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Key Points

•MF exhibits substantial
genetic subclones, with
a median of 6 sub-
clones across samples.

• Stage progression was
correlated with an in-
crease in intratumoral
heterogeneity and re-
distribution of muta-
tions from stem to
clades.

Mycosis fungoides (MF) is a slowly progressive cutaneous T-cell lymphoma (CTCL) for which

there is no cure. In the early plaque stage, the disease is indolent, but development of tumors

heralds an increased risk of metastasis and death. Previous research into the genomic

landscape of CTCL revealed a complex pattern of .50 driver mutations implicated in more

than a dozen signaling pathways. However, the genomic mechanisms governing disease

progression and treatment resistance remain unknown. Building on our previous discovery

of the clonotypic heterogeneity of MF, we hypothesized that this lymphoma does not

progress in a linear fashion as currently thought but comprises heterogeneous mutational

subclones. We sequenced exomes of 49 cases of MF and identified 28 previously unreported

putative driver genes. MF exhibited extensive intratumoral heterogeneity (ITH) of a median

of 6 subclones showing a branched phylogenetic relationship pattern. Stage progressionwas

correlated with an increase in ITH and redistribution of mutations from stem to clades. The

pattern of clonal driver mutations was highly variable, with no consistent mutations among

patients. Similar intratumoral heterogeneity was detected in leukemic CTCL (Sézary

syndrome). Based on these findings, we propose a model of MF pathogenesis comprising

divergent evolution of cancer subclones and discuss how ITH affects the efficacy of targeted

drug therapies and immunotherapies for CTCL.

Introduction

Cutaneous T-cell lymphoma (CTCL) is the most common form of T-cell neoplasm, representing 5%
to 10% of total non-Hodgkin lymphomas.1,2 The prevalent form of CTCL is mycosis fungoides (MF),
which initially presents as erythematous scaly patches and plaques on the skin (stage T1-T2, early
lesions) and eventually progresses to advanced lesions, tumors (T3), and erythroderma (T4).
Progression to stage T3 is a threshold event during the clinical progression of MF, associated with
a rapid drop in 5-year overall survival from .80% to 44%. Like many other T-cell lymphomas, MF
comprises an area of unmet clinical need. There are no curative treatments available, and the
current understanding of the pathogenesis of CTCL is incomplete and has not yet provided clues for
effective targeted therapies. Previous analyses of the genomic landscape of CTCL revealed
involvement of numerous, potentially druggable pathways in CTCL, such as NF-kB, NOTCH, and
JAK-STAT signaling or disturbance in the biochemical machinery ensuring DNA repair and
chromatin stability.3-6 Unfortunately, the interindividual variability in the genomic mutation pattern is
extensive, and no recurrent mutations have been discovered.
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For decades, CTCL has been considered a monoclonal disease,
originating from a single, transformed memory T cell residing in the
skin. Our recent data challenged this view. We proposed that MF is
a complex, polyclonal disease likely to be caused by seeding of
clonally diverse precursors to the skin.7 MF, even in early stages,
shows vast clonotypic diversity, both within the single skin lesion
and between different skin lesions (topographic heterogeneity).
Because the diverse malignant T-cell clones are likely subject to
different selective pressures during tumor evolution, we hypothe-
sized that MF is heterogeneous with respect to the pattern of
genomic mutations. We considered this hypothesis worthwhile to
examine because genomic heterogeneity of malignant tumors is
now considered to be of clinical relevance.8 Subclonal heteroge-
neity provides material for tumor evolution, is a source of drug
resistance, and offers a mechanism by which cancers escape
immune surveillance. Tumors with extensive subclonal heterogene-
ity have an overall worse prognosis than cancers that are clonal with
respect to driver mutations.

The primary objective of this study was to investigate the hypothesis
that MF exhibits subclonal genomic heterogeneity in terms of single-
nucleotide mutations and somatic copy-number aberrations (gains
or losses of chromosomal segments). We also addressed the
practically relevant issue of the clonality of driver mutations and
examined the differences between low-risk (patch and plaque) and
high-risk lesions (tumors). Our results indicate that MF is subclonally
heterogeneous, which may explain the low rate of response to
therapy and development of resistance in relapsing disease.

Material and methods

Samples and sequencing

Ethical approval HREBA.CC-16-0820-REN1 was obtained from
the Health Research Ethics Board of Alberta Cancer Committee.
Material (4-mm punch skin biopsies from lesional skin and 10 mL of
blood) was collected from 31 consented patients with a diagnosis

of MF in stages IA to IVA2 (Figure 1; supplemental Table 1). The
biopsies and blood were processed for storage as explained in
previous methods.7 Frozen biopsies were sectioned at 10 mm and
microdissected to isolate clusters of malignant cells, as previously
described in detail.7 Peripheral blood mononuclear cells were used
as a source of control DNA, except for sample MF2, for which we
did not have matching blood and therefore used microdissected
epithelial cells from epidermis as the control. The NEBNext Ultra II
DNA Library Prep Kit for Illumina (catalog #E7645S; New England
Biolabs, Ipswich, MA) was used for DNA library preparation, and
SSELXT Human All Exon V6 1UTR probes (Agilent Technologies,
Santa Clara, CA) were used for the exome and untranslated region
sequence capture. The DNA libraries were sequenced on an Illumina
HiSeq 1500 sequencer using a paired-end 150-bp kit (catalog
#PE-402-4002; Hiseq PE Rapid Cluster Kit V2) or NovaSeq 6000
S4 Reagent Kit (300 cycles; catalog #20012866). Mean depth
(defined as the mean number of reads covering the captured coding
sequence of a haploid reference) was 156.73 for the samples and
152.33 for the normal controls, with 94.7% of the genome covered
.303. Detailed depth for each sample is provided in supplemental
Table 2.

Bioinformatic analysis

The raw fastq files generated from whole-exome sequencing were
processed through the GATK (version 4.0.10) best practices
workflow9 and aligned to the hg38 reference genome. Somatic
variants (SVs), including single somatic mutations and indels, were
identified by 2 different variant callers: MuTect2 (version 2.1)9,10

and Strelka2 (version 2.9.10).11 The variants filtering as “passed” by
both variant callers were used for downstream analysis at the
threshold value of 0.25. The functional effects of SVs were
identified by the Variant Effect Predictor (version 95.2).12 CNAs
and TCF were identified using TitanCNA (version 1.20.1).12,13

PhyloWGS (version 1.0-rc2) was used for phylogenetic analysis to
identify clones and subclones (Figure 1).12-14 The T-cell receptor
(TCR) clonotypes were identified using MiXCR (version 2.1.10).15
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Figure 1. Summary of experimental methods and data analysis. (A) From 31 patients with MF, 49 biopsies were obtained. In 6 patients with tumor (TMR) stage

disease, paired biopsies from TMRs and late-stage plaques (LSPs) were obtained. (B) TMR cell clusters microdissected from the lesional skin and matching control tissue

(peripheral blood or the epidermis; not shown) were sequenced by whole-exome sequencing (WES). (C) The genetic aberration data (single-nucleotide variants [SNVs] and

CNAs) were used for the reconstruction of MF phylogenetic trees. CNA, copy-number aberration; ESP, early-stage plaque; GATK, Genome Analysis Toolkit; PCR, polymerase

chain reaction; SSV, single-somatic variants; TCF, tumor cell fraction; WGS, whole-genome sequencing.
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Sequencing data from previous sequencing studies (supplemental
Table 3) in CTCL were obtained from public databases and were
subjected to the same bioinformatic analysis as described, with the
exception that only MuTect2 was used for variant calling.

Results

Genomic landscape of driver genes in MF

We decided to revisit the genomics of MF because previous studies
largely focused on Sézary syndrome (SS), a rare leukemia-
lymphoma syndrome that, although related to MF, is considered
a separate entity. Only 11% of all previously sequenced CTCL
cases were MF, and the material for sequencing was the entire skin

biopsy, which might have introduced errors resulting from the
contribution of mutations from cells other than lymphoma.16 To
enrich the material in neoplastic cells, we microdissected clusters of
lymphoma cells from 49 skin biopsies from 31MF patients in various
stages of disease (I-IV) (supplemental Table 1) for whole-exome
sequencing (Figure 1). For the analysis, we decided to group the
samples not only by clinical stage but also by morphological features
of the biopsied lesion. In stages I to IIA, the lesions as per definition
were either patches or plaques (ESPs), but in stages $IIB, we
distinguished between biopsies from tumors and plaques (LSPs).

We identified a median of 765 nonsynonymous SVs in ESPs, 1269 in
LSPs, and 2133 in tumors (Figure 2), demonstrating that mutations
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Figure 2. Mutational landscape of putative driver genes in MF. (A) Number of nonsynonymous SVs in ESP, LSP, and tumor (TMR) samples. Box-and-whisker plot

showing 90th percentile, respectively. Filled square indicates 10th percentile; filled triangle indicates 90th percentile. (B) Identification of amino acid–altering mutations in 75

putative driver genes across 21 different pathways. Black gene symbols annotate the previously reported 47 driver genes in CTCL; the previously unreported 28 potential

drivers identified in this study are highlighted in blue. Damaging mutations indicate frameshift mutations, short read insertion and deletion (,6 bp), stop gain, or stop loss.
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Figure 3. Genomic copy-number changes in MF. (A) Heatmap showing copy-number changes for the 49 MF samples separated by type of lesion (ESP, LSP, tumor

[TMR]). Red bars indicate amplifications; blue bars indicate deletions. Numbers of amplifications and deletions are presented on a log2 scale. Bar charts at the top show the
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accumulate during disease progression. The increased mutation with
disease progression was found to be significant, with a P value of
.0399. These numbers are an order of magnitude higher than those
previously found in a meta-analysis of studies on CTCL genomics
(median, 42 nonsynonymous mutations6), although other research
groups also reported high mutational burden in CTCL.5 The high
number of mutations was likely a result of the high TCF in our material
(supplemental Figure 1) as well as the deeper exome sequencing
compared with the previously published data. However, the observed
increased mutational load in tumor samples was not due to increased
tumor cell purity, because the range and median values of TCF did
not differ, and there was no significant correlation between TCF and
SVs of ESPs, LSPs, and tumors (supplemental Figure 1B-C). Among
the mutations detected in our material, 265 genes were previously
adjudicated as driver genes in cancer17 and 56 genes were reported
in CTCL.3,4,6,18-23 The current analysis adds 28 genes fulfilling the
criteria for cancer drivers17 that we found to be mutated in.20% of
patients (Figure 2; supplemental Table 4 provides a complete list of
the mutated genes). Among these 28 genes, 5 (ZFHX3,CIC, EP300,
PIK3CB, and HUWE1) were found in 33% to 45% of the samples
(Figure 2). Most mutated genes previously described as drivers
mapped to already-known pathways, such as transcription factors
(34 genes) followed by chromatin modification (22 genes). The new
mutated pathways found here were the Wnt/B catenin (4 mutated
genes), microRNA processing (DICER1), protein homeostasis
(HUWE1), and genome integrity pathways (POLE, PDS5B). Lastly,
we found that mutations in the tumor suppressor genes dominated
the known oncogenes (supplemental Figure 2), analogous to findings
previously reported in other heterogeneous solid tumors.24,25

We also investigated the CNA profiles for all our samples (Figure 3A)
and were able to confirm the previously noted amplifications of
chromosomes 1 and 7 and deletions in chromosome 9 in MF.26 The
patterns of change in the CNA profiles were similar for tumor and
LSP samples but different in ESP samples, which surprisingly were
characterized by larger CNA fragments and increased copy number
gains across all chromosomes except 6, 9, 13, 19, and 21 (Figure 3A).
We also analyzed CNA changes in the putative driver genes. We
reproduced the previous finding of Choi et al4,7 regarding the deletion
of TNFAIP3 and found additional genes that were affected in all
investigated samples: deletions in RHOA (tumor suppressors) and
amplifications in the oncogene BRAF (Figure 3B). In summary, we
found that progression from early-stage (I) to advanced-stage disease
($IIB) was associated with an increased number of nonsynonymous
SNVs, both in tumors and plaques. Many of these aberrations affected
potential driver genes and are reported here for the first time.

MF is rich in mutations, with respect to both SNVs and CNAs. We
therefore investigated whether those mutations are clonal or rather
a manifestation of the subclonal architecture of MF.

Intratumor heterogeneity in MF

Genetic aberrations (SVs and CNAs) in solid tumors often have
clonal (present in all cells) or subclonal distribution. The subclones
may be present in the common stem (trunk) of the phylogenetic tree
or may occur as a result of branched evolution. In the latter situation,

the subclonal mutations present in only a subset of cancer cells, often
referred to as the clades, or branches, of the tree (Figure 1).27,28

To investigate whether MF is characterized by a subclonal structure,
we used a bioinformatic approach where the combined information
from SVs and CNAs for each of our samples was used to
reconstruct a phylogenetic tree. None of the 49 MF samples
analyzed here were clonal. We found a median of 6 subclones, with
a maximum of 9 clones (Figure 4A; supplemental Figure 3). Tumor
samples tended to have more subclones than ESPs or LSPs, and
the phylogenetic trees of tumors were also more branched than
those of plaques. Highly branched trees (.1 branching node) were
found in 12 of 19 tumors (95% confidence interval, 40.9%-81.8%)
and 14 (52%) of 27 plaques (95% confidence interval, 33.6%-
69.8%). Only in a minority of cases did phylogenetic tracing show
a linear pattern of subclones (1 case of ESP and 2 cases of LSP
and tumor; Figure 4B; supplemental Figure 3).

The phylogenetic trees reconstructed from the mutation distribution
analysis do not necessarily reflect the presence of actual cellular clones,
defined as a group of identical cells that share a common ancestry.
However, being derived from mature T cells, MF provides an additional
opportunity to analyze clonal composition by counting the clonotypes,
the unique CDR3 sequences of rearranged TCRB genes.29 Because
the TCRB locus is rearranged on only 1 allele and not re-rearranged in
mature T cells, it is possible to calculate the richness and diversity of the
repertoire of T cells. To avoid confusion between different definitions of
clones, we refer to TCR heterogeneity as clonotypic.

There was a weak but significant correlation between intratumoral
heterogeneity (ITH) and clonotypic richness (Figure 4C) and
between the respective Simpson diversity indices (supplemental
Figure 4). This suggests that MF is characterized by a divergent
evolution, in which the individual T-cell clones accumulate mutations
independently of one another. However, we also noticed that the
samples in which the most abundant TCRb clonotype outnumbered
the remaining clonotypes (relative frequency,$60%) also hadmultiple
mutational subclones (.5; Figure 4C). This represented expansion of
some neoplastic clones and further branching into multiple mutational
subclones (examples of such highly branched phylogenetic trees are
MF5_1, MF32_1, MF19_1, and MF4_6, which presented with 8-9
subclones; supplemental Figure 3). Of note, we did not see any
evidence indicating the influence of previous therapy on subclonal
composition (supplemental Table 1 provides clinical data).

To further examine whether ITH is present in other types of CTCL,
we reanalyzed the sequencing data from 56 SS, 13 MF, and 8
CTCL not specified samples, available through data sharing
platforms (supplemental Table 2). Seven SS samples did not
present any ITH, whereas the remaining cases demonstrated
different degrees of ITH, ranging from 2 to 9 subclones (median, 4
subclones; supplemental Figure 5A). All MF samples showed
ITH similar to that found in our material.

Subclonal distribution of mutations in MF

We compared the mutational burden in the stem and clades of
phylogenetic trees. The distribution of mutational burden changed

Figure 3. (continued) difference in numbers of amplifications (11 per sample) or deletions (21 per sample) at each chromosome across lesion types. (B) Difference in

numbers of amplifications or deletions for putative driver genes in each subgroup of MF samples.
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with disease progression. In most ESPs (11 [73%] of 15), a majority
(.50%) of the mutations were concentrated in the stem (Figure 5A).
The situation was reversed in advanced stages. In 73% of LSPs

and 68% of TMRs,.50% of the mutations were in the clades rather
than stem. Gradual enrichment in the mutations in the clades has
been found to be characteristic of divergent evolution,30 which
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Figure 4. Intratumoral heterogeneity in MF. Combined data from SVs and CNAs for each sample underwent phylogenetic analysis to identify genetic subclones, as in

Figure 1. (A) Rainbow graph representing the number and frequency of the subclones identified in each sample. Samples are arranged by an increasing number of subclones.

Top bar graph shows TCF for each sample; color of the bar indicates type of lesion (ESP, LSP, tumor [TMR]). (B) Examples of 3 major categories of phylogenetic trees:

nonbranched linear sequence of subclones (upper), simple branched structure with 1 generation of subclones (middle), and complex structure with several generations of

subclones (lower). All phylogenetic trees are shown in supplemental Figure 3. (C) Bubble plot showing correlation between the number of neoplastic clonotypes and number

of subclones in the samples. Size of the bubble is proportional to the frequency of the first-ranked (most abundant) clonotype. Dashed line highlights the samples where the

first-ranked clonotype had a relative frequency of $60%.
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underscores our conclusion that this is the dominant evolutionary pattern
of MF. In only 5 of 49 samples, all mutations were concentrated in the
stem, and these were also the samples with the lowest number of
subclones (2-3 subclones; Figure 5A). A slightly higher number of cases
with clonal (stem) mutations were found in SS (23%; supplemental
Figure 5B), but direct comparison with our data may have been affected
by different TCF values (supplemental Figure 1A).

We also analyzed the distribution of mutations in the putative driver
genes in the stem and clades. Generally, the pattern of driver
mutations followed the pattern seen for all SNVs, with an increasing

proportion of mutations in the clades during stage progression
(Figure 5B). Driver genes such asCDK12, POT1, LAST1, STAT5B,
NFKB2, and CD28, representing the pathways of T-cell activation,
DNA damage, growth, and proliferation, were mutated equally
between the stem and clades. However, mutations in some other
drivers showed a nonrandom distribution between the stem and
clades. PIK3CB and ERBB3 were found only in the stem,
whereas KMT2C, RFXAP, and TNFAIP3 (essential for chromatin
modification and immune surveillance) were found only in the
clades, which may have functional importance for the pathogen-
esis of MF.
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Topologic subclonal heterogeneity in MF

We have previously shown that lesions of MF in the same patient
have different clonotypic compositions, a phenomenon we call
topologic heterogeneity.7 To investigate whether the topologic
(interlesional) heterogeneity is also detectable in relation to tumor
subclones, we determined the phylogenetic relationships between
the subclones in different skin lesions of a single patient. We
collected pairs of tumor and plaque biopsies from 6MF patients and
used combined data of single somatic mutations and CNAs from
both lesions to map the phylogenetic trees (Figure 6). Two patients
(MF5, MF40) had no common ancestral clone shared between the
lesions, and 3 other patients (MF4, MF7, MF38) had only a single
clone shared between the LSP and tumor samples. Each of
the lesions presented an independent phylogenetic branch
with multiple subclones (Figure 6). We interpret these findings
as additional evidence of the divergent evolution of MF, with
each lesion evolving in relative isolation from other lesions.

Discussion

ITH refers to the recently described phenomenon of the distribution
of somatic mutations in subsets of malignant cells (subclones)
rather than being found in all malignant cells (clonal mutations). ITH
has been documented in solid tumors27,31 and in non-Hodgkin
lymphomas32-34 and is considered a genomic manifestation of tumor
evolution. ITH arises as a result of differences in the proliferation and
survival of cells bearing different mutations and enhances evolution

by providing material for natural selection, where the fittest subclones
determine prognosis and resistance to therapy.35

Here we demonstrate that MF is a highly heterogeneous neoplasm
composed of multiple subclones. We found evidence of branched
evolution in a majority (92%) of the MF cases analyzed. In addition,
a subclonal structure was found in SS, which indicates that ITH is
a general feature of CTCL.

Although extensive ITH has been found even in the early stages of
MF (T1 in stage IA), disease progression was associated with
further accumulation of mutations (SVs and CNAs) and increased
ITH. Therefore, in contrast to the widely held presumption that
progression of MF is caused by selection and expansion of a single
aggressive clone,36 our data indicate that it is caused by evolutionary
branching, leading to enrichment in neoplastic subclones. Although
we did not investigate the mechanisms responsible for subclonal
enrichment, we hypothesize that mutual competition among the
subclones (eg, competition for space and nutrients) may play a role.
These types of “rock-paper-scissors” interactions among populations
have been studied in evolutionary biology and are well documented
as increasing genetic diversity in the ecosystem37 and driving
divergent evolution. The divergent evolution model is compatible with
the finding of an increased number of clade vs stem mutations30 and
explains our previous finding of the comparability between the
number of malignant T-cell clonotypes in early- and late-stage
disease. Malignant T cells expand and branch into subclones that
cohabit the skin niche without evidence of clonal elimination.
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It has been shown in several types of cancer that ITH is negatively
correlated with sensitivity to chemotherapy or immunotherapy
because multiple, genetically diverse malignant subclones provide
material for selection of resistant cells.35,38 We explored this
question further by analyzing the clonality of putative driver
mutations in MF. We added 28 new potential driver mutations to
the list of known mutated driver genes in CTCL, now including
important targetable genes such as JAK1, JAK3, BRAF, ALK,
MTOR, and PTCH1. Unfortunately, we did not find any consistent

pattern in the clonal driver mutations, which were heterogeneous
and varied vastly from patient to patient. However, we found that
certain pathways, particularly chromatin modification and transcrip-
tion factors, were frequently mutated in the phylogenetic stem
in at least 1 constituent gene in most samples. Based on
this observation, pathway targeting could be a more promising
therapeutic strategy in MF as compared with targeting specific
mutations. Efficacy of drugs that affect chromatin modification
mechanisms, such as histone deacetylase blockers, has already
been shown in MF.39,40

Most potential driver mutations in advanced disease are confined to
the subclones (clades), which is likely to limit the efficacy of targeted
treatment. However, it is worthwhile to mention here that even
subclonal mutations may present with drug targeting opportunities,
if the given subclone is important for the progression of the entire
tumor.41-43 Disruption of the putative “rock-paper-scissors” in-
teraction circuits between the clones might be an interesting
therapeutic approach and could potentially be achieved by the
targeting of Wnt and Hedgehog,41 the pathway which we show
here to be frequently mutated in MF (genes MACF1, PTCH1,
RNF43).

Perhaps a better understanding of ITH and the impact of therapy on
the subclonal evolution of MF could be gained using multiomic
single-cell sequencing of the samples collected before and after
treatment. The subclones detected by bioinformatic reconstruction
of phylogenetic trees do not necessarily identify true cellular clones,
defined as a group of mutationally identical cells derived from
a common ancestor. We recently discovered, along with other
groups, that CTCL is heterogeneous at transcriptomic and protein
levels.44-47 A single-cell approach would allow for precise mapping
of malignant T-cell clones identified by a unique pair of rearranged
TCRA and TCRB sequences to the mutational pattern and gene
expression profiles. However, our results identified 1 potential
problem in studies on ITH in multifocal tumors such as MF. In
comparing ITH between samples taken from different lesions, we
found only a very weak phylogenetic relationship between the
subclones. In 2 of 6 cases, the distant lesions did not share any
parental clone. This could be a result of the germ line normalization
technique, because peripheral blood mononuclear cells isolated
from patients’ blood were used as controls to identify germ line
variants. Recent studies from our group and those of others provide
evidence of malignant T cells in the circulating blood of CTCL
patients.7,48,49 By using blood as germ line normalization, we may
have misclassified certain genetic aberrations as germ line normal,
thus leading to loss of certain genetic clones. Furthermore, lack of
relatedness between discrete lesions could be a result of sampling
and missing the lesion that provides a phylogenetic link. This may
indicate that ITH of the totality of MF exceeds significantly the ITH
found in single biopsies. A similar conclusion was reached
regarding ITH of lung cancer by mutational analysis of multiple
biopsies.31 Driver mutations that were clonal in some biopsies were
found to be subclonal in other areas of the tumor. We recognize
lack of data from repeated biopsies of multiple skin lesions as
a limitation of this study.

Another limitation of our study is the lack of longitudinal follow-up on
ITH. We noted that some phylogenetic trees did not have an
identifiable common clone. It is likely that such ancestor clones may
become extinct during the progression of the tumor and are no
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longer detectable, a phenomenon which was described during the
evolution of another highly heterogeneous tumor, glioblastoma.43

Finally, we propose a model for the pathogenesis of MF that
accounts for the previously found clonotypic heterogeneity7,29,50

and the ITH described here (Figure 7). ITH is readily detectable in
ESPs, which reflects the history of mutational tumor evolution
before seeding of neoplastic cells in the skin. As the disease
progresses, the seeded T-cell clones undergo additional mutations
and branch into subsequent generations of subclones. Analysis of
the branching structure could also confirm our hypothesis that
malignant clones from 1 lesion can reenter the circulation and seed
another lesion. Exchange of malignant T-cell clones among lesions
could explain why there is more resemblance between LSPs and
tumors than between LSPs and ESPs. More direct evidence of
cancer self-seeding was found in patient MF19 (Figure 6), where
a subclone shared between the plaque and tumor was interjected
among the branches of the phylogenetic tree.
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40. Lopez AT, Bates S, Geskin L. Current status of HDAC inhibitors in cutaneous T-cell lymphoma. Am J Clin Dermatol. 2018;19(6):805-819.

41. Zhou H, Neelakantan D, Ford HL. Clonal cooperativity in heterogenous cancers. Semin Cell Dev Biol. 2017;64:79-89.

42. Caswell DR, Swanton C. The role of tumour heterogeneity and clonal cooperativity in metastasis, immune evasion and clinical outcome. BMC Med.
2017;15(1):133.

43. Vinci M, Burford A, Molinari V, et al. Functional diversity and cooperativity between subclonal populations of pediatric glioblastoma and diffuse intrinsic
pontine glioma cells. Nat Med. 2018;24(8):1204-1215.

44. Buus TB, Willerslev-Olsen A, Fredholm S, et al. Single-cell heterogeneity in Sézary syndrome. Blood Adv. 2018;2(16):2115-2126.
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