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> Abstract

Multiple acquired mutations, most likely over many years, are the cause of cancers. Years before tumors
manifest clinically, they may be in the early stages of development. Cancer cells from primary tumors are often
carried through the bloodstream to other parts of the body, where they may form metastases. However, many
of these cells are destroyed by the blood or tissues, preventing further spread. Advanced cancer cases frequently
show metastases, with tumor cells found in blood vessels or invading their walls. Schmidt's 1903 study of lung
tissues in advanced cancer patients found tumor emboli in the pulmonary arteries in 15 out of 41 cases.
Similarly, Quensel observed a tumor embolus in the heart's right auricle in a case of stomach cancer. Blood
vessel invasion is a diagnostic criterion for certain cancers, such as thyroid carcinoma.
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Data from whole-exome sequencing of DNA in peripheral blood cells from 12,380 individuals who were not
selected for hematologic characteristics or malignancy were examined. Unusual allelic fractions were used to
identify somatic mutations. We tracked health outcomes for two to seven years following DNA sample using
information from Swedish national patient records

» RESULTS

Ten percent of people over 65 had clonal hematopoiesis with somatic mutations, but just one percent of people
under 50 had this condition. Somatic mutations in three genes (DNMT3A, ASXL1, and TET2) that have been
linked to hematologic malignancies in the past were the most common cause of detectable clonal expansions.
A significant risk factor for later hematologic malignancy was clonal hematopoiesis (hazard ratio: 12.9; 95%
Cl: 5.8-28.7). among this cohort, about 42 percent of hematologic malignancies developed among individuals
who were clonal at the time of DNA sample, which was more than six months prior to a cancer diagnosis. Bone
marrow biopsy samples from two patients who were diagnosed with acute myeloid leukemia were analyzed,
and the results showed that their tumors developed from the clones that came before.
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» CONCLUSIONS

DNA sequencing may easily identify clonal hematopoiesis with somatic mutations, which is becoming more
prevalent as people age and linked to a higher risk of hematopoietic malignancy and death. These mutations
may be typical early events in the development of hematopoietic cancers. A subset of the genes that are mutated
in individuals with myeloid tumors are often mutated in people who appear to be in good health. The National
Human Genome Research Institute and other donors provided funding. Dynamic mechanisms that start years
or decades before the clinical onset are frequently involved in the genesis of disease. However, the pathogenesis
process is frequently not identified until the patient exhibits symptoms and a clinically evident illness. Multiple
somatic mutations, which are likely to have been acquired at separate times, work together to cause cancer.One
Many years before a disease manifests, early mutations may exist. Early mutations cause stem cells or other
progenitor cells to expand clonally in certain cancer formation models.2. The probability that later,
collaborating mutations will occur in cells that already carry the earlier, initiating mutations is significantly
increased by such clonal expansions. In order to comprehend how proliferative illnesses are caused, it's critical
tounderstand how much clonal expansions occur and how they come before cancer. Many hematologic
malignancies, such as myeloproliferative neoplasms, myelodysplastic syndromes, acute myeloid leukemia
(AML), chronic lymphocytic leukemia, and others, may be preceded by hematopoietic stem-cell population
dynamics.7. For instance, in certain individuals, stem cells that possess a subset of the mutations found in the
cancer cells can withstand chemotherapy; these cells then develop new mutations, which leads to a relapse.8—
10 This implies that there might have been a clonally enlarged stem-cell population prior to the development
of the malignancy. About 2% of older people appear to have clonal mosaicism, which is characterized by
substantial chromosomal anomalies that represent the proliferation of a particular cellular clone. This condition
is associated with a higher risk of later hematopoietic cancers.11-15 In theory, a process known as “clonal
hematopoiesis,” or clonal proliferation among hematopoietic stem cells, may be far more frequent16 and only
infrequently accompanied with chromosomal abnormalities. Nowadays, thousands of people’s blood-derived
DNA is sequenced in numerous studies to find inherited risk factors for prevalent diseases. Such information,
we reasoned, provided a chance to verify the notion that somatic mutation-driven clonal expansions are frequent
and frequently precede blood malignancies, as well as to pinpoint the genes where mutations cause clonal
expansions.

» Methods
Participants in the Study and Whole-Exome Sequencing of DNA Derived from Blood

12,380 Swedish individuals (mean age at sample collection: 55 years [range: 19 to 93]) provided blood samples
for DNA sequencing (refer to Fig. S1 in the Supplementary Appendix, which is accessible at NEJM.org along
with the article's complete text). According to Table S1 in the Supplementary Appendix, this cohort comprised
6245 controls, 4970 individuals with schizophrenia, 17, 18, and 1165 individuals with bipolar illness. Since
none of the mutational variables examined had any discernible correlation with psychiatric diagnosis once we
adjusted for other variables like age and smoking status, we considered case patients and controls as a single
cohort for all analyses shown below. Direct extraction of DNA was performed from peripheral venous blood
samples. The appropriate ethics committees gave their approval to every procedure, and the appropriate ethical
committees, and each participant provided written informed consent. The Supplementary Appendix provides a
detailed description of DNA sequencing and analysis techniques.

Finding Somatic Mutations

Based on allelic fractions, we devised a method for detecting somatic mutations. We projected that the mutant
allele would be present in less than 50% of the sequencing reads originating from that genomic region,
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assuming that a somatic mutation would only be found in a portionof the cells from which we extracted DNA

for study (Figure 1A and 1B). In the Supplementary Appendix, we provide a detailed description of this

analytical methodology.
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Examinations of Cancers and Later Medical Results

From 1965 to 2012, 11,164 participants' medical histories were taken from the Swedish national cause-of-
death, inpatient, and outpatient registers. For two to seven years following DNA sample, we used these data to
track health outcomes. Bone marrow biopsy specimens (obtained at the time of diagnosis) were subjected to
whole-exome and whole-genome sequencing for two participants who were diagnosed with cancer two and

thirty-four months after the initial DNA sample.
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» Results

Clonal Hematopoiesis: Typical Mutations and Potential Drivers

Based on the occurrence of anomalous allelic fractions, we investigated whole-exome sequencing data from
12,380 individuals and found 3111 putative somatic mutations, indicating a frequency of roughly one putative
somatic mutation every four participants. Molecular validation verified that the mutant allele was present at a
low allelic fraction (<50%) for all 65 mutations evaluated, indicating that it could not have been inherited (Fig.
S7 in the Supplementary Appendix). Most of the mutations were scattered throughout the genome. However,
a disproportionately high number of somatic mutations were found in four genes: DNMT3A, TET2, ASXL1,
and PPM1D. The somatic mutations found in DNMT3A, TET2, ASXL1, and PPM1D had a strong propensity
to disrupt gene protein-coding sequences by introducing a frame-shift, nonsense, or splice-site disruption, even
though over 94% of the mutations found throughout the genome were missense and synonymous changes
(Figure 2A). These mutations are also frequently found in hematologic cancers19-21, and three of these four
genes—DNMT3A, TETZ2, and ASXL1—are thought to act as epigenetic regulators.22
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In nonhematologic malignancies, mutations in PPM1D, a protein that regulates the tumor-suppressor
protein p53,23 have been reported more frequently. Twelve of the fifteen protein-truncating mutations found
in PPM1D were found in the final exon, which is also where protein-truncating mutations found in cancer
patients are found.24-27 It has been observed that PPM1D activation and p53 repression, which affects the
p53-dependent G1 checkpoint and promotes proliferation, occur when the C-terminal localization domain of
PPM1D is lost.26 Additionally, somatic mutations in DNMT3A were enriched for cysteine-forming changes
(Fig. S9 in the Supplementary Appendix) and exhibited a large excess of missense mutations (P<0.001) (Figure
2A), all of which were located in exons 7 to 23. The tetrameric DNMT3A protein complex may be affected by
such mutations in a dominant-negative manner (for more information, see the Supplementary Appendix). We
reasoned that other recurrent cancer mutations would similarly encourage clonal hematopoiesis because
DNMT3A, TET2, and ASXL1 are commonly mutated in hematologic cancers28,29. Therefore, we took into
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account 208 distinct variations that were known to be recurring (discovered in >7 patients) in lymphoid and

hematological malignancies, as documented in the Catalogue of Somatic Mutations in Cancer30 (for more
information, see the Supplementary Appendix). Among the 98 cases of these recurrent mutations, we
discovered that 24 patients had the JAK2 mutation p.V617F31, 15 participants had the DNMT3A mutation
p.R882H32, and 9 participants had the SF3B1 mutation p.K700E33. A set of 327 candidate driver somatic
mutations for clonal hematopoiesis in 308 participants (Figure 2B, and Table S3 in the Supplementary
Appendix) were caused by disruptive mutations in DNMT3A, TET2, ASXL1, and PPM1D, missense mutations
in DNMT3A, and recurrent cancer-associated mutations. Of these, 18 participants carried multiple candidate
drivers (Figure 2C). The most mutations were found in DNMT3A (190), ASXL1 (35) and TET2 (31). For
technical purposes, mutations in ASXL1 and TET2 were most likely undercounted. explanations (see
Supplementary Appendix Figs. S6B and S6C).

Hematopoiesis Clonal with Unidentified Drivers

The presence of a clone may be indicated by somatic mutations that are either drivers, which aid in clonal
expansion, or passengers, which do not. Individuals with candidate drivers in their clonal hematopoiesis tended
to have more putative somatic mutations than those without (mean number of extra mutations, 1.5 vs. 0.2;
P<0.001 after age correction) (Fig. S11A in the Supplementary Appendix). Multiple putative somatic mutations
were found in 459 subjects, none of whom had any of the above-mentioned probable drivers. Pairs of somatic
mutations seen in the same individual had estimates of the allelic fraction that were more comparable than pairs
of somatic mutations seen in different people (P<0.001 by the Mann-Whitney test), which is consistent with
the probability that the mutations were present. within the identical clone. We aimed to establish a highly
specific criterion for clonal hematopoiesis that was based solely on the quantity of mutations rather than the
type of mutations in order to account for situations of clonal hematopoiesis without evident driver alterations.
9927 persons had no putative somatic mutations, 1333 had one mutation, 313 had two, and 272 had three to
eighteen mutations out of 11,845 participants with sequencing data of high enough quality to detect somatic
mutations. This distribution suggested that the unexpectedly large proportion of subjects having 3-18
identifiable mutations could not be explained by a random (Poisson) process (with a constant mean). We
identified 195 patients as having clonal hematopoiesis with unknown causes in the analyses that follow. In
certain clonal hematopoiesis situations with unclear causes) was more pronouncedly age-dependent, occurring
in 4.6% of individuals over 65 but only 0.3% of those under 50 (Figure 2D). With potential drivers, this age
trajectory is comparable to that of clonal hematopoiesis. Overall, 10.4% of persons over 65 had clonal
hematopoiesis with candidate or unknown causes, compared to 0.9% of participants under 50 (Figure 2D). The
average number of putative somatic mutations found in persons with clonal hematopoiesis similarly rose with
age (P<0.001 by linear regression) (Fig. S14 in the Supplementary Appendix).
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Clonal Hematopoiesis and Subsequent Hematologic Cancer and Death Compared to participants without

detectable putative somatic mutations, those with clonal hematopoiesis had a significantly higher chance of
receiving a first diagnosis of hematologic cancer six months or more after DNA sampling (Table S6 in the
Supplementary Appendix) (hazard ratio, 12.9; 95% CIJ, 5.8 to 28.7; P<0.001 by Cox proportional-hazards
analysis of time to a diagnosis of hematologic cancer, with adjustment for age and sex) (Figure 3A). Risks were
similarly higher for participants with unknown drivers and those with potential drivers (Figure 3B). Out of the
31 individuals who were diagnosed with hematologic cancer, more Thirteen subjects (42%) had clonal
hematopoiesis in their original DNA sample more than six months following DNA sampling (Figure 3C).
Although it did not influence the preceding conclusion, participants with clonal hematopoiesis were also more
likely to have a history of hematologic malignancy than those without (Table S7 in the Supplementary
Appendix).
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MALIGNANT CLONES IN DNA SAMPLES

Two months after DNA sample, two clonal hematopoiesis participants were diagnosed with myeloid
malignancy. We postulated that the clone identified by whole-exome sequencing analysis may have been the
preclinical malignant clone (for more information, see the Supplementary Appendix). The preclinical blood
DNA sample was subjected to whole-genome sequencing analysis, which showed 660 putative somatic
mutations in Participant 2 and 1153 putative somatic mutations at a characteristic frequency in Participant 1
(Figure 4A and 4B). This was consistent with the number of mutations found in AML genomes and provided
evidence that a clone had amplified from a single cell.29 Numerous known harmful mutations were found at
the clone’s distinctive allele frequency, according to the whole-genome sequencing data. (Figures 4A and 4B).
Participant 1 had mutations in RUNX1, STAG2, SRSF2, and TET?2 at the allelic fractions typical of the clone
International Journal Of Novel Research And Development (www.ijnrd.org)
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two months prior to being diagnosed with myelodysplastic syndrome. Additionally, Participant 1 had an

ASXL1 mutation at a slightly higher allelic fraction, which may have been consistent with a founder mutation.
In myelodysplastic syndromes, mutations in ASXL1, RUNX1, and STAG2 frequently co-occur.35 Two months
prior to being diagnosed with AML, Participant 2 had two mutations in CEBPA: a frame-shift N-terminal
deletion and an in-frame 33-bp insertion. In AML, these two kinds of CEBPA mutations commonly co-occur.36

Genetic Relationship of Leukemia to Earlier Clones
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[11/26, 12:25 PM] Balkrushna Jangam: Two participants had bone marrow-biopsy specimens taken at the time
of diagnosis: Participant 2, who had the two CEBPA mutations, and Participant 3, who was diagnosed with
AML 34 months after DNA sampling (for more information, see the Supplementary Appendix). The presence
of the mutations found in the previous DNA sample, including the two CEBPA mutations and the three
passenger mutations now seen at higher allelic fractions (20.5% vs. 15.5% two months earlier; estimate based
on the three single-nucleotide substitutions), was confirmed by analysis of the specimen taken from Participant
2. The prognosis for cancers with pairs of CEBPA mutations is generally favorable37, and this patient's cancer
did not recur after chemotherapy and was completely remitted. [11/26, 12:27 PM] Balkrushna Jangam: It
seemed that Participant 3's hematologic malignancy was a subclone of the original clone that had undergone
further clonal evolution during the previous 34 months. The loss of the other copy of chromosome 17 and the
bone marrow—biopsy specimen's 86% blast count were both compatible with a TP53 p.R248Q mutation that
had grown from its original allelic fraction of 24% to 86%. DNA examination of the biopsy samples revealed
a complicated pattern of gains and losses on chromosomes 12, 13, 16, and 19, as well as losses on chromosomes
17 and 5q (results that were in line with the karyotype findings) (Fig. S15 in the Supplementary
Appendix).[11/26, 12:28 PM] Balkrushna Jangam: People with TP53 mutations frequently have losses of 17
International Journal Of Novel Research And Development (www.ijnrd.org)
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and 5¢.38 We calculated that there were already losses of 5gq and 17 at low allelic fractions (8% and 3% of

cells, respectively) in the original DNA sample, but no losses on chromosomes 12, 13, 16, and 19, or losses at
an undetectable frequency at that time (Fig. S16 in the Supplementary Appendix), using these segmental losses
to differentiate between alleles on the lost segments and alleles on the retained segments. We deduced that
these mutations originated in a sequence of subclones since the biopsy samples displayed all of these events at
high allelic fractions (Figure 4C). Two months after the diagnosis, the patient passed away.

» Discussion..

[11/26, 12:30 PM] Balkrushna Jangam: Ten percent of the elderly study participants had clonal hematopoiesis
with somatic mutations, and the incidence increased with age (Figure 2D). Driver genes and mutations that are
also driver mutations in hematologic malignancies seemed to be involved in the majority of these clonal
expansions (Figure 2A and 2B). We discovered that having such clones increased the chance of death (hazard
ratio, 1.4; 95% CI, 1.0 to 1.8) and subsequent hematologic malignancies (hazard ratio, 12.9; 95% CI, 5.8 to
28.7) (Figure 3A and 3B) (Figure 3D and 3E).[11/26, 12:32 PM] Balkrushna Jangam: Mutations in a particular
group of the genes known to be responsible for blood cancers22, including DNMT3A, ASXL1, and TET2,
seemed to be involved in the majority of clonal hematopoiesis cases (Figure 2A). These subclinical clonal
expansions did not show activating mutations in FLT3 or NPML1 29, two other prominent mutational drivers of
such malignancies. These data imply that mutations in FLT3 and NPM1 may typically be later, cooperative
occurrences, whereas mutations in DNMT3A, ASXL1, and TET2 are frequentl initiating mutations that persist
in subclinical states for extended periods of time. Data from studies involving cancer patients and mice models
would support such an inference.12-14[11/26, 12:34 PM] Balkrushna Jangam: According to functional
experiments, loss of TET2 causes hematopoietic stem cells to self-renew more frequently and gain a
competitive growth advantage, while loss of DNMT3A hinders the differentiation of hematopoietic stem cells,
increasing their number in the bone marrow39.40 42% of the patients who were diagnosed with cancer more
than six months later had clonal hematopoiesis, which we found to be a significant risk factor for these tumors
(Figure 3C). Our findings prompt the question of whether routine blood sample DNA sequencing could
facilitate the early identification of blood malignancies. We think that such an approach would be premature
based on the available facts. Somatic mutations in clonal hematopoiesis were found.[11/26, 12:34 PM]
Balkrushna Jangam: Furthermore, there aren't any therapies on the market right now that look appropriate for
sizable patient cohorts with a low risk of developing cancer. Although our data indicate that such findings may
be prevalent, they do not support a diagnosis of hematologic cancer; rather, they indicate an enhanced risk.
Therefore, caution is also necessary when cancer-associated mutations are discovered as an incidental finding
in other studies or diagnostic procedures.[11/26, 12:36 PM] Balkrushna Jangam: However, in the future, we
might be able to improve our DNA analysis to provide methods for hematopoietic cancer prevention and early
diagnosis. The ability to identify high-risk states, track the development or remission of these states, and
identify follow-on, transformative mutations prior to clinically evident illness are three significant capacities
that DNA analysis will provide. A number of significant research avenues may advance the clinical utility of
DNA sequencing for clonal hematopoiesis. First, larger studies could find somatic mutations that are likely to
be linked to a heightened chance of developing cancer later on. Second, single-cell analysis could reveal
combinations of mutations that are high-risk for[11/26, 12:37 PM] Balkrushna Jangam: identical cells. Third,
mutation—cell-type combos with higher predictive value may be found through the sequencing of particular cell
types. Fourth, clonal hematopoiesis may warrant routine screening for cooperative mutations at low allele
frequencies that may be predictive of malignancy (Figure 4C). To collect the data required to assess these
possibilities, larger research will be required. Furthermore, as described here, the use of DNA sequencing to
track clonal expansions and identify at-risk groups may make it easier to conduct clinical trials of methods to
lower the risk of cancer development. In other medical specialties, such In the development of preventive
medicines for cardiovascular disease, biomarkers (such as low-density lipoprotein cholesterol) that identify
high-risk patient groups and provide quick information on the effectiveness of interventions have proven
essential. Understanding the degree to which clonal hematopoiesis serves as a marker for the deteriorating
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health of hematopoietic stem-cell populations—possibly due to aging, attrition, and a decreased capacity to
contain emerging neoplasms—will also be crucial. These results demonstrate how DNA sequencing provides
insights into dynamic processes that evolve throughout an individual’s life and are indicative of both clinical
illness and mortality. We hypothesize that a continuum of ascertainable genomic states linked to increased risks
of future illness may eventually replace the conventional dichotomy between illness and health in asymptomatic
individuals with an improved capacity to forecast future harm.
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