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Early Detection is as Important as Imatinib in CML Treatment Success
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Abstract

Chronic myelogenous leukemia (CML) was the first malignancy for which clinical outcome was drastically
improved by kinase inhibitor therapy. Kinase inhibitors targeting other well-known oncogenes have
been introduced into clinical practice, but none have shown the same magnitude of clinical benefit as
ABL1 inhibition in CML. We argue that early detection is an underappreciated, but critically important
factor in success of ABL1 inhibitors in treatment of CML. We show that CML provides a window into how
many types of cancer may look and behave at an early stage, prior to diagnosis and the development of
additional genomic alterations. The remarkable clinical benefits of ABL1 inhibition is likely due to early
detection of CML at a stage in which the tumor is driven by single oncogenic alteration which can be
successfully controlled by the inhibitor. Thinking of CML as a prototype for effective systemic treatment
based on early cancer detection may help to develop strategies for improving treatment for other types
of cancer.
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Introduction

Chronic myelogenous leukemia (CML) research, conducted over a period of more than 50 years, has
provided important insights into CML biology 23 and cancer biology in general *. The identification and
functional characterization of the BCR-ABL fusion eventually led to development of the ABL1 tyrosine
kinase inhibitor STI571 (Signal Transduction Inhibitor number 571) which is currently known as Gleevec
or Imatinib >. Introduction of Imatinib into clinical practice, about 20 years ago, markedly improved the
prognosis for chronic phase CML patients. The IRIS study reported an 86% overall survival for patients on
Imatinib after 7 years on therapy (93% if only CML related deaths are considered) ©. The ILTE study of
patients on Imatinib who were in CCyR (complete cytogenetic response) after 2 years, reported only 1%
of CML related deaths 8 years after start of Imatinib treatment ’.

Prior to the introduction of Imatinib, the majority of CML patients would progress to blast crisis &° and
the median overall survival of CML patients was around 6 years . In the Imatinib era, the vast majority
of CML patients do not progress to blast crisis and have excellent long term survival (approaching age

711 Unfortunately, a fraction of CML patients still progress to blast crisis and even

matched population)
today the median survival after the onset of blast crisis is just around 9 months, not much better than in

pre Imatinib era 2.
Early detection and treatment

Clearly, as indicated above, CML is highly deadly disease and yet ABL1 inhibitors are able to put CML into
deep and essentially fully controlled remission in majority of patients and even potentially completely
eradicate disease in ~10% - 15% of patients >, So why are ABL1 inhibitors so remarkably successful in
CML treatment?

A key factor in the successful management of CML is early detection. Here “early” means at a time when
the disease is driven by a single druggable genomic alteration, before the development of other
genomic alterations which drive tumor progression. In developed countries CML is diagnosed in chronic
phase in 90% of patients; half of them are asymptomatic and diagnosis is due to blood tests performed
for routine physical or other CML unrelated reasons °.

Patients promptly diagnosed with chronic phase CML have a malignancy which, in the majority of cases,
is driven by single alteration, BCR-ABL fusion. In most of such cases overactive ABL1 kinase activity can
be controlled by ABL1 kinase inhibitors. Successful inhibition of ABL1 kinase activity leads to elimination
of the majority of leukemic cells with BCR-ABL fusion *>!¢. The ENESTnd trial ” showed that at 5 years 77%
of patients treated with the second generation ABL1 inhibitor nilotinib reached major molecular
response (MMR) which corresponds to 1000 times decrease in BCR-ABL fusion levels. As a result of such

a profound decrease in the number of cells with the BCR-ABL fusion there is drastic reduction in number
of cells which available to potentially accumulate additional alterations leading to a greatly decreased
risk of progression to blast crisis.
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CML progression to blast crisis

Progression to blast crisis CML (CML-BC) is associated with accumulation of additional genomic
alterations *°. New genetic alterations have been detected in around 80% of CML-BC patients %% and
the actual percentage is probably higher due to the fact that most of the studies were not able to screen
for alteration in all relevant genes. About 30% of CML-BC patients have TP53 inactivating alterations °,
RUNX1 alterations are detected in around 35% 8, CDKN2A/B inactivating alterations are found in around
13% and IKZF1 inactivating alterations are found in around 15% °. CDKN2A/B and IKZF1 inactivating
alterations are mostly limited to lymphoid blast crisis which occurs in about 25% of CML-BC patients °.
There are also alterations found in other cancer relevant genes, but at lower frequency 84,

TP53 and CDKN2A/B are very well known tumor suppressor genes altered in a wide variety of solid
tumors and hematopoietic malignancies 1>2%2!, |[KZF1 and RUNX1 are well known for their role in
hematopoiesis and hematopoietic malignancies 2232425, Alterations in TP53 25, CDKN2A/B %/, IKZF1 %,
and RUNX1 23 are rarely detected in CML chronic phase %. For example, in the study of 42 CML patients
for which paired DNA samples were available for chronic phase and blast crisis, COKN2A deletions were
detected in 29% of samples with lymphoid CML-BC and not observed at all in chronic phase *. TP53,
CDKN2A/B, IKZF1 and RUNX1 are tumor suppressors and/or transcription factors and currently there is
essentially no successful therapy to substitute for loss of function of these genes. It is not completely
clear mechanistically why mutations in these genes reduce the sensitivity of CML cells to ABL1 kinase
inhibitors. One possibility is that the apoptosis response to damage or cellular stress is lost or diminished.
A second possibility is that loss of DNA repair or cell cycle checkpoints permits the accumulation of
mutations which drive proliferation regardless of ABL1 inhibition. A third possibility is that the
accumulation of mutations results in a re-wiring of the expression program of CML cells making ABL1
status irrelevant or less critical. A re-wiring of the expression program is supported by the fact that
alterations in IKZF1 and RUNX1 may impact differentiation and that loss of CDKN2A may contribute to
transformation from myeloid to lymphoid malignancy.

Proto-typical malignancy

Presence of multiple genomic alternations in CML-BC is similar to other hematopoietic and solid tissue
malignancies, which at diagnosis are characterized by combinations of alterations in tumor suppressors
and oncogenes. The pattern of molecular and clinical progression of CML suggests that CML may not be
an atypical malignancy, but instead a window into how many types of cancer perhaps look and behave
at an early stage of the disease prior to diagnosis. Adenoma to carcinoma progression of colorectal
cancer is one of the most well-studied examples of solid tumor progression and has clear similarities to
CML progression. The progression to colorectal carcinoma is estimated to take 10 to 20 years and the
dynamics of the progression from the stage of the earliest founder mutation is not generally observable
as in the case of CML. Activation of the WNT pathway due to loss of function of APC or gain of function
of CTNNB1 may lead to formation of an aberrant crypt. Subsequent mutations in KRAS, NRAS or BRAF
promote progression to adenoma, loss of 18q is associated with advanced adenoma and alterations in
genes such as TP53, PIK3CA promote progression to carcinoma.
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Most tumors have experienced many generations of cell division by the time of clinical detection. They
often contain 3-5 so called “driver mutations” and may contain numerous other genomic alterations of
uncertain functional significance. It is rarely known how many “founder mutations” a tumor contains
where a founder mutation indicates that it is one of the early mutations of the cell of origin which makes
that cell malignant. Single cell sequencing technologies are making it more feasible to better understand
these early stages of oncogenesis. Some of the founder alterations may be inherited, for example
germline inactivating variants in RB1, SMARCB1, CDKN2A, PTEN, TP53. Several genetically engineered
mouse models (GEMMs) based on just one or two driver/founder alterations have been constructed. For
example, there are GEMMs based on alterations in SMARCB1, PTEN and BRAF, RB1 and APC. As noted
by Kaelin 3!, the founder alterations appear in all sub-clones of the tumor and so they may be good
molecular targets for treatment strategies. Also, since all of the founder mutations were necessary for
making the cell of origin malignant, reversal of the effect of only a single founder alteration may be
sufficient to reverse or control the malignant phenotype.

As in the case of CML, however after molecular progression inhibition of a single founder mutation may
no longer be effective for controlling the disease. For example, during molecular progression of the
tumor it is possible that a new sub-clone was formed which is no longer completely dependent on any
single founder mutation. The observations above indicate that early detection may be necessary for
effective treatment, even for effective systemic treatment. It is important to note that the type of gene
effected by first driver mutation will likely have implication on degree of effectiveness of targeted
systemic treatment based on early detection. If first driver mutation is in oncogene for which effective
targeted treatment is available, like BCR-ABL fusion, it is possible to anticipate good efficacy of
treatment. However, if first driver mutation is in tumor suppressor gene or oncogene for which effective
targeted treatment is not available, targeted systemic treatment based on early detection would be
likely less effective, since at least one un-targetable driver mutation will be present.

CML is not the only example of a malignancy with successful early detection and treatment. Generally,
the treatment associated with early detection is surgery or radiotherapy. For example, colorectal cancer
incidence and mortality rates in US decreased around 50% from mid-1980s in part due to successful
screening and treatment programs. In the US 5-year survival for ovarian cancer diagnosed before it
spreads outside of ovaries is 92%. If there is a spread to surrounding tissue/organs within the pelvis, 5-
year survival decreases to 73%. In case of cancer spread beyond pelvis and/or into retroperitoneal
lymph nodes 5-year survival drops to 28%. Unlike CML, which is in most cases detected early, only 15%
of patients are diagnosed prior to cancer spread outside of ovaries and around 75% of patients present
with ovarian cancer which is already spread beyond pelvis.

Recent studies provide clear evidence that, as expected, oncogenic somatic mutations can be found in
clonal expansions in overall normal tissues and blood and chance of detecting such mutations increases
with age 3233, The tissue and cell type of origin of such mutations are likely to be important factors in
possibility of such early neoplasms progressing to malignancy. For example, some tissue types may be
more sensitive to single oncogenic somatic mutation and others may be more resilient and require more
than one oncogenic somatic mutation to have a high risk of progression, it also possible that if a cell
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which acquired oncogenic somatic mutation is a progenitor, the chance of progression to malignancy
would be higher.

Conclusion

The Imatinib profound success in CML treatment is, in part, due to early detection. Effective early cancer
detection and treatment is a complicated challenge 3*%. It involves using technologies and follow up
clinical management protocols that provide a sufficiently long diagnostic lead-time while balancing the
threat from the underlying malignancy and treatment associated morbidity and low, but not
insignificant risk of treatment induced mortality. Recognition of the potential of systemic treatment,
rather than just surgery or radiotherapy, at the earliest stages of the disease may in some cases open
new opportunities for early detection and treatment strategies. New technologies are continuously
improving, ability to detect and analyze circulating cell free tumor DNA in blood, urine and other body
fluids may enable detection at much earlier stage of disease than previously possible 3¢. Recognition that
systemic therapy with agents molecularly targeted to one or perhaps two of the founder mutations may
be curative can enhance the effectiveness of early detection even in cases where local eradication is
problematic.
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