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SOMATIC MUTATIONS IN “BENIGN” DISEASE

Case report, 1882            Genome-first discovery, 2020

         PNH             VEXAS



CLONAL EVOLUTION IN SEVERE APLASTIC ANEMIA

Blood 1967

Blood 2017

Blood 1992

>300 pts treated since 2000,

hATG regimens

median time to evolution = 613 day)

Evolution = MDS/AML—
usually 7-, 8+, del13q, del20q



HSC CLONALITY IN APLASTIC ANEMIA

PNH

GPI- clones, >50% AA (PNH/AA) 

Specific to immune-mediated marrow failure

6pLOH/HLA mutations

>20% SAA

Diminished HLA class I expression

Specific to HLA antigens

Associated with response to IST/outcome

Chromosome 66pLOH

Clonal cytogenetic abnormalities

7-; also 8+, 12q-, 15q-

Associate with prognosis

CHIP

BCOR/L, DNMTS2, ASXL1



ENVIRONMENT SHAPES CLONALITY OVER TIME

Cooper JM, Young NS. Blood 2017;130:2363



CLONAL HEMATOPOIESIS IN SAA: >12 YEAR COURSE
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Complicated! Dynamic! Clinically relevant?



Blood  2019; 133:1415

scRNAseq to:

   define normal hematopoiesis (marrow) in human and mouse

   examine relationships of mRNA, lncRNA, chromatin structure, proteins

   define abnormal cells (aneuploid, mutated)

   explore constitutional genetic deficiencies (GATA2, DADA2, telomere disease)

   test drug mechanisms (alemtuzumab, ATG)

   determine cell-cell interactions (immune-HSCP in AA, low risk MDS)

   assess environmental perturbations (HGFs, cytokines, 02 , stroma)

   

 

SCRNASEQ IN HEMATOLOGY

14

Complex, emergent system rather 

than unidirectional hierarchy

Blood 2023; 142:1193

RNA sequencing + proteomics + DNA/chromatin 



Minimal in vitro perturbation

Multidimensional

Conserved heterogeneity

Imputed functionality

Cell number flexible

IMMUNE AA AT SINGLE CELL RESOLUTION

N = 20, pre- and post-triple rx

scRNAseq, TCR/BCR, 

    mutation/aneuploidy 

CyTOF (Kordasti), 

    conventional flow cytometry, cytokines

GWAS for germline variants

Wu Z et al, under review; ASH oral 2024



Dominance of CD8 effector memory cells in all immune AA. HSC target cells.

Multiple distinct CD8 subsets, private TCRs, prominent IFNγ signal

Complex CD8 T cell clonal dynamics, emergence of new clones correlates with clinical outcomes

Regulatory T cells in distinct subsets

Marked cell-cell interactions: among hematopoietic-immune cells, primitive-mature cell types

Incomplete resolution of immune abnormalities with therapy

Recovery of multi-potential progenitors, not stem cells

Linkage to germline immune system variants (SIPR5, NFKB1, IRF5) and IFN pathways

OBSERVATIONS/IMPUTATIONS FROM SINGLE CELL ANALYSES IN AA
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SEVERE APLASTIC ANEMIA: 

TRANSCRIPTOMES OF INDIVIDUAL CELLS, PRE- AND POST-IST
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Pre-IST Post-IST

AA-responder

TIME-OF-FLIGHT CYTOMETRY OF APLASTIC BONE MARROW

RESPONDING PATIENT

19



AA-non-responder

Pre-IST Post IST

TIME-OF-FLIGHT CYTOMETRY OF APLASTIC BONE MARROW

NON-RESPONDING PATIENT

20



Zaimoku Y et al, 2021; Blood 138:2799

HLA ”ESCAPE” MUTATIONS ARE COMMON IN AA

N=544

Loss detected by flow cytometry +/- sequencing

Highest associations: 

   DRB1*15

   B14*02

   B40*02

   [DRB13* under-represented]

Somatic loss = 22% patients

Strong association: high risk clonal evolution



HLA: CLINICAL CORRELATION WITH HIGH

RISK CLONAL EVOLUTION

Age (>40 yrs)

B40 presence

HLA somatic loss



VEXAS IS A NEWLY DISCOVERED DISEASE

V = vacuoles

E = E1 ubiquitin

X = X chromosome

A = autoinflammatory

S = somatic



VEXAS (VACUOLES, E1 ENZYME, X-LINKED, AUTOINFLAMMATORY, SOMATIC)

Beck DB et al, N Engl J Med 2020; 383:2628

Acquired HSC mutations in UBA1 E1 in protein ubiquinylation

Rheumatologic: relapsing polychondritis, vasculitis, 

polyarteritis , Sweet syndrome, giant cell arteritis

Hematologic: cytopenias, MDS, MGUS, myeloma



VEXAS IS NOT RARE

N = 163 096 (Geisinger MyCode Community Health Initiative; EHR; 1996-J2022)

Exome sequencing

11 individuals (9 men, 2 women) harbored likely somatic variants at known pathogenic UBA1 
positions

Macrocytic anemia (hemoglobin: mean, 7.8 g/dL), concomitant thrombocytopenia .

1 in 13 591 unrelated individuals (95% CI, 1:7775-1:23 758)

1 in 4269 men >50 years (95% CI, 1:2319-1:7859) 

1 in 26 238 women older than 50 years (95% CI, 1:7196-1:147 669).

JAMA 2023; 329:318



UBA1 AND UBIQUTINYLATION

UBA1: catalyzes first step in ubiquitin conjugation (ubiquitination), to 

mark cellular proteins for degradation. UBA1 catalyzes the ATP-

dependent adenylation of ubiquitin, forming a thiosester bond 

between the two. Participates in subsequent steps of ubiquination 

as a Ub carrier. 

Ubiquitin: small (8.6 kdA), regulatory protein in most eukaryotes’ tissues.

Ubiquitylation: marks proteins for proteasome degradation; alters protein 

localization; affects protein activity and interactions.

Ubiquitylation:  activation (E1s), , conjugation (E2s),, and ligation (E3s) . 

Ubiquitin bound to lysine residues (isopeptide bond); cysteines (thioester bond); 

serine and threonine (ester bonds, N-terminal amino group (peptide bond). 

Ubiquitin-adenylate intermediate E1 binds both ATP 

and ubiquitin and catalyzes acyl-adenylation of C-

terminus of ubiquitin. 



UBA1 GENOTYPE + CYTOPENIA ASSOCIATE WITH POOR PROGNOSIS



Grayson P, Patel B, Young NS, Blood 2021; 137:3591

VEXAS: A MULTISYSTEM 

INFLAMMATORY SYNDROME



VEXAS IN THE DIFFERENTIAL DIAGNOSIS OF RHEUMATOLOGIC DISEASE

Relapsing polychondritis

Sweet syndrome

“Vasculitis”

Polyarteritis nodosa

Rheumatoid arthritis

inflammatory arthritis

chondritis

vasculitis

inflammatory skin lesions

orbital inflammation

pulmonary infiltrates

Koster MJ, Warrington KJ, Sem Hematol 2021; 58:218 



MAJOR HEMATOLOGIC FEATURES OF VEXAS

Anemia (multifactorial)

“MDS”

MGUS/smoldering myeloma/multiple myeloma

Venous thrombosis

COINCIDENT DISEASES

   relapsing polychondritis

   Sweet syndrome

   vasculitides

   unusual infections, especially pulmonary



HIGHLY VARIABLE MARROW MORPHOLOGY IN VEXAS

Images courtesy of K. Calvo
Frank MDS    

   Vacuoles only
Images courtesy of K Calvo, DLM, NIH



Leuk Res 2000; 24:91

Rev Med Interne 1995; 16:897

Hematol Oncol Clin North America 1992; 6:571

AUTOIMMUNITY IN MDS: HISTORICAL ASSOCIATION

Leuk Lymphoma 1997; 24:483



THROMBOSIS IN VEXAS 

Nearly half of  patients have 
thrombosis

Venous > arterial 

Dx: recurrent, unprovoked DVT

Early in disease course (60% < 2 yrs)

High factor VIII, CRP, + LA → 
inflammation as the main driver 

Groarke EM., Dulau-Florea AE., Kanthi Y. Semin Hematol.2021

Patel BA., Obiorah IE., Groarke EM. et al. Blood Adv. 2021



CHIP CLONES IN VEXAS

48/80 (60%) with typical CH mutations 

1 (n=28; 35%) 

≥2 (n=20; 23%) 
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Patel BA., Gutierrez-Rodrigues F et al. Blood 2023; 142:244

Similar pattern in other vascultides



CO-OCCURRING SOMATIC 

MUTATIONS IN VEXAS

UBA1 CLONE ALWAYS DOMINANT

Co-occurrence in 40% patients

CHIP clone precedes in half (pattern 1)

CHIP clone expands after UBA1 clone in half 

(pattern 2)

UBA1 clone always dominant

Patel BA., Gutierrez-Rodrigues F et al. Blood 2023; 142:244



HEMATOPOIETIC STEM CELL TRANSPLANTATION IN VEXAS

Mangaonkar AA et al, Am J Hematol 2023; 98E28

Mayo Clinic

Al-Hakim A et al, Br J Hematol 2022; 199;777

Loschi M et al, BMT 2022; 57:315



Wu Z et al, Cell Rep Med 2023; 4:101160

VEXAS ORIGINATES IN BM HSCS



SOMATIC MUTATIONS IN “BENIGN” DISEASE



ORIGIN AND CHARACTERISTICS OF SOMATIC MUTATIONS

Somatic mutation rate>>germline rate

Mutations acquired early, post-zygotic/childhood organ growth

Variability among tissues/individuals/species

   multigenic

   telomere (TERT)

   repair mechanisms

Replication errors 

   mismatched bases

   chromosome misalignment and breaks

   anomalous synthesis

   error prone DNA repair

   transposition 

   homologous recombination

Endogenous factors

   cell metabolism products

   reactive oxygen and nitrogen species

   retroviruses/transposable elements

Environmental toxins

[Structural variants may be more common]

[Intronic, noncoding, regulatory sequences?]

1-5 x 10-10/base pair/cell division

3 x 109 bp/genome



CANCER SOMATIC MUTATIONS--MAINLY REPLICATION ERRORS

Tomasetti C, Vogelstein B, Science 2015; 347:78

Lifetime risk of cancer α 

   mitoses in tissue stem cell

Replication errors (R) >2/3 risk



ENVIRONMENTAL TOXINS AND SOMATIC MUTATIONS

Tobacco and bronchial epithelium (Yoshida K et al, Nature 2020; 578:266)

   Current smokers: +1000-10,000 mutations/cell; distinct signatures; ↑driver gene mutations

Cirrhotic liver (Brunner SF et al, Nature 2019; 574:538)

   ↑SVs, mutation burden, driver mutations, exogenous signatures

Esophageal epithelium (Yokoyama A et al, Nature 2019; 565:312)

   ↑NOTCH1 mutated clones with smoking, alcohol (and aging, in normal tissue)

Sun-exposed skin (Martincorena I et al, Science 2015; 348:880)

   UV-mutational signature (C>T), positive selection of “cancer genes” in normal individuals

Many novel, yet-to-be annotated signatures!

     



CLONES IN TISSUES

Every tissue genetically “mosaic”

Cells accumulate mutations—100s-1000s/cell—at about 20-40 mutations/yr (deamination)

Almost all somatic mutations neutral—no functional effect

Deleterious mutations lead to cell elimination—senescence and apoptosis

Telomere/telomerase effects/genetic repair defects and BRCA1/epigenetic abnormalities

Positive selection of somatic clones (negative for organisms)



Vast array of living examples

Extraordinary attention to detail

Emphasis on sexual transmission

Focus on intermediate states

Influence of environments

Complexity of interactions

Temporal dynamism

Modesty in confronting ignorance

DARWIN FROM OUR PERSPECTIVE

Heritability explained

No mechanism without genetics

Not medical, no pathophysiology

Life forces and a creator rather than 
statistics and population genetics

“It is always advisable to perceive clearly our ignorance.”

“We forget continually how large the world is.’

“Few of us know…what a million really means.”



NOT-SO-SIMPLE DARWINIAN EVOLUTION
MORE THAN “SELECTION BY THE ENVIRONMENT”

Information theory (Longo G, 2017)

 

 transmission (DNA) vs instruction (genetic programs)

Stabilizing selection (Schmalhausen/Dobzhansky)

 

 phenotypic plasticity (programmatic correlations)

 robustness

 self-regulation, compensatory networks, environment and epigenetics

 regulation: ”blueprint” vs “switchboard”

 statistics: epigenetic landscape and developmental constraint (Waddington)

 evolutionary opportunities: adjustment, multi-tasking, connection, interaction (Sharov)

“Evolvabilty” (evolutionary potential) (Sharon AA, 2014)

 

 Multi-tasking as evolutionary rehearsal, basis of selection (programs, not genes)

 Dedifferentiation: epigenetics = plasticity

 Adaptability traits: low maintenance cost, long term effects, population effects

 Connection and higher order regulation (allometry) vs modularity

 “Baldwin effect”: behavior reshapes fitness landscape

 Exaption: hidden intermediates of selection

 



PROBLEM OF SPECIATION AND SOMATICALLY MUTATED CLONES

Varieties, variants, hybrids, quasi-species, species…

Cancer gene mutations in normal tissue 

(Kakiuchi N, Ogawa S, Nat Rev Cancer 

2021; 21:239)



After Gould SJ, Wonderful Life, 1989

Selection’s target: gene? organism? species?

Evolution’s product: goals? exaptions?

Selection by “environment: intracellular to global?”

Dead ends in real time: extinction events? tempo and gaps?

ti
m

e
TWO VIEWS OF EVOLUTION

diversity



PARADOXES IN EVOLUTION: ORGANISM AND ORGAN

Peto’s: Why do large, long-lived animals not have more cancer?

100%

AMLCML

PV

ET

PNH

Infrequent transformation

Dameshek’s: Why does CML always lead to AML, ET and PV not?



COMPLEXITY OF CLONAL ARCHITECTURE 

Cell-cell

   stroma

   ECM

   hormones

Microenvironment

Microbiota

External environment

Processing

   synthesis

   degradation

   stress responses

Proliferation

Viability

Apoptosis

   

Chronologic time  Species lifespans

   young/old  Germline genetics

   segmental time  Environmental influences

   exposure duration

   



SOMATIC MUTATION DISEASES/SOMATIC MUTATION CLONES IN HEALTHY TISSUE



SOMATIC MUTATION DISEASES

PROVISIONAL CATEGORIES

TOPOGRAPHIC

PHENOCOPIES

HSC AND STEM CELL ORIGIN

IMMUNE/AUTOIMMUNE



TOPOGRAPHIC SOMATIC MUTATION DISEASE

Brain (intractable epilepsy)

Skin (nevus)

Vasculature (A-V malformations/cavernoma)

Uterus (endometriosis)



PNH

VEXAS

SF3B1 sideroblastic anemia

TET2 ASCVD (CHIP/ARCH)

Histiocytoses

Alpha-thalassemia-MDS

MPN’s (PV and ET?)

HSC SOMATIC MUTATION DISEASE



ALPS and many immunodeficiency/hyperinflammatory syndromes

SOMATIC MUTATION DISEASES OF THE IMMUNE SYSTEM
(I) GERMLINE PHENOCOPIES (MOSAICS)



SOMATIC MUTATION DISEASES OF THE IMMUNE SYSTEM

(II) SELECTIVE GAIN- OR LOSS-OF-FUNCTION

LGL, PRCA, AA

Hypo/low risk MDS

Autoimmune disease in general?

(III) NEO- AND ABERRANT ANTIGENS



Sci Adv 2024

N= 90 pts with hematologic/immunologic disease

NSV in CD8, not CD4 T cells; correlate with clonality VAF

Mutation signature: endogenous clock, MMR

Healthy donors: CD8 clones, but no increase in mutations

Mutations in functional pathways: activation, co-stimulation,    MAPK, ERK1; IL7/negative regulation of cell growth

SOMATIC MUTATIONS IN LYMPHOCYTES ACRPSS AUTOIMMUNE HEMATOLOLGIC DISEASES



SOMATIC MUTATIONS AND CHROMOSOME ABERRATIONS IN SINGLE NEURONS
SCHIZOPHRENIA AND AUTISM

Science 2022

Nat Comm 2024



MECHANICS VS SYSTEMS



STAFF SCIENTISTS AND LONG-TERM COLLABORATORS

  
 Colin Wu

Sachiko Kajigaya

Shouguo Gao

Jichun Chen

Xingmin Feng



RECENT STAFF

Laboratory

Sachiko Kajigaya

Xingmin Feng

Shouguo Gao

Jichun Chen

Alice Wu

Fernanda Gutierrez-

Rodrigues

Diego Quinones

Lemlem Alelu

Clinic

Bhavisha Patel

Emma Groarke

Olga Rios

Ivana Darden

Tatiana Machado

Jen Lotter

89



MY EXCEPTIONAL AND SUCCESSFUL FELLOWS!

1980s

Pedro Gascon 

Nicholas Zoumbos

Leonary Bielory

Eric Raefsky

Gary Kurtzman

Keiya Ozawa

Bruce Baranski 

Leonidas Platanias

Sachiko Kajigaya

Eileen Leonard

Shinji Nakao

Hiroyuki Fujii 

1990s

Hideo Ema

Stephen Rosenfeld 

Norbert Frickhofen 

Kohji Yoshimoto 

Satoshi Shimomura 

Jorge Antunez de Mayolo 

Antonia Nistico 

Tomako Saikawa 

Prokopis Katevas 

Koichi Miyamura 

Giorgio Gallinella 

Mikio Momoeda 

Jonathan Hibbs 

Richard Little 

Kevin Brown 

Hiroaki Mizukami

Carmine Selleri

Masako Kawase 

Daniel Dunn 

Tadatsugu Sato 

Shinichi Muramatsu

Nobuhisa Iwata 

Shoichi Nagakura

Jaroslaw Maciejewski 

2000s

Hoon Kook 

Akira Miyazato 

Antonio Risitano 

Hiroki Yamaguchi

Myung-Geun Shin 

Guibin Chen 

Yoji Ogasawara 

Weihua Zeng

Claudia Filippone

Yunfeng Cheng 

Elena Solomou 

Georgios Amexis 

Yong-Gang Yao

Yong Tang 

Stephanie Omokaro

Zhihong Wan

Tomoiku Takaku 

Valeria Visconte

Regis Peffault De La Tour

Rodrigo Calado

Philip Scheinberg 

2010s

Kazuya Sato

Yasutaka Ueda

Bogdan Dumitriu

Kohei Hosokawa

Wanling Sun

James Cooper

Xin Zhao

Danielle Townsley

Valentina Giudice

Rebecca Ortolano

Bhavisha Patel

Fernanda Rodrigues

Zhijie Wu

Yoshitaka Zaimoku

Emma Groarke

Ruba Shaloub

2020s

Naoki Watanabe

Roma Rajput

Hiroke Mizumaki

Ashvind Prabahran

Jibran Durrani

Joshua Glass

Nicholas Lee

Rui Miao



To generalize is to be an idiot. To particularize is the alone merit of distinction.

     William Blake

Keine neue Weld ohne neue Sprache. (No new world without new language.)

     Ingeborg Bachmann

REFRAMING—RENAMING (?)--MDS AND CHIP

Ludwig Wittgenstein



REFRAMING MDS AND CHIP

Confusion in MDS and now CHIP clinics

 “inevitability” of leukemia, competing classification schemes, inconsistencies

Historical misconceptions and category errors

 MDS: reliance on histology; CHIP: simple (simplistic?) sequencing

 Definitions of “leukemia” and meaning of “risk” (ontogeny: essence/attributes)

Statistics

 Unbiased associations vs plausible causal inference models

More perspicuous nosologies (than histopathology)?

 Somatic mutation etiology

 Mechanism/pathopysiology and/or system similarities

 End organ specific effects



DISEASES: “SOCIAL CONSTRUCTION” AND LANGUAGE

SCD
MDS

Blood smear

Anemia

Vaso-occlusion

Red cell dysfunction

Globin modification

Gene

Modifiers

Etc.

Morphologic characteristics?

Leukemia risk--or existence?

Marrow failure syndrome

Distinct syndromes (PNH, VEXAS, sideroblastic anemia, 5q-)

Somatic mutation diseases?

OTHER DISEASES

VEXAS (acronym and label)

Fifth disease Parvovirus infection

“PNH” PIGA mutation

[collagen vascular diseases]

[schizophrenia, hysteria, fugue epidemic]

[chronic fatigue]

[Downs] 

NAMING:  NO RULES!

Etiology

Pathophysiology

End organ pathology

Eponym

Geography



AML+MDS = 
119/269 = <50%

High risk = 
123/12,656 = 1%

MDS

CHIP

REFRAMING MDS AND CHIP

1%

53% mostly blasts

41%

CCUS patients have 

evidence of disease

CH/ARCH



SOMATIC MUTATIONS AND MALIGNANT AND 
“BENIGN” SOMATIC MUTATIONS AND CLONES



PLAUSIBLE INFERENCE AND SOMATIC MUTATIONS/CLONES

What is cause and what is consequence?

   (essence/attribute)

How to define disease?

   (clinical features, pathology, genomics)

When does disease begin?

   (MID)

Can we quantify clonal evolution?

   (assign meaningful p’s)



HIGHLY VARIABLE DYNAMICS OF MALIGNANT DEVELOPMENT



ALTERNATIVE NOSOLOGIES

A. Shrink the pie charts—rename recognizable diseases

 MDS: Remove distinct subclasses : early AML, TP53, 
 SF3B1 anemia, VEXAS

 (remainder yet to be defined)

 CHIP: Remove early AML (1%) and TET2-opathy; 
(remainder aging-related and insignificant)

B. Create sets 

 Leukemia partially overlapping Bone Marrow 
 Failure, with subsets

C. Hierarchy from etiology

 Somatic mutations (malignant/benign)

 Function(proliferation, differentiation, 
 altered regulation, etc.)

 Tissue (HSC, GI, brain, etc.)
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