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Anaplastic lymphoma kinase (ALK) is correlated with
oncogenesis in different types of cancers, such as anaplastic large
cell lymphoma, lung cancer, neuroblastoma, and even breast
cancer, by abnormal fusion of ALK or non-fusion ALK activation.
ALK is a receptor tyrosine kinase, with a single transmembrane
domain, that plays an important role in development. Upon
ligand binding to the extracellular domain, the receptor
undergoes dimerization and subsequent autophosphorylation of
the intracellular kinase domain. In recent years, ALK inhibitors
have been developed for cancer treatment. These inhibitors
target ALK activity and show effectiveness in ALK-positive non-
small cell lung cancer. However, acquired treatment resistance
makes the future of this therapy unclear; new strategies are
underway to overcome the limitations of current ALK inhibitors.

Structure and Function of Anaplastic Lymphoma
Kinase

Tyrosine kinases are involved in the pathogenesis of most cancers.
Anaplastic lymphoma kinase (ALK) is a receptor tyrosine kinase
belonging to the insulin receptor superfamily, and shares a high
degree of homology with leukocyte tyrosine kinase (LTK)." ALK was
initially identified as the product of a gene rearrangement in anaplas-
tic large cell lymphoma (ALCL).*® ALK was subsequently found to
be rearranged, mutated, or amplified in a series of tumors including
lymphoma, neuroblastoma, and non-small cell lung cancer
(NSCLC).* There is strong preclinical evidence that ALK may be a
driving force of oncogenesis in these cases.

ALK Structure

The human ALK gene is located on the 2p23 chromosomal seg-
ment, from base pair 29,192,773 t0 29,921,610. The ALK gene is
composed of 26 exons. The 6226-base pair cDNA encodes a 1620
amino acid (aa), 177,442 Da polypeptide; its post-translational
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modifications generate mature ALK of approximately 200-
220 kDa.>® ALK is highly conserved across species, and is tran-
siently expressed in specific regions of the central and peripheral
nervous systems. The single ALK locus encodes a classical receptor
tyrosine kinase that comprises an extracellular ligand-binding
domain (1030 aa), a transmembrane domain (28 aa), and an intra-
cellular tyrosine kinase domain (561 aa) (Fig. 1).”

The extracellular domain of human ALK comprises 2 MAM
(meprin, A5 protein, and receptor protein tyrosine phosphatase
i) domains separated by a low density lipoprotein class A
domain. A glycine-rich domain precedes the transmembrane-
spanning domain. The protein tyrosine kinase domain lies in the
cytoplasmic portion. The ALK kinase domain shares the 3-
tyrosine motif YxxxYY, with the other kinases of the same family.
The three tyrosine residues (Tyr1287, Tyr1282 and Tyr1283)
are located in the activation loop and represent the major auto-
phosphorylation sites; the sequential phosphorylation of the tyro-
sine triplet regulates kinase activity.*? ALK becomes activated
only upon ligand-induced homo-dimerization, and inactivated
through de-phosphorylation by receptor protein tyrosine phos-
phatase beta and zeta complex (PTPRB/PTPRZ1) when there is
no stimulation by a ligand."®

ALK Function

Immunohistochemical analysis of adult human tissues reveals
that ALK expression is sparsely scattered in neural cells, endothe-
lial cells and pericytes in the brain.® Morris et al.” report that
ALK mRNA is expressed in the adult human brain, small intes-
tine, testis, prostate, and colon; but not in normal human lym-
phoid cells, spleen, thymus, ovary, heart, placenta, lung, liver,
skeletal muscle, kidney, or pancreas.

Mammalian ALK is thought to play a role in the development
and function of the nervous system based upon the expression of
its mRNA throughout the nervous system during mouse embryo-
genesis.'""'* ALK mRNA and protein levels seem to diminish in
all dissues after birth — they reach minimum levels at 3 weeks of
age, but are maintained at low levels in adult animals.”” ALK
knockout mice have provided further clues to possible physiolog-
ical roles of the receptor in the nervous system. These mice
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Figure 1. The ALK receptor kinase: its domains, fusion break point, muta-
tions, and resistance mutations. Reproduced with modification from
Wellstein A, Toretsky JA. Hunting ALK to feed targeted cancer therapy.
Nat Med. 2011; 17: 290-1. PMID: 21383740; doi: 10.1038/nm0311-290. ©
2011 Nature America, Inc. By permission.

develop normally and have a full life span. They do not dis-
play any anatomical abnormalities, but intriguingly exhibit
better performance relative to wild-type littermates in experi-
mental models of clinical depression, such as behavioral
despair tests.'" Thus, at present, the normal function of ALK
remains an open question.

ALK Signaling

Information regarding ALK signaling mostly comes from
studies of ALK fusion proteins such as NPM-ALK and EML4-
ALK, and has been complemented in recent years by studies of
full-length ALK mutants. Different fusion partners affect ALK
homo-dimerization, as well as ALK signaling potential.

In terms of general signaling output, ALK activates multiple
pathways. These include phospholipase Cv, Janus kinase (JAK)-
signal transducer and activator of transcription (STAT), PI3K-
AKT, mTOR, sonic hedgehog, JUNB, CRKL-C3G (also known
as RAPGEF1)-RAP1 GTPase and MAPK signaling cascades,
which affect cell growth, transformation and anti-apoptotic signal-
ing (Fig. 2)."” It has been reported that in this scenario, a number
of additional genes are transactivated by NPM-ALK activity. Some
of these genes, such as JUNB, YBX1, BCL2A1, HIFI1A, have been
validated by siRNA analyses.'“™"” MYCN is identified in neuro-
blastoma as a transcriptional target of activated full-length ALK.'®
There are reports of ALK signaling involving microRNAs, with
miR-135b, miR-29a and miR-16 being downstream of NPM-
ALK, and miR-96-mediated regulation of ALK c:)(pression.w’22

Two proteins, midkine and pleiotrophin, have been reported
to be activating ligands for mammalian ALK They are also
able to activate other receptors, including receptor protein tyro-
sine phosphatase- (RPTPB) and RPTP{, N-syndecan, low-den-
sity lipoprotein  receptor-related  protein, and integrins.13
Pleiotrophin can also function via RPTPB and RPTP{ phospha-
tases to activate ALK signaling.23 However, they are not con-
firmed to stimulate mammalian ALK under conditions where
monoclonal antibodies directed against the ALK extracellular
domain are able to activate its signaling.>* Thus, the identity of
physiological ligands for ALK is uncertain.*>*°

ALK Fusion Proteins in Cancers

A gene fusion may occur when a translocation joins 2 other-
wise separated genes; gene fusion is relatively common in cancers.
Reciprocal translocations are usu-
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Figure 2. The ALK receptor kinase signaling pathways.

cancer, mainly leukemia, are

1692

Cancer Biology & Therapy

caused by acquired translocations.

Volume 16 Issue 12



Translocations have also been described in solid malignancies
such as Ewing’s sarcoma.”’

As an oncogene, ALK is transiently expressed in specific
regions. When ALK fusion occurs, the formation of dimers by
the amino-terminal protein of the ALK fusion proteins will result
in the activation of the ALK protein kinase domain that plays a
key role in the tumorigenic process. The partner protein, which
is the C-terminal protein, controls the fusion’s behavior, such as
expression level and activation; its effect may be to constitutively
activate the tyrosine kinase. Therefore, these cells uncontrolledly
proliferate, survive, differentiate, and migrate, consequently lead-
ing to cancer.”®

ALCL and NMP-ALK

Anaplastic large cell lymphoma (ALCL) is a rare type of non-
Hodgkin lymphoma (NHL), but one of the more common sub-
types of T-cell lymphoma. ALCL comprises about 3% of all
NHLs but an estimated 10 to 30% of all NHL’s in children.
ALCL can clinically present in 2 main ways: cutaneous ALCL
involving the skin usually grows slowly; systemic ALCL tends to
grow in lymph nodes and other organs and often spreads quickly.
Systemic ALCL is sub-divided into ALK-positive and ALK-nega-
tive entities. ALK-positive lymphomas define a distinct class of
NHL. More recently, another category of ALCL has been
increasingly reported in the literature and is associated with the
presence of breast implants.””*® ALK-positive cancers are more
common in young patients and usually respond well to chemo-
therapy. ALK-negative cancers are more common in people over
60. This type may need more aggressive treatment because of
increased recurrence rates. Accordingly, systemic ALK-positive
ALCLs have 5-year survivals of 70-80%, while systemic ALK-
negative ALCLs have estimated 5-year

and ribosome biogenesis, regulation of cell division, DNA
repair, transcription and genomic stability.”> The NPM pro-
tein includes a nucleolar localization signal and a dimerization
domain, favoring the generation of large homo—complexes34
and hetero-complexes of NPM and ALK activation.’>® The
NPM-ALK chimeric protein is constitutively expressed from
the NPM promoter, leading to the ectopic overexpression of
the ALK catalytic domain. NPM-ALK fusion proteins homo-
dimerize and the kinase becomes constitutively active. The
constitutively active fusion proteins are responsible for 5-10%
of NHL.

Many other rearrangements involving the ALK gene have
recently been shown to be associated with ALCL, including
ALO17-ALK, TFG-ALK, MSN-ALK, TPM3-ALK, TPM4-
ALK, ATIC-ALK, MYH9-ALK, CLTC-ALK (Fig. 3), among
which the ATIC-ALK rearrangement resulting from the inv(2)
(p23q35) translocation is probably the most recurrent.”’

There is evidence of an immune response to the ALK protein.
Autologous antibodies against NPM-ALK can be detected in
ALK-positive patients, but not in control subjects; this might be
a reason for ALK-positive ALCL having a relatively good
prognosis.”®

NPM-ALK downstream signaling includes phospholipase
C-v, phosphatidylinositol 3-kinase, the Ras/ERK1/2 module,
and the JAK/STAT pathway. In vitro studies revealed the func-
tional relationship between ALK and CD30.?” In ALK-positive
ALCL, CD30 transcription is upregulated by ALK via the
ERK1/2 pathway and by phosphorylated STAT3. The effect of
CD30 engagement in ALCL cells is the activation of NF-«kB
pathways, which results in apoptosis and p21-mediated cell-cycle
arrest. It follows that anti-CD30 antibodies are of great interest
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in ALK-positive ALCL treatment, nowadays with routine use in
select patients in clinics across the world.*°

IMT and TPM3-ALK

Inflammatory myofibroblastic tumors (IMT) possess a pseudo-
sarcomatous inflammatory appearance and can occur in nearly
every soft tissue and viscera of the body. IMT most commonly arise
in the lung, abdomen, pelvis, and retroperitoneum. However, IMT
also arise in other sites, including but not limited to soft tissue, cen-
tral nervous system (CNS), and bone. It occurs primarily in chil-
dren and young adults, though it can occur atany age.

Approximately 50% of IMT display clonal rearrangements of
chromosome 2’s short arm (where ALK is located) fused to 7PM3
or to TPM4.*1*> TPM3 is located on chromosome 1 and encodes
a non-muscle tropomyosin, of which the N-terminal residues are
fused to ALK. 7PM4 is a homolog of 7PM3 located on the short
arm of chromosome 19. Both TPM3-ALK and TPM4-ALK pro-
teins cause constitutive autophosphorylation and activation of
ALK as a result of homodimerization through the TPM coiled
domain.*?

The TPM3-ALK downstream signaling involves STAT3.
Many other fusion proteins are found in IMT, including CLTC-
ALK, ATIC-ALK, SEC31A-ALK, RANBP2-ALK, PPFIBP1-
ALK, and CARS-ALK. IMT were the first solid tumor to be asso-
ciated with ALK translocation. The presence of ALK transloca-
tions is associated with a better prognosis in both ALCL and
IMT, which can be exploited for diagnostic and therapeutic
purposes.

NSCLC and EML4-ALK

Lung cancer is the leading cause of cancer-related deaths
worldwide (about 1.8 million new cases per year and 1.4 million
deaths per year) with a 5-year survival rate of about 5% (www.
cancer.gov). Small-cell lung cancer accounts for 10-15% of all
lung cancers, and non-small cell lung cancer (NSCLC) accounts
for 85-90% of lung cancers. In 2007, Prof. Mano’s group
reported that the chromosomal rearrangement involving the ALK
and EML4 (echinoderm microtubule-associated protein like 4)
genes showed potent transforming activity in NSCLC.* About
5% of NSCLCs harbor an EML4-ALK fusion protein; the rear-
rangement is frequently observed in relatively younger patients,
non- or light smokers, and those with adenocarcinoma histology
without other genetic disorders, such as mutations of the epider-
mal growth factor receptor (EGFR) gene.44’45 All 13 fusion var-
iants of EML4-ALK contain exons 20-29 of ALK, which encode
the entire intracellular segment of ALK, and 8 different EML4
exons (2, 6, 13, 14, 15, 17, 18, and 20). Other ALK fusion pro-
teins are also found in NSCLC, including KIF5B-ALK, TFG-
ALK, KLC1-ALK, PTPN3-ALK, and STRN-ALK. Downstream
signaling of this group of fusion proteins includes Ras/ERK1/2,
Akt, and JAK/STAT. Importantly, inhibitors of ALK markedly
inhibit the growth of BA/F3 cells that express EML4-ALK;*®
thus, ALK rearrangements ware thought of as potential therapeu-
tic targets. Although the proportion of NSCLCs with EML4-
ALK fusion proteins is low (5%), the absolute number remains

high due to the relatively high incidence of NSCLC. Thus, the
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total number of cases of NSCLC amenable to treatment with
ALK inhibitors is greater than that for all other known ALK-
related cancers combined. The EML4-ALK fusion protein was
discovered in NSCLCs in 2007, and a clinically effective inhibi-
tor (crizotinib) was approved by the U.S. FDA in 2011. These
are now increasingly being recognized as first-line therapy for
ALK-positive NSCLC instead of conventional chemotherapy
regimens, along with increased use of routine ALK testing in all
NSCLC (adenocarcinoma) patients at some centers.

DLBCL and CLTC-ALK

Diffuse large B-cell lymphoma (DLBCL) is a malignancy of B
cells, a type of leukocyte that is responsible for antibody produc-
tion. It is the most common type of non-Hodgkin lymphoma
diagnosed in adults and accounts for 30-40% of newly diagnosed
lymphomas in the United States, equating to 21,000-28,000
cases per year (www.cancer.gov). The most frequent chromo-
somal rearrangement of ALK in DLBCL is the t(2;17)(p23;q23)
translocation, which generates CLTC-ALK. A small portion of
DLBCLs, less than 0.5-1%, possess the NPM-ALK fusion pro-
tein or other fusion proteins such as SQSTMI-ALK and
SEC31A-ALK. This subset of B-cell lymphoma is associated
with poor prognosis. However, ALK-targeted therapy is likely to
benefit ALK-positive DLBCL patients.”’

So far, 22 different genes have been described as being translo-
cated with ALK (Fig. 3) and, adding to the complexity, within the
different ALK fusion there are examples of several breakpoint var-
iants, as illustrated by the EML4-ALK translocations observed in
NSCLC, by which multiple EML4 exon breakpoints fuse in-frame
with exon 20 of ALK. Differences have been reported between a
number of ALK fusion proteins with regard to proliferation rate,
colony formation, invasion, and tumorigenicity owing to activa-
tion of various signaling pathways. The variance of ALK fusion
proteins should relate to the pathogenesis of cancer.

Despite the variety of ALK fusion partners, some general fea-
tures can be noted. The initiation of transcription of ALK fusion
proteins is driven by the regulatory regions of the partner gene.
The subcellular localization of the fusion protein is determined
by the partner protein, which means that ALK activity can occur
in the nucleus and/or in the cytoplasm. The dimerization of ALK
fusions occurs through the ALK partner protein and involves
trans-autophosphorylation, and thus activation of the ALK
kinase domain.

NPM-ALK or ATIC transcripts are detected in cells of healthy
individuals with relatively high frequency.*®*’ Assuming reliabil-
ity of RT-PCR detection, we can conclude that ALK transloca-
tions might be relatively common, necessary but not sufficient to
induce transformation of cancer. Other molecular event(s) might
be required for normal cells to be fully transformed or bypass
oncogene-induced senescence.

Full Length ALK-positive Cancers (non-fusion ALK)
ALK amplification and overexpression

Amplification of the ALK locus and overexpression of ALK
protein has been reported in many different types of cancer cell
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lines and human tumor samples,”®’

NSCLC,

ovarian cancer, breast cancer, astrocytoma, Ewing’s sarcoma, and

including melanoma,
neuroblastoma, glioblastoma, rhabdomyosarcoma,
retinoblastoma.

ALK expression is increased about 250-fold in nearly 100% of
basal cell carcinoma.®> ALK is overexpressed in over 50% of neu-
roblastomas, and accounts for 12.4% of tumors carrying activat-
ing ALK point mutations that are also common in familial.
Approximately 10% of primary neuroblastomas and cell lines
display ALK gene amplification.

van Gaal et al.’" report that ALK protein is highly expressed
in alveolar rhabdomyosarcoma and less so in the embryonal sub-
type (81% vs 32%). Elevated ALK gene copy number occurs in
both the alveolar (88%) and embryonal subtypes (52%).
Increased ALK expression is found in all metastatic tumors but
in only one third of the tumors without metastasis. ALK expres-
sion is correlated with a poor prognosis as is the alveolar histol-
ogy. These investigations suggest that ALK may play a role in
rhabdomyosarcoma biology therefore may provide a potential
therapeutic target for these tumors.

In neuroblastoma cell lines, overexpression activates ALK,
which is shown to form a stable complex with hyperphosphory-
lated ShcC, a SHC adaptor molecule, and to modify the respon-
siveness of the MAPK pathway to growth factors. The signaling
transduction by amplified ALK in neuroblastoma cell involves
Akt, ERK1/2, and STAT3. About 20% of neuroblastoma
patients possess a high level of N-Myc amplification at chromo-
some 2p24, which is associated with a poorer prognosis.

ALK point mutations

ALK mutation is found in 7% of sporadic neuroblastomas
and 50% of familial neuroblastomas. Gain-of-function ALK
mutations are observed in a substantial number of cases of famil-
ial neuroblastoma, as well as in sporadic cases, with 2 hotspot
mutations occurring in the kinase domain: F1174 (mutated to L,
S, I, Cor V) and R1275 (mutated to Q or L and resulting in a
loss of the basic side chain).”®> These hotspot mutations are
observed in around 85% of cases with mutant ALK.

Most of the ALK mutations described are located within the
kinase domain, and several — K1062M, F1174L and R1275Q —
have been shown to behave in an oncogenic manner in mice and
cell culture models.> >34

ALK point mutations have been found mainly in neuro-
blastoma, as well as in NSCLC and ATC (anaplastic thyroid
cancer). NSCLC and IMT gateway mutations and other resis-
tance mutations are notable. Secondary mutations in the con-
text of ALK fusions have been described in NSCLC, IMT
and ATC.

About 10% of patient samples and cell lines derived from
ATC exhibit mutations in the ALK gene.”>™” The incidence of
new cases of thyroid cancer in the US is about 62,980 and the
annual number of deaths is about 1,890 (www.cancer.gov), of
which about 6% may be associated with an ALK missense muta-
tion. There is considerable room for improvement in the treat-
ment of ATC, and targeting tumors with ALK mutations
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represents an important step in producing better clinical
outcomes.

So far the accumulated data from such analyses suggest that
the different cancer-associated ALK mutations fall into 3 classes.
The first class is gain-of-function ligand-independent mutations
(such as F1174I, F1174S and F1174L), and the second class is
ligand-dependent mutations that are not constitutively active and
require activation with agonist antibodies (such as D1091N,
T1151M and A1234T).>® The importance of these mutations,
and whether they represent passenger or driver mutations in neu-
roblastoma, is currently unclear. The third class of mutation is
kinase dead, which so far only includes the 11250T mutation
that has been found in 2 patients.’”

ALK Diagnostic Methods and Target Cancer
Therapy

ALK diagnosis

A number of methods are readily available for ALK diagnosis.
Break-apart FISH is the currently recommended methodology
for the identification of ALK translocations in NSCLC.®® In
2011, the FDA approved the Vysis ALK Break Apart FISH
Probe Kit (Abbott Molecular) for molecular diagnostic tc:sting.(’1
The FISH detects all rearrangements regardless of the fusion
partner, and is accurate and reliable. However, the FISH test is at
the DNA level, so a positive result may not be entirely related to
fusion, and thus is not useful for mutations and overexpression.

Immunohistochemistry (IHC) readily identifies ALK at the
expression level. However, ALK protein levels in ALK-rearranged
NSCLC are comparatively low, and hardly detectable by IHC. If
higher sensitivity ALK antibodies become available, IHC may
find more extensive clinical applications.®®*

RT-PCR is a precise, sensitive, and reproducible technique
that can detect ALK fusion transcripts. The amplicons can be
sequenced to identify the specific fusion variants.*>®> The RT-
PCR method is targeted to one partner gene per run; it is limited
to the primer sequence located on the partner gene and ALK
gene. Quantitative RT-PCR can detect mRNA amount differen-
ces, which are appropriate to test overexpression of fusion and
non-fusion ALK.

Next generation sequencing may be used for NSCLC patients
with a high likelihood of harboring driver mutations not detected
by other methods.®® There is some research on next generation
sequencing for rearrangement in cancer; by using pair-end
sequencing,67 a panel of all possible partner genes can be tested
together with the ALK gene. RNA-Seq is the most powerful
method; it can test not only the expression level, but also translo-
cation and its variances.®®

Lin et al.’ used exon array profiling (Affymetrix Human
Exon 1.0 Arrays) to detect ALK rearrangements in breast, colo-
rectal, and NSCLCs. Potential gene fusion candidates showed
discordant 5’ and 3’ ALK transcript expression. RNA arrays are
useful methods that can measure relative amounts of ALK, but
may not be able to tell positives by translocation, amplification,
or even simple overexpression.
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ALK targeted cancer therapy

ALK tyrosine kinase receptors are therapeutic targets in
NSCLC and other malignancies with ALK fusion. The clinical
strategy is to inhibit ALK kinase activity using inhibitors such as
crizotinib and alectinib, given that ALK is not widely expressed
in adult tissue. Therefore, few toxic effects might be expected
from treatment aimed at blocking ALK function.

Immune-based therapeutic strategies can potentially be
employed for ALK-positive ALCL. Vaccination against lym-
phoma depends on an ALK-specific antigen. It has been demon-
strated that many patients with NPM-ALK-positive lymphomas
have remarkable levels of circulating antibodies directed against
the ALK portion of NPM-ALK, suggesting that ALK fusions are
quite immunogenic.38 Thus, several strategies for anti-ALK
immune-based treatments of chemotherapy-resistant ALCL can
be imagined.

RNAI technology is currently one of the most promising clas-
ses of nucleic acid molecules for the next generation of pharma-
drugs. RNA
advantages as cancer therapeutics, including proven efficacy on
both wild-type and mutated transcripts and an extremely high
sequence-specificity. If exogenous small interfering RNA
(siRNA) is to be used therapeutically, the most significant hurdle

ceutical interference molecules have some

to be overcome is the specific, effective, nontoxic delivery of

siRNA to its intracellular site of action.”®

Crizotinib

Crizotinib (XALKORI®, Pfizer), is a small molecule TKI that
inhibits the activity of the ALK fusion proteins, MET and
ROS1,*””" by competitive binding within the ATP-binding
pocket of target kinases.”” It was approved in an accelerated man-
ner by the U.S. FDA for treatment of late stage NSCLC on August
26,2011.” Crizotinib was initially investigated as a c-MET inhib-
itor.”4 Early results of an initial phase I trial with 82 patients with
ALK-positive lung cancer showed an overall response rate of 57%,
a disease control rate at 8 weeks of 87% and progression free sur-
vival (PFS) at 6 months of 72%.”° These data were encouraging
especially in light of known similar data for conventional chemo-
therapy for NSCLC. Consistent with initial data, phase 2 studies
of crizotinib demonstrated a response rate of 59.8% and a median
PFS of 8.1 months.”® In phase 3 trials comparing crizotinib with
chemotherapy in previously treated patients, crizotinib was associ-
ated with significantly longer median PES (7.7 vs 3.0 months)
and over triple the response rate (65% vs 20%)’” with similar
results reported for previously untreated patients.”® Thus, ALK-
positive NSCLCs are highly responsive to crizotinib treatment,
which may also be extrapolated to treating palliative cases.””*’
There have been studies of crizotinib on other cancers: IMT,3"82
ALCL,**®*? neuroblastoma with R1275Q and F1174L muta-
tions,* thyroid carcinoma, and leukemia.”®

The toxicity of crizotinib treatment was compared with that of
chemotherapy. Patients receiving crizotinib remained on therapy
2 to 3 times as long as those receiving chemotherapy. 100% of
crizotinib-treated patients experienced adverse reactions, 17%
discontinued crizotinib due to adverse reactions, 16% required
dose reduction, and 39% required temporary discontinuation of
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crizotinib. Among chemotherapy patients, 98% experienced
adverse reactions, 14% discontinued chemotherapy due to
adverse reactions, 15% required dose reduction, and 16%
required temporary discontinuation of chemotherapy. The most
common adverse drug reactions for crizotinib were vision disor-
ders, nausea, diarrhea, vomiting, constipation, edema, elevated
transaminases, and fatigue. The incidence of vision disorders
(including diplopia, photopia, photophobia, blurred vision, visual
brightness) was high (60%) with crizotinib treatment. Severe or
life-threatening adverse drug reactions of crizotinib included
interstitial lung disease or pneumonitis, drug-induced liver injury,
and QT-interval prolongation.”? Clinical thinking supported the
use of crizotinib over cytotoxic chemotherapy despite these risks,
mostly because of the increased efficacy and improved quality of
life. However, its side effect profile led pharmaceutical industries
to later explore other small molecule inhibitors, discussed shortly.

PROFILE 1014 was the second positive global phase 3 study
that evaluated crizotinib against chemotherapy, a standard of care
for patients with advanced NSCLC. The PROFILE 1014 study
was a randomized study of 343 patients with previously untreated,
advanced, nonsquamous ALK-positive NSCLC in which the
patients were randomized to receive crizotinib or pemetrexed plus
cither cisplatin or carboplatin (PPC).** The primary endpoint for
the study was progression-free survival (PFS), with secondary end-
points of overall response rate (ORR), overall survival (OS), and
safety. The study reported that the median PFS was 10.9 months
in the crizotinib group compared with 7.0 months in the PPC
group (P < .0001). ORR was 74% in the crizotinib group versus
45% in the PPC group (P < .0001). Thus, in patients with previ-
ously untreated ALK-positive NSCLC, crizotinib treatment was
superior to pemetrexed-platinum chemotherapy with respect to
PES, objective response rate, reduction of lung-cancer symptoms,
and improvement in quality of life.”®

Crizotinib is active against ALK-positive lung cancer; it is now
the standard of care for ALK-positive NSCLC patients as recog-
nized by NCCN and ASCO guidelines. However, acquired resis-
tance invariably develops over time. Current mechanisms of
resistance seem to center on upregulation of bypass signaling
pathways, de novo mutations in the target kinase, and overex-
pression of the primary oncogene.®® Secondary mutations in the
ALK kinase domain were detected in 20 out of 69 patients who
were reported to have crizotinib resistance (29%). Most com-
monly, L1196M (the “gatekeeper” mutation) and C1156Y in the
ALK kinase domain were the first-reported secondary mutations
conferring resistance to crizotinib.*” L1196M interferes with the
binding of crizotinib, allowing continued ALK activation in the
presence of crizotinib.

Copy number gain, or amplification of ALK fusion genes, is
another way of overcoming ALK inhibition. The non-dominant
mechanisms of resistance to crizotinib include mutations of other
oncogenes, such as EGFR and KRAS genes, amplification of the
KIT gene, increased autophosphorylation of EGFR and transfor-
mation to sarcomatoid carcinoma. Other oncogenes also bypass
the ALK requirement for tumor cells.**58-%%

Further research on mechanisms of acquired resistance as well
as accordingly finding alternative strategies is of paramount
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importance for future clinical efficacy of ALK inhibitors. A recent
report has demonstrated that the presence of new ALK mutations
can correlate with clinical relapse in patients, which is clinically
meaningful because not only can new mutations imply a causa-
tive clinical effect of relapse (although further studies are needed
to prove causation), but also highlights the importance of being
able to detect potential mutations and accordingly change treat-
ment strategies and give clinicians an overall view of prognosis
prior to clinical relapse.”*

Another significant limitation of crizotinib appears to be poor
activity in the CNS. The high rate of CNS relapse in patients
treated with crizotinib is likely due to poor blood-brain barrier
penetration of crizotinib.”>%¢

The second-generation ALK inhibitors

The toxicity, resistance and limitations of crizotinib led to
investigation of the second-generation ALK inhibitors. A number
of second-generation ALK inhibitors are currently in or have
completed clinical trials. These inhibitors, such as ceritinib, alec-
tinib and AP26133, are able to inhibit secondary ’resistance’
mutations found in patients treated with crizotinib. Most of these
inhibitors have lower IC50 and exhibit some degree of blocking
activity against crizotinib resistance.

The preclinical data of ceritinib (Zykadia™, formerly called
LDK378, Novartis) show an overall response rate of 56%
(95%CI 45-67), which is similar to the data with crizotinib. The
U.S. FDA approved its use against ALK-positive NSCLC follow-
ing treatment with crizotinib. In ALK-positive cell line models,
ceritinib is able to effectively inhibit ALK harboring the crizoti-
nib-resistant mutations L1196M, G1269A, and 11171T, and
S1206Y; however it is ineffective in inhibiting ALK containing
the G1202R and F1174C mutations. Ceritinib is also highly
active in patients with ALK-positive NSCLC, both in the crizoti-
nib-native and crizotinib-treated settings. The overall response
rate was 58% in 114 patients with NSCLC who received ceriti-
nib. The response rate for 80 patients who had previously been
treated with crizotinib was 56%, while the response rate among
patients who were crizotinib-native was 62%. However, like
those treated with crizotinib, patients treated with ceritinib
invariably relapsed because of the emergence of resistance. The
mechanisms of resistance might be similar to that of crizotinib,
i.e., point mutations and ALK bypass activation.””””

Alectinib (Chugai/Roche, CH/RO5424802) is a potent, rela-
tively selective and orally administered inhibitor of ALK with
ten-fold greater potency than crizotinib, and can effectively
inhibit ALK harboring the gatekeeper mutation (L1196M). It
was also shown to effectively inhibit cyclin G associated kinase
(GAK) and leukocyte receptor tyrosine kinase. Preliminary data
suggested that alectinib achieved an overall response rate of
55.4% in NSCLC patients, also similar to crizotinib or cerit-
nib."” In addition to activity against ALK, it has activity against
the kinases LTK and GAK, but it is not active against INSR,
IGF-1R, MET, or ROSI. Preclinical studies have demonstrated
that alectinib is active against the crizotinib-resistant ALK muta-
tions L1196M, C1156Y, and F1174L. Neuroblastoma ALK
mutation at F1174L might be potentially treated by alectinib as
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well. The overall response rate for 46 patients who had 300 mg
twice daily was 93.5%. Alectinib showed superior toxicity pro-
files when compared to older drugs such as critotinib. The most
common side effects of alectinib at this dose included predomi-
nantly grade 1 or 2 dysgeusia, elevated AST, increased bilirubin,
decreased neutrophil count, increased creatinine, increased crea-
tine phosphokinase, myalgias, gastrointestinal symptoms, and
rash. The only grade 3 adverse event that occurred at this dose
was decreased neutrophil count, and no grade 4 toxicities were
observed. Similar to its fellow aforementioned drugs, resistance
still was an issue. A possible mechanism of resistance to alectinib
is via amplification of the MET gene, which can be overcome
with crizotinib therapy.'®'~'%4

ASP3026 (Astellas Pharma) decreased the viability, prolifera-
tion, and colony formation, and also induced apoptotic cell death
of NPM-ALK ALCL cells. ASP3026 significantly reduced the
proliferation of 293T cells transfected with NPM-ALK mutants
that were resistant to crizotinib and down-regulated tyrosine
phosphorylation of these mutants. ASP3026 abrogated systemic
NPM-ALK ALCL growth in mice. This agent also displayed
activity against the neuroblastoma-activating ALK mutation
F1174L and R1275Q) and against the crizotinib-resistance gate-
keeper mutation L1196M. There are 2 clinical trials on
ASP3026, one completed on solid tumor, one ongoing on solid
tumor and B-cell lymphoma (Www.clinicaltrials.gov).105 106

AP26113 (Ariad, recently renamed Brigatinib) is an orally-
active TKI that inhibits native and rearranged EMIL4-ALK fusion
proteins and the T790 (but not native) EGFR protein.'”” % In
vitro studies revealed that AP26113 inhibited the native and
F1174C, L1196M, S1206R, E1210K, F1245C and G1269S
EML-ALK fusions. AP26113 is undergoing phase 1/2 human
clinical trials for the treatment of NSCLC, DLBCL and IMT
(www.clinicaltrials.gov).

PF-06463922, the dual ALK and ROSI inhibitor devel-
oped by Pfizer, was designed to penetrate the blood—brain
barrier and showed a 30-40% brain drug exposure vs. plasma
concentrations in rats. Zou et al.''®"'" presented that PF-
06463922 is the only inhibitor with low IC50 against the
G1202R mutation.'"?

Hsp90 (heat shock protein 90) inhibitors induce fusion pro-
tein misfolding and subsequent degradation by the proteasome
system.'"> Fusion proteins formed as the result of chromosomal
rearrangements are thought to be particularly dependent on
Hsp90 for protein folding, transport, and stability.!'* At least 3
Hsp90 inhibitors have been tested in patients with ALK rear-
rangement: retaspimycin hydrochloride (IPI-504), genetespid
(STA-9090), and AUY922. Preclinical studies have shown that
crizotinib-resistant ALK-positive cell lines are highly sensitive to
the Hsp90 inhibitor 17-AAG (analog of geldanamycin with
reduced toxicity). *¢!1>11¢

Some ongoing clinical trials address combinatorial treatments
for ALK positive tumors, including the use of Hsp90 inhibitors
together with either of the ALK TKIs crizotinib or LDK378 for
NSCLC. Further large-scale data is thus eagerly anticipated in
efforts to optimize biological therapies for potentially more
robust responses and patient outcomes.
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Table 1. List of ALK inhibitor drugs currently in clinical trials

Status

Manufacturer - Product

Note

FDA approved (but several trials ongoing) Pfizer - Crizotinib
Novartis — Ceritinib
Chugai - Alectinib
Ariad — AP26113
Ariad - AP26113

FDA Breakthrough Status

Ongoing trials

Pfizer - PF-06463922

Tesaro — TSR-011
Xcovery - x-396

Nerviano - NMS-E628

Discontinued Research Astellas — ASP-3026

Teva - CEP-37440

2011 initial, 2013 final; IC50=11 nM (cMET), 24 nM (ALK) in cell
based assay

2014 initial; IC50=~25 nM in cell based assay

Approved in Japan in 2014; IC50=1.9 nM in cell free assay

IC50=0.62 nM in cell free assay

Kl<0.002 nM, <0.007 nM, 0.7 nM for ROS1, ALK(WT), (L1196M)
IC50=1 nM in preclinical models

IC50=0.74 nM in biochemical assay

Licensed by Ignyta and renamed RXDX-101

IC50=3.5 nM in enzymatic assaylC50=64.8 nM in H2228 cells
IC50=1.9 nM in cell free assay

*IC50 data are from www.selleckchem.com

More new inhibitors have been developed: the inhibitor of
ALK ROS1 TRK-A TRK-B TRK-C known as RXDX-101
(Nerviano);”*!"” X-376 and X-396 (Xcovery), the selective ALK
inhibitors CEP-28122 and CEP-37440 (Teva); the ALK inhibi-
tor TSR-011 (Tesaro). Pfizer has announced that in 2015 it will
start trials that combine immunotherapy drugs (PDL-1 and PD-
1) with its 2 ALK inhibitor drugs, likely also aiming to optimize
combinatorial therapy to assess synergism and synchronous activ-
ity that has been proven for other cancer therapies. Phizer is also
planning a potential pivotal study of PF-06463922 starting in
2015, as reported by the website http://alkinhibitors.com. Table 1
lists the information of several ALK inhibitors that are on clinical
trials. It will be important to characterize potential susceptibilities
to resistance and other pitfalls in these new agents, in hopes that
they offer novel answers to clinical roadblocks of the past.

Conclusions

Next-generation ALK inhibitors may overcome resistance to
mutations or copy number gain, but they are unlikely to over-
come resistance to up-regulation of other pathways, such as
EGEFR or Kit. However, the combination strategy represents a
potential therapy. Though there has not been much progress on
the RNAI therapy and antibody therapy by now, one may still
expect that these methods have the opportunity to become treat-
ment options in the future.
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