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What is clonal hematopoiesis? 
Clonal expansion of hematopoietic (stem) cells with genomic changes that increase cellular fitness

Vlasschaert C., et al., Nat Reviews Neph 2023

Prevalence estimates of clonal expansions 
through different genetic alterations across an 
individual’s lifespan (highly dependent on limit 
of detection of the assays)

Main types of genetic changes are i) point 
mutations and small indels ii) mosaic 
chromosomal alterations, including mLOX 
and mLOY

Acquired genetic modifications lead to 
clonal expansion over a background of 
polyclonal hematopoiesis
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Genomic rearrangements, many of which produced putative  
gene fusions, were reported in 1,597 individuals (15%). The most 
commonly observed rearrangements were TMPRSS2-ERG (n = 151),  
EGFRvIII (deletion of exons 2–7 of EGFR; n = 65), EML4-ALK  
(n = 38) and EWSR1-FLI1 (n = 25). Additional alterations, including 
cryptic rearrangements involving TMPRSS2 detected in 23 prostate  
cancers, were suggestive of gene fusions produced by complex  
processes, such as chromoplexy, that are not easily discerned by  
targeted sequencing25.

Although some genes were mutated at similar rates across many 
tumor types (for example, TP53 and PIK3CA), others were highly 
enriched for mutations in only one or two cancer lineages (for exam-
ple, VHL, APC and IDH1). Certain gene fusions were also exclusive 
to particular lineages, such as TMPRSS2-ERG in prostate cancer, 
EWSR1-FLI1 in Ewing sarcoma and DNAJB1-PRKACA in fibrolamel-
lar hepatocellular carcinoma. Nevertheless, excluding hypermutated 
tumors, 97% of the genes in our 410-gene panel were mutated at least 
once in five or more principal tumor types, reinforcing the potential 
benefit of broad mutation profiling regardless of lineage.

TERT promoter mutations
In addition to the coding regions of the aforementioned cancer- 
associated genes, MSK-IMPACT also captures the promoter of TERT. 
Mutations at two highly recurrent hotspots in the TERT promoter have 
been shown to create novel consensus binding sites for ETS family 
transcription factors, leading to upregulated telomerase expression 
and decreased cell death26,27. Yet, these hotspots are absent from most 
genomic studies because the TERT promoter is typically not covered 
by WES analysis. The MSK-IMPACT results thus provide, to our 
knowledge, the largest analysis of somatic mutations in the TERT pro-
moter across all tumor types reported to date. Consistent with prior 
reports, G>A substitutions at positions −124 and −146 bp relative to 
the TERT transcription start site were the most common alterations 
(96.3%); they were observed in 43 principal tumor types (Fig. 3a)28. 

mutations was >4-fold greater in MSK-IMPACT than in TCGA (29% 
versus 7%), which is consistent with previously noted associations 
between TP53 status and more clinically aggressive disease20. We also 
observed frequent alterations in genes in MSK-IMPACT that were 
not enriched in the corresponding cancer type in TCGA, including 
in AR (androgen receptor) in prostate cancer (18% versus 1%) and 
ESR1 (estrogen receptor) in breast cancer (11% versus 4%), which is 
consistent with the known roles of these genes in promoting resist-
ance to hormone therapy. The most common AR mutations in our 
cohort were L702H and H875Y (ten individuals each), both of which 
have been described as acquired mutations conferring resistance to 
androgen receptor inhibitors21. ESR1 mutations were observed at 
recurrent hotspots in both breast and endometrial cancers, almost 
exclusively in metastatic tumors that arose after hormone treatment 
(Supplementary Fig. 11)22,23.

The most frequently altered gene in the MSK-IMPACT cohort was 
TP53 (41% of patients; Fig. 2c). TP53 mutations occurred most often in 
high-grade serous ovarian cancer (98%), esophageal adenocarcinoma 
(89%) and small-cell lung cancer (85%) and were largely inactivating 
through truncation or disruption of splicing. Altogether, TP53 was 
altered in >10% of cases for 43 of the 62 principal tumor types. KRAS 
was the second most frequently altered gene (15% of patients). KRAS 
mutations were most prevalent in pancreatic adenocarcinoma (90%) 
and colon adenocarcinoma (44%). KRAS also harbored the most fre-
quently altered codon among the tumors sequenced (G12), accounting 
for 80% of all KRAS mutations and 12% of all individuals sequenced. 
The next most commonly mutated codons were PIK3CAH1047, 
PIK3CAE545 and BRAFV600 (Supplementary Table 4), each of which 
was mutated in more than 20 principal tumor types, indicative of posi-
tive selection across lineages24. Differences in the location of mutations 
within genes were observed among different tumor types. For example, 
in EGFR, mutations in glioma were localized to the extracellular N-
terminal domain, whereas mutations in lung cancer arose mainly in 
the kinase domain (Supplementary Fig. 12).
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MSK-IMPACT Solid Tumor Testing Results

Patient Name John Doe Medical Record #

Date of Birth Accession #

Gender Female Specimen Submitted Liver; biopsy

Tumor Type Breast Invasive Ductal
Carcinoma Surgical Path. #

Ref. Physician Physician M.D. Account #

Date of Receipt 0/0/0000 Date of Report 0/0/0000 00:00

Summary 6 mutations, 2 copy number alterations, no structural variants detected. 2 alterations are potentially actionable.

Somatic alterations detected in this sample:

Gene Type Annotation Location Additional Information +

MutatMutations

TP53 Nonsense Mutation Q192* (c.574C>T) exon6 MAF: 42%, COSMIC: 78 �

ERBB2 Missense Mutation L755S (c.2264T>C) exon19 MAF: 55%, COSMIC: 20 �

CDH1 Missense Mutation S133F (c.398C>T) exon4 MAF: 18%, COSMIC: 1

ZFHX3 Missense Mutation A2556V (c.7667C>T) exon9 MAF: 6%

MDC1 Missense Mutation R2054W (c.6160C>T) exon15 MAF: 9%

BRCA1 Missense Mutation R951K (c.2852G>A) exon10 MAF: 17%

MutatCopy Number Alterations

CDK12 Whole gene Amplification 17q12 FC: 2.7

ERBB2 Whole gene Amplification 17q12 FC: 2.7

�: Denotes clinically/analytically validated variants.
RefSeq IDs for the genes with reported variants along with a list of all 410 genes can be found on the last page

Alteration(s) Drug(s) Description

Lapatinib
Trastuzumab
Trastuzumab+Pertuzumab
T-DM1

ERBB2 Amplification
FC: 2.7

FDA Approved and/or NCCN recommended biomarker

Investigational biomarker

Level 1

NeratinibERBB2 L755S
MAF: 55%

Level 3A

ERBB2 encodes a member of the EGFR family of receptor tyrosine kinases that signals through the 
pro-oncogenic MAP- and PI3-kinase pathways. ERBB2 is altered by amplification and/or overex-
pression in various cancers, including breast, endometrial and esophagogastric cancer. ERBB2 
amplification is known to be oncogenic. Trastuzumab, T-DM1 (ado-trastuzumab emtansine) , 
pertuzumab and lapatinib are FDA-approved for the treatment of patients with breast cancer harboring 
ERBB2 amplification. Trastuzumab is also FDA-approved for the treatment of patients with gastric 
cancer harboring ERBB2 amplification.

ERBB2 encodes a member of the EGFR family of receptor tyrosine kinases that signals through the 
pro-oncogenic MAP- and PI3-kinase pathways. ERBB2 is altered by amplification and/or over-

-

expression in various cancers, including breast, endometrial and esophagogastric cancer. The 
ERBB2 L755S mutation is known to be oncogenic. There is compelling clinical data supporting the 
use of neratinib in patients with breast cancer harboring the ERBB2 L755S mutation. ERBB2 L755S
has been biologically characterized as sensitizing to neratinib as evidenced by pathway inhibition 
upon drug treatment.

+: A glossary of terms and the description of the iconography used in this report can be found after the "Test and Methodology" section .
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Figure 1 Overview of the MSK-IMPACT clinical workflow. Patients provide informed consent for paired tumor–normal sequence analysis, and a blood 
sample is collected as a source of normal DNA. DNA is extracted from tumor and blood samples using automated protocols, and sequence libraries are 
prepared and captured using hybridization probes targeting all coding exons of 410 genes and select introns of recurrently rearranged genes. Following 
sequencing, paired reads are analyzed through a custom bioinformatics pipeline that detects multiple classes of genomic rearrangements. Results are 
loaded into a genomic variants database developed in house, MPath, where they are manually reviewed for quality and accuracy. Genomic alterations 
are reported in the electronic medical record, transmitted to an institutional database (Darwin) that facilitates automated clinical trial matching and 
automatically uploaded to the cBioPortal for data mining and interpretation.

Identifies mutations, copy number alterations, structural variants in 505 genes as well as biomarkers that could 
predict treatment response such as microsatellite instability (MSI) status or tumor mutation burden (TMB)

Zehir A, Benayed R et al., Nature Med 2017

Identification of CH mutations in solid tumor patients using MSK-IMPACT



Paired tumor & matched blood sequencing
Subtracting tumor mutations from the blood allows for identifications somatic mutations in the blood

tumor blood

Tumor somatic 
alterations

Clonal hematopoiesis 
(CH/CHIP)

Germline 
alterations

• mutations (snvs/indels)
• copy number alterations
• structural variants
• microsatellite instability
• mutation burden

• In 90 genes known to be 
involved in hereditary cancers

• mutations (snvs/indels)
• copy number alterations
• expert curation by molecular 

geneticists
• patient consultations via 

clinical genetics service

• mutations (snvs/indels)
• copy number alterations



Clonal hematopoiesis is common in cancer patients
CH is observed in ¼ patients, occurring in genes commonly mutated in heme malignancies

Coombs CC, Zehir A., et al, Cell Stem Cell 2017 

identified CH in ~ 24% of advanced cancer patients (n = 8,810)



Clonal hematopoiesis
Oncologic therapy can shape further establishment and development of certain clones

aging-associated genotoxic stress to affect the HSC pool (Wing-
ert et al., 2016). Interestingly, C:T DNA base pair transversions
are the most common outcome from replicative mutagenesis,
a transversion that is a hallmark of aging-associated mutagen-
esis (Alexandrov et al., 2013).

These molecular events may underlie a fitness landscape
that favors HSCs capable of retaining self-renewal, blocking
differentiation, and resolving DNA damage without initiating
apoptosis. Mutations in the epigenetic modifiers DNMT3A,
TET2, or ASXL1 would be well-suited to offer a selective advan-
tage over non-mutated clones through maximizing self-renewal
and enacting a differentiation blockade (discussed below;
Figure 2). Meanwhile, mutations in DNA-damage regulators,
such as TP53 and PPM1D, likely offer a similar fitness advantage
in the face of genotoxic stress.
Therapy-Induced CH and Selective Pressure
In addition to aging-associated mutational processes and
endogenous genotoxic stress, exogenous stress such as that
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Figure 2. Clonal Expansion under Selective
Pressure
(A) Schematic depicting clonal evolution under
negative selection with a deleterious event, no
somatic variation, neutral selection, and positive
selection with an advantageous event.
(B–D) Depiction of selective pressures: (B), aging;
(C), chemotherapy; and (D), immune-mediated
pressure. Clonal outgrowth is represented with
time on the x axis and relative abundance of HSC
clones on the y axis. The dashed line indicates the
duration of time that the selective pressure is
present. The color of the dot indicates the somatic
variants as indicated.
(E) Stochastic drift is shown with the outgrowth
of a single HSC clone yielding somatically distinct
neutral daughter cells indicated by differing shades
of blue. The bar plot on the right indicates abun-
dance of HSCs following stochastic drift for each
clone following three generations of HSC division.

elicited by radiation or chemotherapy
also likely contributes to the altered
fitness landscape that promotes CH.
Two studies in particular were enriched
for patients who had previously under-
gone chemotherapeutic treatment either
for non-hematological conditions or as
a part of a conditioning regiment for
autologous stem cell transplant therapy
(Coombs et al., 2017; Gibson et al.,
2017). In addition to recurrent epigenetic
modifiers (DNMT3A, TET2, and ASXL1),
these studies identified recurrent muta-
tions in TP53, PPM1D, ATM, and
CHEK2, all of which play some role in
the response to DNA damage (Kastan
and Bartek, 2004; Kastenhuber and
Lowe, 2017; Kleiblova et al., 2013).
These mutations suggest that expansion
of a DNA-damage-resistant clone may
occur following genotoxic stress such as
chemotherapy or irradiation. In support

of this, Wong and colleagues analyzed TP53 mutation status in
therapy-induced AML (t-AML); they that found TP53 mutations
were present at a higher frequency in t-AML patients than in
de novo AML patients (Wong et al., 2015). Critically, the total
mutation number did not significantly differ between t-AML
and primary AML patients, indicating a lack of mutagenic activity
upon chemotherapy. Instead, in several patients, TP53 muta-
tions were found to be present in the blood before the onset of
disease, and before prior chemotherapy administration in two
patients. This is the most clear evidence that TP53 mutations
may provide a selective advantage upon genotoxic insult leading
to clonal expansion, an expansion taken to its extreme in t-AML.
Recent genomic studies on large cohorts of patients found

that TP53 and PPM1D mutations are both enriched in therapy-
induced MDS compared to primary MDS (Lindsley et al.,
2017), offering supporting evidence that clones harboring these
mutations thrive under therapy-induced selective pressure. Like-
wise, mutations in PPM1D have been found to be present in the

160 Cell Stem Cell 22, February 1, 2018
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Clonal hematopoiesis
Oncologic therapy can shape further establishment and development of certain clones

Bowman LB., et al, 2018 Cell Stem Cell Review

(p < 0.001 and p = 0.021, respectively), but not with prior chemo-
therapy (p = 0.89 and p = 0.24, respectively) (Table 1).

Associations for Recurrently Mutated Genes
We next queried whether mutations in specific genes harbored
unique phenotypeswith respect to their effect on hematologic pa-
rameters and associations with prior toxic exposure (Table S2).
Although the presence of CH in general was not associated
with previous exposure to chemotherapy, mutations in TP53
and PPM1D were significantly associated with prior chemo-
therapy exposure (p = 0.047 and p < 0.001, respectively) and
RT (p < 0.001 for both). Additional associations regarding muta-
tional effect on hematologic parameters are demonstrated in
Table S2. Together, these results suggest that CH mutations in
leukemia-associated genes may influence hematologic parame-
ters in a gene-specific manner.

CH and Mutational Signatures
Overall, the most common single-nucleotide substitution among
the coding mutations was a C > T transition, which has been
demonstrated to accompany aging-associated processes (Alex-
androv et al., 2013) (data not shown). To further elucidate
whether smoking, generally characterized by C > A transver-
sions, was an additional significant mutagenic factor leading to
the spectrum of mutations observed, we assigned all silent and
non-silent mutations and their trinucleotide context into previ-
ously described mutational signatures in smokers compared to
never smokers (Alexandrov et al., 2013). This analysis did not
show a significant difference in the proportion of mutations
attributed to the smoking signature (signature 4) (data not
shown). We posited that the prior cytotoxic exposures might
mask any significant effects smoking might impose. Therefore,

we categorized patients into treatment-naive and non-naive
groups (those with a history of prior chemotherapy, RT, or
both). We observed an increased rate of C > A substitutions in
treatment-naive smokers compared to treatment-naive never
smokers, suggesting smoking may affect the type of CH muta-
tions that occur (Figures 2B and S3C). Further delineating the
mutations based on the nucleotide context suggest smoking
might affect substitutions specifically in the context of the TCA
nucleotide sequence (Figure 2C).

CH and Risk of Subsequent Hematologic Cancer
Of the 5,394 patients whowere prospectively followed, 19 devel-
oped a new hematologic cancer over the study period at a mean
time of 187 days following collection of matched normal blood.
Over the entire study period, 10 out of 1,294 patients with CH
developed a hematologic cancer, with an 18-month cumulative
incidence estimate of 1% (0.5%–1.8%) compared to 9 out of
4,100 non-CH patients, with an estimate of 0.3% (0.1%–0.5%)
(p = 0.003). Seven out of 237 patients with CH-PD developed a
hematologic cancer compared to 12 out of 5,157 patients
without CH-PD (3.2% [1.4%–6.2%] and 0.3% [0.2%–0.6%] esti-
mates at 18months, respectively; p < 0.001) (Figures 3A and 3B).

CH and Survival
We assessed whether the presence of CH had an effect on OS.
CH was associated with inferior survival (p < 0.001); however,
this comparison did not remain statistically significant upon
stratifying for age, gender, and smoking status (p = 0.16) (Fig-
ure 3C). We next examined the relationship between CH-PD
and OS. CH-PD was associated with inferior survival (p =
0.003), which remained significant when stratifying by age,
gender, and smoking status (p = 0.050) (Figure 3D). Of note,
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Figure 3. Association between CH and
Clonal Hematopoiesis with Presumptive
Drivers (CH-PD) and Subsequent Hemato-
logic Cancers and OS
(A) Incidence of new hematologic cancer in pa-

tients with and without CH.

(B) Incidence of new hematologic cancer in pa-

tients with and without CH-PD.

(C) OS in CH versus non-CH (all ages). Time-point

estimates for CH versus non-CH are 12-month OS:

0.70 (0.68–0.73) versus 0.74 (0.73-0.76); 18-month

OS: 0.57 (0.54–0.60) versus 0.64 (0.62–0.66);

and 24-month OS: 0.50 (0.46–0.53) versus 0.55

(0.53–0.57).

(D) OS in CH-PD versus non-CH-PD (all ages).

Time-point estimates for CH-PD versus non-CH-

PD are 12-month OS: 0.67 (0.62–0.74) versus 0.74

(0.72–0.75); 18-month OS: 0.55 (0.49–0.63) versus

0.63 (0.61–0.64); and 24-month OS: 0.48 (0.40–

0.57) versus 0.54 (0.52–0.56).

Differences in the incidence of new hematologic

cancer were compared using Gray’s test, while

survival differences were assessed using the Peto

and Peto modification of the Gehan-Wilcoxon test.

Survival was compared both overall and stratified

based on categories of age, gender, and smoking

status.
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(p < 0.001 and p = 0.021, respectively), but not with prior chemo-
therapy (p = 0.89 and p = 0.24, respectively) (Table 1).

Associations for Recurrently Mutated Genes
We next queried whether mutations in specific genes harbored
unique phenotypeswith respect to their effect on hematologic pa-
rameters and associations with prior toxic exposure (Table S2).
Although the presence of CH in general was not associated
with previous exposure to chemotherapy, mutations in TP53
and PPM1D were significantly associated with prior chemo-
therapy exposure (p = 0.047 and p < 0.001, respectively) and
RT (p < 0.001 for both). Additional associations regarding muta-
tional effect on hematologic parameters are demonstrated in
Table S2. Together, these results suggest that CH mutations in
leukemia-associated genes may influence hematologic parame-
ters in a gene-specific manner.

CH and Mutational Signatures
Overall, the most common single-nucleotide substitution among
the coding mutations was a C > T transition, which has been
demonstrated to accompany aging-associated processes (Alex-
androv et al., 2013) (data not shown). To further elucidate
whether smoking, generally characterized by C > A transver-
sions, was an additional significant mutagenic factor leading to
the spectrum of mutations observed, we assigned all silent and
non-silent mutations and their trinucleotide context into previ-
ously described mutational signatures in smokers compared to
never smokers (Alexandrov et al., 2013). This analysis did not
show a significant difference in the proportion of mutations
attributed to the smoking signature (signature 4) (data not
shown). We posited that the prior cytotoxic exposures might
mask any significant effects smoking might impose. Therefore,

we categorized patients into treatment-naive and non-naive
groups (those with a history of prior chemotherapy, RT, or
both). We observed an increased rate of C > A substitutions in
treatment-naive smokers compared to treatment-naive never
smokers, suggesting smoking may affect the type of CH muta-
tions that occur (Figures 2B and S3C). Further delineating the
mutations based on the nucleotide context suggest smoking
might affect substitutions specifically in the context of the TCA
nucleotide sequence (Figure 2C).

CH and Risk of Subsequent Hematologic Cancer
Of the 5,394 patients whowere prospectively followed, 19 devel-
oped a new hematologic cancer over the study period at a mean
time of 187 days following collection of matched normal blood.
Over the entire study period, 10 out of 1,294 patients with CH
developed a hematologic cancer, with an 18-month cumulative
incidence estimate of 1% (0.5%–1.8%) compared to 9 out of
4,100 non-CH patients, with an estimate of 0.3% (0.1%–0.5%)
(p = 0.003). Seven out of 237 patients with CH-PD developed a
hematologic cancer compared to 12 out of 5,157 patients
without CH-PD (3.2% [1.4%–6.2%] and 0.3% [0.2%–0.6%] esti-
mates at 18months, respectively; p < 0.001) (Figures 3A and 3B).

CH and Survival
We assessed whether the presence of CH had an effect on OS.
CH was associated with inferior survival (p < 0.001); however,
this comparison did not remain statistically significant upon
stratifying for age, gender, and smoking status (p = 0.16) (Fig-
ure 3C). We next examined the relationship between CH-PD
and OS. CH-PD was associated with inferior survival (p =
0.003), which remained significant when stratifying by age,
gender, and smoking status (p = 0.050) (Figure 3D). Of note,
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Clonal Hematopoiesis with Presumptive
Drivers (CH-PD) and Subsequent Hemato-
logic Cancers and OS
(A) Incidence of new hematologic cancer in pa-

tients with and without CH.

(B) Incidence of new hematologic cancer in pa-

tients with and without CH-PD.

(C) OS in CH versus non-CH (all ages). Time-point

estimates for CH versus non-CH are 12-month OS:

0.70 (0.68–0.73) versus 0.74 (0.73-0.76); 18-month

OS: 0.57 (0.54–0.60) versus 0.64 (0.62–0.66);

and 24-month OS: 0.50 (0.46–0.53) versus 0.55

(0.53–0.57).

(D) OS in CH-PD versus non-CH-PD (all ages).

Time-point estimates for CH-PD versus non-CH-

PD are 12-month OS: 0.67 (0.62–0.74) versus 0.74

(0.72–0.75); 18-month OS: 0.55 (0.49–0.63) versus

0.63 (0.61–0.64); and 24-month OS: 0.48 (0.40–

0.57) versus 0.54 (0.52–0.56).

Differences in the incidence of new hematologic

cancer were compared using Gray’s test, while

survival differences were assessed using the Peto

and Peto modification of the Gehan-Wilcoxon test.

Survival was compared both overall and stratified

based on categories of age, gender, and smoking
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aging-associated genotoxic stress to affect the HSC pool (Wing-
ert et al., 2016). Interestingly, C:T DNA base pair transversions
are the most common outcome from replicative mutagenesis,
a transversion that is a hallmark of aging-associated mutagen-
esis (Alexandrov et al., 2013).

These molecular events may underlie a fitness landscape
that favors HSCs capable of retaining self-renewal, blocking
differentiation, and resolving DNA damage without initiating
apoptosis. Mutations in the epigenetic modifiers DNMT3A,
TET2, or ASXL1 would be well-suited to offer a selective advan-
tage over non-mutated clones through maximizing self-renewal
and enacting a differentiation blockade (discussed below;
Figure 2). Meanwhile, mutations in DNA-damage regulators,
such as TP53 and PPM1D, likely offer a similar fitness advantage
in the face of genotoxic stress.
Therapy-Induced CH and Selective Pressure
In addition to aging-associated mutational processes and
endogenous genotoxic stress, exogenous stress such as that
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Figure 2. Clonal Expansion under Selective
Pressure
(A) Schematic depicting clonal evolution under
negative selection with a deleterious event, no
somatic variation, neutral selection, and positive
selection with an advantageous event.
(B–D) Depiction of selective pressures: (B), aging;
(C), chemotherapy; and (D), immune-mediated
pressure. Clonal outgrowth is represented with
time on the x axis and relative abundance of HSC
clones on the y axis. The dashed line indicates the
duration of time that the selective pressure is
present. The color of the dot indicates the somatic
variants as indicated.
(E) Stochastic drift is shown with the outgrowth
of a single HSC clone yielding somatically distinct
neutral daughter cells indicated by differing shades
of blue. The bar plot on the right indicates abun-
dance of HSCs following stochastic drift for each
clone following three generations of HSC division.

elicited by radiation or chemotherapy
also likely contributes to the altered
fitness landscape that promotes CH.
Two studies in particular were enriched
for patients who had previously under-
gone chemotherapeutic treatment either
for non-hematological conditions or as
a part of a conditioning regiment for
autologous stem cell transplant therapy
(Coombs et al., 2017; Gibson et al.,
2017). In addition to recurrent epigenetic
modifiers (DNMT3A, TET2, and ASXL1),
these studies identified recurrent muta-
tions in TP53, PPM1D, ATM, and
CHEK2, all of which play some role in
the response to DNA damage (Kastan
and Bartek, 2004; Kastenhuber and
Lowe, 2017; Kleiblova et al., 2013).
These mutations suggest that expansion
of a DNA-damage-resistant clone may
occur following genotoxic stress such as
chemotherapy or irradiation. In support

of this, Wong and colleagues analyzed TP53 mutation status in
therapy-induced AML (t-AML); they that found TP53 mutations
were present at a higher frequency in t-AML patients than in
de novo AML patients (Wong et al., 2015). Critically, the total
mutation number did not significantly differ between t-AML
and primary AML patients, indicating a lack of mutagenic activity
upon chemotherapy. Instead, in several patients, TP53 muta-
tions were found to be present in the blood before the onset of
disease, and before prior chemotherapy administration in two
patients. This is the most clear evidence that TP53 mutations
may provide a selective advantage upon genotoxic insult leading
to clonal expansion, an expansion taken to its extreme in t-AML.
Recent genomic studies on large cohorts of patients found

that TP53 and PPM1D mutations are both enriched in therapy-
induced MDS compared to primary MDS (Lindsley et al.,
2017), offering supporting evidence that clones harboring these
mutations thrive under therapy-induced selective pressure. Like-
wise, mutations in PPM1D have been found to be present in the
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First CH clinic + real time CH reporting
These findings have led to the formation of the first CH clinic in the world, and we started reporting CH clinically

CH clinic utilizes MSK-IMPACT data to identify patients who harbor CH mutations in real time. 
Patients are consulted and followed up if necessary

MSK-IMPACT report

Ross Levine Kelly Bolton

Bolton KL. et al., Hematol Oncol Clin North Am, 2020



Refining how oncologic therapy shapes CH in cancer patients
Identified CH in 24,354 patients and combined with deep phenotypic data on treatment

Kelly Bolton Elli PapaemmanuilRyan Ptashkin Teng Gao Bolton KL. et al., Nat Genetics 2020



Oncologic treatment affect CH rates across ages
CH in cancer driver genes (PD) shows the strongest selection relative to non-presumptive driver mutations

Bolton KL. et al., Nat Genetics 2020



Individual genes associate differently with selective pressures
While aging is associated with CH across all genes, therapy is specifically associated with CHEK2, PPM1D and 
TP53 and smoking is associated with ASXL1

Bolton KL. et al., Nat Genetics 2020



CH-PD is associated with specific therapies

Multivariable logistic regression adjusted for age, gender, time from diagnosis to blood sequencing, race, all therapy subclasses
Bolton KL. et al., Nat Genetics 2020



Does ongoing treatment promote pre-existing CH or induce new mutations? 

6-53 months 

525 patients
389 CH+
136 CH-

spectrum of  treatments
CH ?

Pre-only Post-only

95% of the CH variants are detected at both time points



Cytotoxic therapy and radiation promote growth of existing CH clones



Cytotoxic therapy and radiation promote growth of existing CH clones
DDR pathway genes are specifically promoted



CH associations with inherited cancer predisposition mutations

Slightly increased leukemia incidence for 
Germline + CH + mCA – unfortunately small 
numbers 

Inherited cancer predisposition mutations 
are associated with presence of CH and 
CH-PD

Amongst patients with P/LP and CH 
mutations, 10% ot patients have both

Franch-Expósito S. et al., JCO PO 2023

Cohort of 46,906 patients with CH and pathogenic/likely pathogenic germline mutations suggest additional 
population of patients who might need screening and monitoring  



What are the implications of CH mutations in solid tumor diagnostics? 



Identification of CH related mutations in the solid tumors
26.5% of patients have CH in their blood

Total # of patients = 17,469

Identified 7,608 CH mutations in 4,628 patients (26.5%)

Identified 1,075 CH mutations in tumors of 912 patients (5.2%)

Ryan Ptashkin



CH mutations in solid tumors (CH-ST) is common
CH-ST incidence increase with age and varies by cancer type
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Salivary Carcinoma (n=157)

Soft Tissue Sarcoma (n=674)
Small Cell Lung Cancer (n=145)

Gastrointestinal Stromal Tumor (n=210)
Prostate Cancer (n=1069)

Endometrial Cancer (n=575)
Uterine Sarcoma (n=130)

Renal Cell Carcinoma (n=469)
Appendiceal Cancer (n=121)
Breast Carcinoma (n=2505)
Colorectal Cancer (n=1538)

Esophagogastric Carcinoma (n=432)
Ovarian Cancer (n=427)
Bladder Cancer (n=560)

Cancer of Unknown Primary (n=474)
Thyroid Cancer (n=308)
Biliary Cancer (n=367)

Head and Neck Carcinoma (n=287)
Pancreatic Cancer (n=969)

Hepatocellular Carcinoma (n=165)
Melanoma (n=650)

Mesothelioma (n=177)
Non−Small Cell Lung Cancer (n=2621)
Skin Cancer, Non−Melanoma (n=172) *

*

Ptashkin RN., et al, Jama Oncology, 2018 
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CH-ST mutations are absent in population databases
CH-ST are observed in 206 genes, mostly absent in population databases and half are oncogenic/likely oncogenic

Ptashkin RN., et al, Jama Oncology, 2018 



CHIP as a confounding factor for germline mutations
BRCA2 pathogenic variant with implications for PARPi therapy

Looks somatic in 
tumor-only 
sequencing

Looks germline in 
blood-only 
sequencing

Tumor-blood data together suggests loss-of-heterozygosity in 
BRCA2 locus in tumor, however, both copies are present

Sanger sequencing of different tissues 
show the mutation is a CH mutation

Ptashkin RN., et al, Jama Oncology, 2018 



Presence of CH mutations in liquid biopsies
Identification of genomic alterations in cell-free tumor-derived DNA (ctDNA) by sequencing white blood cells

Brannon AR, Jayakumaran G. et al. Nature Comms, 2021

Analysis of 617 plasma & WBC pairs, using MSK-
ACCESS, shows up to 77% of variants removed 
through use of WBC data ( < 10% VAF)

Fragments supporting tumor-derived mutations in plasma have shorter size distribution 
compared to the size of fragments supporting wild-type mutations. 

Size distribution of fragments supporting germline and CH mutations do not differ from 
the background



Presence of CH mutations in liquid biopsies
Machine learning approach to differentiate CH derived mutations from tumor mutations 

Fairchild L. et al. STM, 2023

Variables for 1,400 SNVs with known CHIP/somatic status are used to train a logistic regression or random forest classifier. 
Feature importance suggest mutation VAF, gene name and signature are critical. Data lacks use of fragment size information



Conclusions
CH mutations can be confounders in diagnostic assays without appropriate controls and have implications for 
solid tumor patients

i. noise for tumor-only sequencing (both ffpe & 
ctDNA)

ii. noise for blood-only germline sequencing

iii. signal for selecting patients at high-risk for 
hematological malignancies



Remaining questions for the community

1) Can we use CH as a biomarker to identify high-risk cancer patients who might develop secondary 
malignancies? How would this look in practice? Can we treat these patients prophylactically? 

2) What is the most optimal way to identify and remove CHIP derived noise in liquid biopsies in the 
absence of white blood cell sequencing? 

3) Does presence of CH mutations lead to epigenetic changes thus confound methylation based liquid 
biopsy assays? 

4) What is the extend of CHIP confounding in the setting of MRD? 


