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Is cancer latency an outdated concept?  Lessons from chronic myeloid leukaemia.
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Our concept of cancer latency, the interval from when a cancer starts until it is diagnosed, has changed dramatically.  A prior widely-used definition was the interval between an exposure to a cancer-causing substance and cancer diagnosis (For example, 1,2; Figure 1).   However, this definition does not accurately reflect current knowledge of how most cancers develop.  It assumes, mostly incorrectly, one exposure is the sole cause of a cancer such that we can start to clock on cancer latency at that exposure.  It also ignores the possibility the cancer being considered would have developed absent the exposure but the exposure accelerated cancer development.  Lastly, it also ignores the randomness in when a cancer is diagnosed.  For example, when there are signs and symptoms or when detected incidentally, say a lung cancer detected during a heart computed tomography (CT) angiogram.
Several examples illustrate the difficulty in accurately estimating cancer latency.  For example, a substantial proportion of persons >65 years have a pre-leukaemia process termed age-related clonal haematopoiesis (ARCH) or clonal haematopoiesis of indeterminate potential (CHIP) 1-2 percent of whom per annum will develop leukaemia (reviewed in 3).  The question in these persons is when to start the clock to estimate cancer latency in these persons.  The antecedent mutations resulting in clonal haematopoiesis may have occurred years before these persons developed leukaemia.  However, when the final mutation(s) resulting in leukaemia development is unknown but is probably close to when the leukaemia was detected.  Should we start the clock to calculate cancer latency when the 1st mutations causing ARCH or CHIP occurred, when the final mutation(s) occurred or somewhere in between?  The decision is obviously arbitrary.  One strategy, starting with the 1st mutation, might result in a very long estimate of cancer latency and the other, a very brief estimate of cancer latency.  Choosing either model is entirely arbitrary and without a scientific basis.  Also, some persons receiving anti-cancer drugs such as DNA polymerase-II-inhibitors cancer develop a new cancer within a median of 2-3 years. [4]  Others receiving alkylating drugs have a median interval to cancer diagnosis of 5-7 year.
There is also the mistaken notion that cancers accumulate mutations gradually and in a predictable linear order.  For example, in a study in pancreas cancer the authours tracked DNA copy number changes and DNA-rearrangements and showed cancer development is not gradual and often does not follow a linear mutation acquisition model.  A substantial proportion of cancers had complex rearrangement patterns associated with mitotic errors consistent with punctuated equilibrium as the principal evolutionary trajectory resulting the simultaneous knockout of driver mutations.[5]
Considerable data indicate cancer development is almost always a complex, multi-step process further complicating attempts to define and/or estimate cancer latency (For example, 6-10).  Most cancers do not have a cause but rather several or even many causes.  In our efforts to better understand cancer latency, we focus on chronic phase chronic myeloid leukaemia (CML), a cancer where one mutation, BCRABL1, is widely regarded as a necessary and sufficient cause. [11-16]  Although some data suggest BCRABL1 transcripts can be detected in normals it is uncertain this mutation occurs in a cell biologically able to cause CML. [17-19].  Also, some data suggest a clonal abnormality may predate BCRABL1 in some persons with CML. [20,21]  Regardless, most data remain consistent with the notion BCRABL1 necessary and sufficient to cause CML.

Data from several sources including Japanese exposed to the atomic bombs in Hiroshima and Nakasaki, persons, receiving radiation therapy and those  occupationally-exposed to radiation have increased risks of developing CML. [22-25]  Although the median interval following radiation exposure to CML diagnosis in these settings was about 6 years, an increased relative risk was obseved within 2 years of exposure in children exposed to the A-bombs suggesting a shorter latency (see below).  There are other cases of CML in which cancer latency may be less than 2 years.  For example, there are reports of CML in infants and toddlers. [26]  These reports suggest CML can begin in utero and develop after a brief latency.  We report an unusual case in which BCRABL1  but not blood abnormalities were  present at birth suggesting an even briefer latency interval.

A 6-month-old previously healthy girl was hospitalized with recent onset nausea, emesis and fever.  Blood studies showed a hemoglobin concentration of 65 g/L, WBC, 168 x 10E+9/L with a left shift and 2 percent blasts and platelets, 1,254 x 10E+9/L.  The bone marrow showed myeloid hyperplasia consistent with chronic phase CML.  Cytogenetic analyses indicated 46,XX, t(9;22)(q34;q11.2) in all 30 metaphases studied.  Molecular analsyes detected BCRABL1 with a P210BCR-ABL1 e13a2 fusion protein.

Coincidentally, the infant’s umbilical cord blood cells had been collected and cryo-preserved for unrelated reasons with no suspicion of any illness.  A sample showed a hemoglobin concentration of 130 g/L (below lower limit of normal), WBC of 9.4 x 10E+9/L with a normal differential and platelets, 215 x 10E+9/L.  Umbical cord blood samples were obtained with parenteral consent and DNA extracted.  Molecular analyses by nested mRNA RT-PCR was negative for BCRABL1.  However sensitivity was limited (molecular response; MMR) because of the small amount of DNA.  Next, a nested genomic DNA (gDNA)-based PCR was done using subject specific PCR primers after characterizing the genomic breakpoints.[27]   A BCRABL1 fusion was identified in 2/4 replicates using 136 ng cord blood DNA per replicate, suggesting a clonal burden of <1 in 10E+4 leukocytes.  We found no mutation using a  myeloid panel of 11 genes associated with pre-disposition to myeloid cancers, ACD, ANKRD26, CEBPA, DDX41, ETV6, GATA2, RUNX1, SRP72, TERC, TERT and TP53. 

The child received imatinib, 300 mg/mE+2/d, achieving a major cytogenetic response (CyR) by 3 months.  Response was down-graded to minor CyR at 6 months and imatinib was increased to 500 mg/mE+2/d.   At 9 months of treatment when the blood cell concentrations and bone marrow histology were normal, cytogenetic analyses of 30 bone marrow metaphases showed: 46,XX [18], t(9;22)(q34;q11.2) [9]; 47,XX, t(9;22)(q34;q11.2),+der(22) t(9;22)(q34;q11,2) [3].  Cytogenetic analyses at 12 months of treatment showed 2 Ph1-chromosome positive out of 30 metaphases including one with adouble Ph1-chromosome.  The subject had a MMR (BCRABL1 0.07%, international scale) at 18 months and the imatinib dose was reduced to 300 mg/mE+2/d.  By 36 months sustained MR4.5  was achieved continuing to the present.

Chronic phase CML is rare in children accounting for less than 10 percent of all cases of CML and less than 2 percent of childhood leukaemias. [28]  This contrasts with BCRABL1-postive ALL occuring in 5 percent of persons with < 18 years. [29] These persons typically have BCR and ABL1 chimeric genes with breakpoints different from adults with CML and from our subject and typically have a P190BCR-ABL1 rather than a P210BCR-ABL1 fusion protein.   Another 10 to 20 percent of leukaemias in persons < 18 years of age are termed Ph1-chromosome-like based on gene expression profiling similar to that of Ph1-chromosome-positive ALL but without BCRABL1. [30]

There are some unusual aspects of our subject besides BCRABL1 being present at birth and probably pre-natally in addition to having normal blood cell parameters at birth.  For example, the hemoglobin concentration at birth was 132 g/L (at the lower level of normal), WBC, 9.4 x 10E+9/L and platelets, 215 x 10E+9/L.  This implies latency from birth someto develop blood cell concentration abnormalities was < 6 months.  Our subject also developed a sub-clone with adverse cytogenetics soon after diagnosis and whilst on imatinib but with normal blood and bone marrow parameters.  However, because our initial cytogenetic analysis was with 30 metaphases we cannot conclude this sub-clone was absent at diagnosis or when a major cytogenetic response was achieved.  Also, there was no evidence of CML progression to accelerated or acute phase in blood of bone marrow samples when this sub-clone was detected.

The important point of this case is implications for cancer latency and more specifically latency in CML.  Our data indicate a somatic translocation, BCRABL1, occurred during gestation.  Blood cell parameters were normal at birth.  Although no blood or bone marow study was done before 6 months of age when CML was diagnosed, abnormal blood cell parameters would likely have been detected earlier had testing been done.

Based on these data it is likely the interval from BCRABL1 to the chronic phase CML phenotype evolved within a short period interval, i.e. < 6 months from birth.  This is much briefer than usual estimates for cancer latency of 10 to 20 years.  We acknowledge latency of leukemias may be briefer than solid cancers.  However, a recent analysis by the US National Academy of Sciences suggested latency might be as short as one year for leukaemias and 4 years for most solid cancers. [2]   We also acknowledge some hematologists and biologists consider chronic phase CML a preleukaemia rather than a leukaemia because of normal cell maturation and regulation. [31-35]

Our study suggests the need to reconsider the concept of cancer latency.  For example, solid cancers often have 50 or 100 mutations only some of which are driver mutations.  At which mutation or combination of mutations would we start the clock to measure cancer latency?  This is further complicated by finding of different mutation topographies in different people with the same cancer and that many mutations in people with solid cancers are found in people never developing the relevant cancer in their lifetime (reviewed in 36).  Also, the order in which mutations occur, even in the same cancer type, may affect the interval to diagnosis. [37,38]

Some cancers common in infants and toddlers such as acute lymphoid and acute myeloid leukaemias (ALL and AML), central and peripheral neural cancers, Wilms tumor, soft tissue sarcomas and retinoblastoma are consistent with a brief latency.   Although some of these cancers are biologically different from those occurring in adults and may be developmental abnormalities, typical solid cancers sometimes occur in children such as lung and pancreas cancers. [39,40]   Another example of a brief latency is thyroid cancers in children exposed toiodine-131 after the Chernobyl nuclear power facility accident. [41,42]
Data from studies of genetically-identical twins concordant for infant ALL indicate a prenatal origin and a brief latency.  [43] In general concordance for ALL and AML in genetically-identical twins extends to about age 5-years with a median of 1-3 years, again consistent with a brief latency. There are also cases of genetically-identical twins with ETV6RUNX1 (TELAML1) acquired prenatally developing ALL at ages 5 and 14 years showing the inprecision of estimating latency even for the same intiating mutation.
Neonatal blood spots (Guthrie cards) and umbilical cord blood samples have been used to detect mutations present at birth in seemingly normal neonates although leukaemia developed at diverse interval therafter (reviewed in 44).  For example, Gale et al. MLLAF4 genomic sequences in 3 cases of ALL in children developing ALL at 2 and 6 months and at 2 years. [45]  Other cases of genetically-identical twins concordant for ETV6RUNX1 are reported as have cases of Ph1-chromsome -positive ALL but not CML. [46,47]
There is also confusion at the other end of the latency interval.  Leukemias are relatively easily diagnosed whereas many solid cancers are not.  For example, in a woman with breast cancer detected by a screening mammography and a biopsy, do we stop the latency interval clock at this time or when the cancer would have been diagnosed, if at all, during the woman’s remaining lifetime.  The same is so for prostate cancers detected by biopsy after prostate specific antigen (PSA) screening many of which would would otherwise not have been diagnosed during a person’s lifetime.  And what about a cancer detected during a blood test, CT scan or magnetic resonance imaging (MRI) scan done for other reasons?
Several concepts we discuss are displayed in Figure 2.  The top panel is a model of an unusual cancer like CML when 1 mutation causes the cancer.  The green circle represents a normal cell and the red circle, a cell with a mutation resulting in the cancer genotype.  t0 represents the interval between normalcy and the cancer genotype.  Sometimes this can be instantaneous, for example in some persons exposed to the A-bombs.  In others it occurs after a variable interval.  Regardless, the time from this event to cancer diagnosis is also highly variable illustrated by intervals ti…tiiiii.  Sometimes the diagnosis may be made quickly (ti) and in others, after several months, years or decades (tiiiii).  Cancer latency in this model varies ranging from ti to tiiiii even for the same cancer.  This interval may be biologically-determined, stochastic or a combination.
The middle panel is a model of more typical cancer development with several mutations, here, 4 mutations.  This model is greatly simplified as most human cancers have 50-150 mutations [6-10].  Again, the green circle represents a normal cell.  The yellow, orange and blue circles represent cells, clones or sub-clones with successive mutations.  t0…t3 represent intervals between these mutations.  The red circle represents a cell with the complete complement of mutations resulting in cancer, the cancer genotype.  Mutation acquisition in the model is displayed as linear but, as discussed above, the process is known to be branching in most cancers with heterogeneous clones and sub-clones.  Again the interval between the cell, clone or sub-clone with the cancer genotype to the diagnosis of cancer can be immediate, intermediate or after a long interval illustrated by ti…tii but could be tn.  This pattern differs in different persons with the same cancer and can differ in one person with the same cancer at different sites, say the primary site and within each metastatic site.  Someone with 10 metastases could have 10 related but distinct mutation topographies.  The challenge is how to compute cancer latency in model 2.  One extreme is assuming it is ti or ti + tii.  However, it is equally valid to choose the sum of the intervals t0…t3 + ti…tii.  Other combinations and permutations are similarly plausible and there is no scientific basis for choosing one combination versus another.  Because of this the definition of cancer latency in this model is arbitrary.
The model in the lower panel resembles the middle panel model except the order of mutation acquisition differs.  Consequently, the length of intervals t0…t3 will likely differ from the intervals in the in the middle panel, briefer, longer or a mixture.  It is impossible to ascertain the order of acquiring mutations in most cancers.  Similarly, it is impossible to determine the duration of intervals t0…t3 in most human cancers.  As in the model in the middle panel the interval between the cell, sub-clone or clone with the full complement of mutations to the diagnosis of cancer can be immediate, intermediate or after a long interval indicated by ti…tii but could be tn.  This pattern differs in different persons with the same cancer and can also be different in one person with the same cancer at different sites, say at the primary site and within each site of metastases.  The challenge, again, is how to compute cancer latency in the lower panel.  One extreme is assuming it is ti or ti + tii.  However, it is equally valid to choose the sum of the intervals t0…t3 + ti…tii.  Other combinations and permutations are equally plausible and there is no scientific basis for choosing one combination versus another.  Because of this the definition of cancer latency in this model is also arbitrary.

The bottom line is defining cancer latency is not as simple as it once seemed.  It is difficult or impossible to know at which event or mutation to start to clock to measure cancer latency.  It is equally difficult to know when to stop the clock given the stochastic nature of when cancers are diagnosed.  Importantly, even in genetically-identical twins with the same driver mutation intervals to develop cancer vary substantially.  And there are other confonders we discuss above.  We clearly need a new definition of cancer latency or abandon the concept of cancer latency entirely in the modern era of cancer biology.
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Figure 1.  Estimated cancer latencies. [1]
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Figure 2.  Competing models of cancer latency (see text).
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