

8.

9.

10.

11.
12.

13.
14.

15.
16.
17.

18.

19.
20.
21.

22.

Negrin R, Schiffer C (2016) Clinical use of tyrosine kinase inhibitors for
chronic myeloid leukemia. UpToDate.
Apperley JF (2007) Part I: mechanisms of resistance to imatinib in
chronic myeloid leukaemia. Lancet Oncol 8: 1018-1029.
Zabriskie MS, Eide CA, Tantravahi SK, Vellore NA, Estrada J, et al. (2014)
BCR-ABL1 Compound mutations combining key kinase domain
positions confer clinical resistance to ponatinib in Ph chromosomepositive leukemia. Cancer Cell 26: 428-442.
Nicolini FE, Ibrahim AR, Soverini S, Martinelli G, Muller MC, et al.
(2013) The BCR-ABLT315I mutation compromises survival in chronic
phase chronic myelogenous leukemia patients resistant to tyrosine kinase
inhibitors, in a matched pair analysis. Haematologica 98: 1510-1516.
Ursan ID, Jiang R, Pickard EM, Lee TA, Ng D, et al. (2015) Emergence of
BCR-ABL kinase domain mutations associated with newly diagnosed
chronic myeloid leukemia: a meta-analysis of clinical trials of tyrosine
kinase inhibitors. J Manag Care Spec Pharm 21: 114-122.
Jabbour E, Kantarjian H, Jones D, Talpaz M, Bekele N, et al. (2006)
Frequency and clinical significance of BCR-ABL mutations in patients
with chronic myeloid leukemia treated with imatinib mesylate. Leukemia
20: 1767-1773.
Nicolini F, Corm S, Le Q, Sorel N, Hayette S, et al. (2006) Mutation status
and clinical outcome of 89 imatinib mesylate-resistant chronic
myelogenous leukemia patients: a retrospective analysis from the French
intergroup of CML (Fi(phi)-LMC GROUP). Leukemia 20: 1061-1066.
Bhamidipati PK, Kantarjian H, Cortes J, Cornelison AM, Jabbour E
(2013) Management of imatinib-resistant patients with chronic myeloid
leukemia. Ther Adv Hematol 4: 103-117.
Cortes JE, Kantarjian HM, Brümmendorf TH, Kim DW, Turkina AG, et
al. (2011) Safety and efficacy of bosutinib (SKI-606) in chronic phase
Philadelphia chromosome–positive chronic myeloid leukemia patients
with resistance or intolerance to imatinib. Blood 118: 4567-4576.
Cassuto O, Dufies M, Jacquel A, Robert G, Ginet C, et al. (2012) All
tyrosine inhibitor-resistant chronic myelogenous cells are highly sensitive
to Ponatinib. Oncotarget 3: 1557-1565.
O’Hare T, Shakespeare WC, Zhu X, Eide CA, Rivera V, et al. (2009)
AP24534, a Pan-BCR-ABL Inhibitor for Chronic Myeloid Leukemia,
Potently Inhibits the T315I Mutant and Overcomes Mutation-Based
Resistance. Cancer Cell 16: 401-412.
Valent P, Hadzijusufovic E, Schernthaner GH, Wolf D, Rea D, et al. (2015)
Vascular safety issues in CML patients treated with BCR/ABL1 kinase
inhibitors. Blood 125: 901-906.
Enomoto Y, Adachi S, Doi T, Natsume H, Kato K, et al. (2011) cAMP
regulates ADP-induced HSP27 phosphorylation in human platelets. Int J
Mol Med 27: 695-700.
Rios-Silva M, Trujillo X, Trujillo-Hernandez B, Sanchez-Pastor E, Urzua
Z, et al. (2014) Effect of chronic administration of forskolin on glycemia
and oxidative stress in rats with and without experimental diabetes. Int J
Med Sci 11: 448-452.
Lambert TL, Dev V, Rechavia E, Forrester JS, Litvack F, et al. (1994)
Localized arterial wall drug delivery from a polymer-coated removable
metallic stent. Kinetics, distribution, and bioactivity of forskolin.
Circulation 90: 1003-1011.
Zhang W, Colman RW (2007) Thrombin regulates intracellular cyclic
AMP concentration in human platelets through phosphorylation/
activation of phosphodiesterase 3A. Blood 110: 1475-82.
Xiang B, Zhang G, Ren H, Sunkara M, Morris AJ, et al. (2012) The
P2Y(12) antagonists, 2MeSAMP and cangrelor, inhibit platelet activation
through P2Y(12)/G(i)-dependent mechanism. PLoS One 7: e51037.
Neviani P, Santhanam R, Trotta R, Notari M, Blaser BW, et al. (2005) The
tumor suppressor PP2A is functionally inactivated in blast crisis CML
through the inhibitory activity of the BCR/ABL-regulated SET protein.
Cancer Cell 8: 355-368.
Perrotti D, Neviani P (2006) ReSETting PP2A tumour suppressor activity
in blast crisis and imatinib-resistant chronic myelogenous leukaemia.
British Journal of Cancer 95: 775-781.

Volume 7 • Issue 5 • 1000465

Citation:

Oaxaca DM, Yang-Reid SA, Ross JA, Staniswalis JG, Kirken RA (2016) Tyrosine Kinase Inhibitors and Phosphatases: Overcoming the
BCR-ABL T315I Mutation in CML with a Synergistic Combination of Ponatinib and Forskolin. J Clin Cell Immunol 7: 465. doi:

10.4172/2155-9899.1000465

Page 4 of 4
23.
24.

25.
26.

Perrotti D, Neviani P (2008) Protein phosphatase 2A (PP2A), a drugable
tumor suppressor in Ph1(+) leukemias. Cancer Metastasis Rev 27:
159-168.
Oaxaca DM, Yang-Reid SA, Ross JA, Rodriguez G, Staniswalis JG, et al.
(2016) Sensitivity of imatinib-resistant T315I BCR-ABL CML to a
synergistic combination of ponatinib and forskolin treatment. Tumour
Biol.
Ammon H, Müller A (1985) Forskolin: from an ayurvedic remedy to a
modern agent. Planta Med. 51: 473-477.
Seamon KB, Padgett W, Daly JW (1981) Forskolin: unique diterpene
activator of adenylate cyclase in membranes and in intact cells. Proc Natl
Acad Sci U S A 78: 3363-3367.

J Clin Cell Immunol, an open access journal
ISSN:2155-9899

27.
28.

Kavitha C, Rajamani K, Vadivel E (2010) Coleus forskohlii: a
comprehensive review on morphology, phytochemistry and
pharmacological aspects. J Med Plants Res 4: 278-285.
Lipton JH, Chuah C, Guerci-Bresler A, Rosti G, Simpson D, et al. (2016)
Ponatinib versus imatinib in newly diagnosed chronic myeloid leukemia:
an international randomized open-label, phase 3 trial. Lancet Oncol 5:
612-621.

Volume 7 • Issue 5 • 1000465

