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Abstract

Adult T-cell leukemia-lymphoma (ATLL) is an aggressive malignancy driven by human T-cell leukemia virus type 1 (HTLV-1).
Although patients from the Western hemisphere (Afro-Caribbean and South American) face worse prognoses, our understand-
ing of ATLL molecular drivers derives mostly from Japanese studies. We performed multi-omic analyses to elucidate the ge-
nomic landscape of ATLL in Western cohorts. Recurrent deletions and/or damaging mutations involving FOX03, ANKRD11, DGKZ,
and PTPN6 implicate these genes as potential tumor suppressors. RNA-sequencing, published functional data and in vitro
assays support the roles of ANKRD11 and FOXO3 as regulators of T-cell proliferation and apoptosis in ATLL, respectively. Sur-
vival data suggest that ANKRD77 mutation may confer a worse prognosis. Japanese and Western cohorts, in addition to acute
and lymphomatous subtypes, demonstrated distinct molecular patterns. GATA3 deletion was associated with chronic cases
with unfavorable outcomes. IRF4 and CARD11 mutations frequently emerged in relapses after interferon therapy. Our findings
reveal novel putative ATLL driver genes and clinically relevant differences between Japanese and Western ATLL patients.

Introduction

Adult T-cell leukemia-lymphoma (ATLL) is an aggressive he-
matologic malignancy caused by the human T-cell leukemia
virus type | (HTLV-1), which is endemic in South America, the
Caribbean, western Africa, and southern Japan!? Clinically,
ATLL is often characterized by lymphadenopathy with or
without lymphocytosis, organomegaly, multi-organ involve-
ment (more commonly skin), and immunosuppression.®* It
can be classified into at least four clinical subtypes. Acute

and lymphomatous are by far the most common and lethal
variants, while chronic and smoldering forms tend to behave
indolently until they ultimately progress to more aggressive
subtypes. A chronic variant with unfavorable features (“unfa-
vorable chronic”) presents with lymphocytosis and elevated
levels of lactate dehydrogenase, has a worse prognosis, and
progresses to acute subtypes in a shorter period of time.®

The prognosis of ATLL is dismal. The 4-year survival rates
for lymphomatous and acute forms are less than 20%, with
median survival less than 11 months.®” First-line treatment
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options include multi-agent chemotherapy, biologics such as
the anti-CCR4 antibody mogamulizumab,? zidovudine, and
interferon-o.* However, disease relapse occurs in nearly all
patients, and even those who undergo allogeneic stem cell
transplantation have a median survival of less than 6 months.®
Afro-Caribbean ATLL patients present with distinct, more
severe clinical features than their Japanese counterparts in
published cohorts.®® These include a younger age at diagnosis
by >10 years and a worse overall survival. Despite the clinical
impact of these discrepancies, the molecular features of
ATLL have not been well characterized among patients in
the Western hemisphere. Comprehensive studies of ATLL
using genome-wide approaches have come primarily from
Japan!® Studies in the Western hemisphere have been limited
in number, size, and breadth!#® These limitations are due in
part to the broad geographic spread of ATLL in the Western
hemisphere, encompassing HTLV-1 endemic areas that have
not traditionally participated in research programs!® More
generally, these features reflect a widespread underrepre-
sentation of Afro-Caribbean and Hispanic patients in genomic
research®' Less than 1% of donors in the International Can-
cer Genome Consortium hail from the Caribbean or South
American countries’ The National Cancer Institute’s Genomic
Data Commons includes <10% of donors who report African
ancestry and <5% who report Hispanic ethnicity!® Underrep-
resentation of these populations in genomic research affects
both patients and researchers: it impedes patients’ inclusion
in the growing benefits of personalized medicine and with-
holds valuable information from our collective knowledge of
cancer biology.

Our group sought to overcome these challenges by assembling
the largest cohort of Western hemisphere (“Western”) ATLL
patients to date. We acquired samples from underserved and
indigenous populations in South America, the Caribbean, and
immigrant communities in the United States. We undertook
genome-wide characterization of these patients’ molecular
features to gain an unparalleled view into the mechanistic
basis of ATLL in Western patients. Our multimodal genomic
study employed whole-exome sequencing, copy number vari-
ation (CNV) data and RNA-sequencing corroboration to seek
novel driver genes. We then looked for molecular drivers of
clinical phenotypes including variation in geographic regions,
clinical subtypes, and response to therapies.

Our approach is the first to use exome-wide analysis to
identify population-based differences between the molec-
ular landscape of Japanese and Western ATLL. Furthermore,
the inclusion of underrepresented populations in our ge-
nome-wide analysis uncovered novel driver gene candidates
that affected apoptosis and T-cell proliferation in vitro.
Finally, we examined the relationships between molecular
features and clinical outcomes in ATLL patients and newly
elucidated distinct molecular features characterizing acute
and lymphomatous subtypes. Together, these foundational
analyses illustrate global patterns of ATLL molecular features.
They also yield a novel genetic perspective on Western AT-
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LL, thus providing a basis for future preclinical and clinical
investigations.

Methods

Patients’ characteristics and sample collection

One hundred sixty-five patients with a confirmed diagnosis of
ATLL were included in this study after quality control (Online
Supplementary Table S9). Twelve patients contributed both
pre- and post-relapse samples to this study. Specimens for
molecular study were obtained from the blood of patients
with leukemic presentation or from formalin-fixed, paraf-
fin-embedded or frozen tissue of patients who presented
with solid tumors. Immunohistochemistry was performed on
representative sections of 32 patients’ samples, with scoring
performed by two independent blinded dermatopathologists.
All patients’ samples were collected under protocols approved
by the local internal review boards of the participating insti-
tutions in accordance with the Declaration of Helsinki. The
diagnostic criteria for ATLL, subtype classification, and meth-
odologies for immunohistochemistry, nucleic acid extraction
and sequencing can be found in the Online Supplementary
Methods.

Statistical analysis

Where possible, statistical analyses used are indicated in the
text. Survival data were analyzed using the R package Sur-
vival.?? Mutual exclusivity analyses were performed using the
R package Discover.?’ Numerical values (e.g., log fold change,
RNA-sequencing counts) were compared between two groups
using a Student two-tailed t test. Frequencies of mutations
or clinical outcomes between groups were compared using
the Fisher exact test. Specific methodologies applied for
mutational, CNV and RNA-sequencing analyses can be found
in the Online Supplementary Methods.

T-cell proliferation assay pipeline

Human T cells were isolated from enriched leukapheresis
products and transfected with caspase 9-sgRNA ribonuc-
leoprotein (crRNP) complex as previously described (Online
Supplementary Methods). After CRISPR knockdown, cells
were stimulated with plate-bound anti-human CD3/CD28
and interleukin-2 as described in the Online Supplementary
Methods. On day 13, cells were stained with carboxyfluorescein
succinimidyl ester (CFSE) (Online Supplementary Methods)
and cultured for 4 days in complete RPMI medium without
interleukin-2 and with or without stimulation. After 4 days,
cell proliferation was assessed by fluorescent-activated cell
sorting. The gating strategy, including positive controls, is
illustrated in Online Supplementary Figure S7.

FOX03 gene overexpression and knockdown constructs in
patient-derived adult T-cell leukemia-lymphoma cell lines
ATLL-84c and ATLL-97c are clonally-proven ATLL cell lines
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derived from tumor cells carrying the typical CD4*CD25*
ATLL phenotype (established in Ramos’ laboratory). ATLL
lines were transduced as described in the Online Supple-
mentary Methods. Protein levels were verified by western
blot, and the nucleotide composition of FOXO3 mutant
vectors was verified by DNA polymerase chain reaction and
sequencing. Transduced cells were exposed to etoposide,
belinostat and/or dimethylsulfoxide vehicle. Annexin V
staining, as an indicator of apoptosis, was then evaluated
with flow cytometry (Online Supplementary Methods).

Results

Multimodal analysis of the adult T-cell leukemia-
lymphoma genomic landscape

We compiled a multimodal dataset from 165 Western ATLL
patients (Online Supplementary Figure S1A). ATLL diagno-
ses were confirmed by histopathological findings, HTLV-1

Table 1. Demographic characteristics of the cohorts of patient.

Total

Characteristic Western WES
Patients, N 165 122
Disease subtype, N
Acute 84 63
Chronic with:
Favorable features 9 5)
Unfavorable features 17 15
Lymphomatous 45 31
Smoldering 9 7
Unclassified 1 1
Sex, N
Female 82 64
Male 83 58
Age in years, mean 51.48 51.73
Region, N
Caribbean 76 69
Europe 6 4
North America 7 7
South America 76 42
Ethnicity, N
African 78 78
Native South American 29 29
South American/Asian 11 9
European 2 2
European/South American 3 3
South Asian Islander 42 1
Unclassified = =
Survival in weeks, mean 83.74 93.03
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serological assays, clonal T-cell populations as determined
by immunophenotyping and gene rearrangement studies,
and HTLV-1 polymerase chain reaction validation in skin
biopsy cases of limited quantities. The geographic coverage
of this cohort was broad: countries of origin were largely
South American (Brazil, Peru, Panama, and Ecuador; N=76)
and the Caribbean (Haiti, Jamaica, Trinidad, Dominican Re-
public, Bahamas, Antigua, Martinique, St. Vincent, Tortola,
West Indies and US Virgin Islands; N=76). We also included
patients of reported African descent from France (N=6) and
Miami, Florida, USA (N=7). For subsequent data analysis,
the patients’ ethnicity was categorized based upon single
nucleotide polymorphisms using EthSeq?? (Table 1).

Data modalities used in this study included Oncoscan CNV,
whole-exome sequencing and RNA sequencing. We com-
bined these data with whole-exome sequencing and CNV
data from 83 and 426 Japanese patients, respectively.?
Consistent with the literature,® Western patients presented
with disease at a younger age (51 vs. 65 years, P=6.62x107",

Japanese Japanese
Oncoscan RNA WES CNV
128 92 83 426
70 39 39 194
95
2 26
11 13 0
31 13 97
8 7 5 24
1 5 5 o
68 48 43 -
60 44 40 -
51.42 52.18 65.23 =
61 38
5 5 NA NA
7 3
55 46
63 42
17 21
? 8 NA NA
2 1
36 3
- 17
83.42 97.15 NA NA

The patients’ demographics are summarized (“total Western”) as well as broken down by data type. Numbers represent distinct patients, some
of whom may have contributed both pre- and post-relapse samples. The demographics of the Japanese cohort are also summarized (right
two columns). Demographic Japanese copy number variation data were obtained from published descriptions™ rather than in-house review.
WES: whole-exome sequencing; CNV: copy number variation; NA: not available.
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Student two-tailed t test) and with a greater proportion of
aggressive (acute and lymphomatous) subtypes (78% vs.
63%, P=0.015, Fisher exact test).

We first sought to identify novel genomic drivers in our
Western cohort using previously validated methods.?*-26 Qur
methods included multiple orthogonal analyses. First, we
analyzed whole-exome sequencing data from 122 patients.
We approached mutation calling conservatively, employing
previously validated approaches to remove possible sources
of sequencing or alignment errors or ambiguity?*-2¢ (Online
Supplementary Methods; Online Supplementary Figures S1
and S2). To further validate these data against indepen-
dent datasets as well as to identify low-prevalence driver
mutations shared with other cancers, we integrated our
data with data from Japanese ATLL patients (N=83),? a
published cohort of patients with T-cell lymphoma (N=699
patients),?*?* and publicly available libraries of mutation
data across cancer types (>1.4x10° tumor samples).””

The distribution of mutations within cancer driver genes is
not random; we have leveraged these patterns to identify
novel cancer-promoting mutations in other T-cell lym-
phomas.?*-2628 Thus, we prioritized mutations that demon-
strated patterns characteristic of oncogenes and tumor
suppressors (Online Supplementary Figure S2). To identify
putative oncogenes, we looked for characteristic recur-
rent “gain-of-function” mutations at amino acid hotspots.
Twenty-seven genes harbored recurrent non-synonymous
amino acid alterations (Online Supplementary Tables S1
and S2). Tumor suppressors generally contain recurrent
damaging mutations, i.e. mutations with a high likelihood
of inducing loss of function (e.g., stop-gain, start-loss, or
splice-site mutations). Thirteen genes had a statistically
significant burden of damaging mutations (Online Supple-
mentary Table S3).

Next, we analyzed exome-wide CNV data from 128 Western
ATLL patients in combination with previously published
data from 426 Japanese patients.?"”® We chose Oncoscan,
a clinically utilized and industry-validated commercial CNV
assay, for analysis of our Western datasets.?® In the com-
bined Japanese and Western dataset, we identified 17 and
35 chromosomal regions subject to statistically significant
rates of duplication or deletion, respectively, by methods
previously described?*252° (Figure 1A). Identifying potential
gene targets of CNV can be difficult, in part because these
CNV are, by nature, polygenic. To identify putative tumor
suppressors and oncogenes in these recurrent CNV regions,
we employed a previously validated stepwise hierarchical
algorithm?-2¢ (Online Supplementary Figure S3). This anal-
ysis identified a putative target gene in 39 chromosomal
regions (Online Supplementary Tables S4 and S5).

In total, we identified 64 putative ATLL driver genes dis-
tributed across 15 biologically relevant pathways (Figure
2A) (Online Supplementary Table S6). Twelve genes were
significant by both orthogonal whole-exome sequencing
and CNV analyses (GATA3, CCR4, TP53, ARID2, CSNK2B,
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NOTCH1, CBLB, CD58, ANKRD11, IRF4, CARD11, CD28) (Figure
1B-E). Twenty-six genes were implicated by point mutation
analysis alone (Online Supplementary Tables S1-S3) and
26 by copy number mutation analysis alone (Online Sup-
plementary Tables S4 and S5). Our results confirmed 42
driver genes reported in Japanese ATLL populations.?3:3132
Twenty-two genes were newly implicated in ATLL by this
analysis (Online Supplementary Table S6). Four novel pu-
tative driver genes were mutated at frequencies of 10% or
greater (FOXO3, APC, WNKT1, ANKRDT7). Collectively, muta-
tions in the 22 novel putative driver genes were found in
80% of samples.

Of the 22 genes newly implicated in ATLL, 14 had mutations
that have been functionally validated as driver genes in cell
or animal models of other types of cancer. For an additional
three genes, we identified new cancer-associated hotspots:
in WNKT (p.Ala372), RBBP4 (p.Arg131) and FOXO3 (p.Asp199)
(Figure 1G; Online Supplementary Figure S4A, C). Five genes
had not been previously recognized as recurrently mutated
in cancer (CD3E, ANKRD11, DGKZ, PTPN6, RHOB) (Figure 1B-
F; Online Supplementary Figure S4B). Collectively, 44% of
samples had at least one mutation in a gene not previously
reported in cancer.

The pathways most commonly affected by driver gene
mutations included CD28/PI3K-AKT signaling (CD28, VAV1,
PLCGT, PRKCQ, FOX03, and negative regulators CBLB, INPP4B,
PTPNG), T-cell receptor (TCR)/NF-kB signaling (CD3E, PLCGT,
VAV1, PRKCQ, PRKCB, PTPRN2, CARD11, IKBKB, RLTPR, CSNK2B,
IRF4, and negative regulators CBLB, PTPN6, DGKZ, NFKBIA,
TNFAIP3, TRAF3), and cell migration (CCR7, CCR4, RHOA, RHOB,
GPR183, NRXN3, VAV1, WNKT). The TCR- and PI3K-mediated
CD28 co-receptor pathways intersect at the activation of
PKC6 (PRKCQ) via PCLy1 (PLCGT) and PDK1, respectively, which
connect proximal TCR and CD28 co-receptor signaling events,
ultimately leading to NF-kB activation (Figure 2B).

Genomic and functional validation of novel putative
driver genes

Our mutational analyses allowed us to identify both known
and novel putative driver genes; however, their biological
roles in ATLL are not implicit. For example, despite its re-
current damaging mutations (often characteristic of tumor
suppressors?®), CCR4 has been shown to be an oncogene
with functionally validated gain-of-function truncated vari-
ants.® For this reason, we classified putative driver genes
as suspected oncogenes or tumor suppressors based upon
their pattern of point mutations leveraged against CNV mu-
tational patterns and published functional studies (Online
Supplementary Table S6). We then sought to validate the
functional consequences of these putative oncogenes or
tumor suppressors in vitro.

To do this, we first utilized previously published, publicly
available genome-wide CRISPR screens for T-cell activa-
tion. These included two CRISPR interference screens for
genes mediating TCR-independent cytokine production,
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Figure 1. Putative adult T-cell leukemia-lymphoma driver genes discovered through mutation analysis. (A) Plot of GISTIC ampli-
fication/deletion peaks labeled with their corresponding driver genes. Amplifications are depicted in red and deletions in blue.
Peaks are displayed along the genome represented lengthwise. Peak heights indicate GISTIC-calculated significance (G-score).
Genes newly implicated in adult T-cell leukemia-lymphoma (ATLL) and/or cancer are highlighted in magenta. Both Western and
Japanese patients are included in this analysis (N=554). (B, D, F, G) Point mutation burden among Western ATLL patients (N=122),
Japanese ATLL patients (N=83), and published T-cell lymphoma patients (N=800) across ANKRDI1 (B), GATA3 (D), CD3E (F) and
FOXO03 (G). Shapes and colors indicate mutation type and cohort, respectively, as indicated in the legend. (F, G) Right panels show
recurrently mutated residues in magenta color within the context of their respective protein structures; ligands are shown in
yellow. (F) CD3E is shown in dark gray. CD3C and CD3y are shown in light gray. Bound T-cell receptor is shown in yellow. (G) A
novel FOXO3 variant is shown with mutant tryptophan in hot pink and nearby isoleucine shown in orange. The zoomed-in panel
shows predicted steric clashing between these residues as red discs, suggesting that a tryptophan mutation may be energeti-
cally unfavorable. The other subunit in the FOXO3 homodimer is shown in light gray. DNA is shown in yellow. (C, E) Histograms
indicating segments of overlapping deletion in ANKRD11 (C) and GATA3 (E). The depicted cohort includes both Japanese and West-
ern patients (N=554). Surrounding genes are indicated at the bottom of the figure. KIX: kinase-inducible domain interacting; ITAM:
immunoreceptor tyrosine-based activation motif; CTCL: cutaneous T-cell lymphoma.

two amplification screens for TCR-independent cytokine
production, and an interference screen for TCR-dependent
cell proliferation.®*** We predicted that single-guide RNA
(sgRNA) for oncogenes should show patterns of alteration
in CRISPR screens consistent with the promotion of T-cell
proliferation or cytokine production. sgRNA for tumor sup-
pressors should show the opposite patterns.

Sixty-two (97%) of the putative driver genes showed a
pattern of sgRNA alteration in one or more CRISPR screens
consistent with their predicted tumor suppressor/onco-
genic roles. The only exceptions were TP53 and PDCDI1.
Presumably the effects of these genes cannot be easily
modeled in short-term cultures (TP53) or without ligands
(PDCD1). Fifty-five (86%) of the genes displayed the pre-

dicted patterns across multiple orthogonal CRISPR screens.
Twenty-five (39%) showed the predicted sgRNA up- or
down-regulation at magnitudes significantly greater than
chance (false discovery rate [FDR] <0.05) (Figure 3A, B;
Online Supplementary Figure S5A).

We next examined novel putative driver genes individual-
ly, including ANKRD11, DGKZ, PTPN6 and CD3E, and novel
hotspots in the cancer-associated gene FOX0O3. We exam-
ined the function of each of these genes in the previously
published CRISPR screens described above and performed
orthogonal validation assays where possible.

Implicated by both point mutation and copy number mu-
tation analysis, ANKRD11 encodes a chromatin scaffolding
protein binding histone deacetylases involved in the dif-
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Figure 2. Key pathways involving recurrent mutations identified in Western and Japanese samples. (A) Frequencies and types of
copy number variation (CNV) and point mutations in Western and Japanese samples. Only samples with both CNV and whole-ex-
ome sequencing data available are portrayed in this plot (N=168). Mutation type is indicated by the color of the squares. Bars at
the bottom indicate the gross number of mutations. Colored bars to the left indicate single nucleotide polymorphism-determined
ethnic classification of patients and categorization of their disease subtype. The significance of the GISTIC peak in which the

Continued on following page.
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mutation is found, if applicable, is indicated by the heatmap on top (values indicate the negative logarithm of the g-value). Nov-
el mutations are indicated by gene names in blue (newly implicated in adult T-cell leukemia-lymphoma [ATLL]) or red (newly
implicated in cancer). Genes with mutational frequencies differing between subtypes or population cohorts are indicated with a
triangle or a star, respectively. (B) An illustration of CD28- and T-cell receptor-initiated signaling pathways and their associated
molecules based on a review of the current literature. Cytoplasmic and nuclear compartments are separated by the dashed red
line representing the nuclear membrane. Downstream DNA-bound transcription factors (FOXO3a, AP-1, NFAT) and pathway- in-
ducible genes (BIM, FOXP3, IFNG, IL2, IRF4) are shown. Stars mark putative driver mutations. HBZ (HTLV-1 bZIP factor) viral protein
is shown as a dotted oval shape. TCR: T-cell receptor; AFR: African; AMRISAS: Native American/Southeast Asian; SNV: single nu-

cleotide variation.

ferentiation of neural cells. It has also been postulated to
interact with p53 in breast cancer models.*®%" Its role in T
cells is unknown. In the Western dataset, 2.5% of samples
were affected by recurrent ANKRD11 damaging mutations
(p.Arg838*, p.Arg1007%, p.Ser2208%*; P=4.31x10"*) (Online
Supplementary Table S3). By orthogonal CNV analysis, we
found that ANKRD11 falls within a 2.5 Mb region of signif-
icant deletion on chromosome 16 (q=2.4x107", GISTIC2.0)
deleted in 15% of patients (N=84) (Figure 1A-C; Online
Supplementary Table S5). Among all the genes in this
region, ANKRD11 has an outsized proportion (likelihood
ratio >5) of gene-localizing mutations, suggesting that
it is the target gene of this recurrently deleted chromo-
somal segment. In 3.5% (N=6) of samples with both CNV
and whole-exome sequencing data, both ANKRD177 alleles
were mutated either via biallelic deletion or mutation plus
loss of heterozygosity. By RNA sequencing, samples with
ANKRD11 deletions had significantly decreased expres-
sion of ANKRD11 transcripts (P=0.004, Student two-tailed
t test) (Figure 3C). Finally, we decided to examine the
role of ANKRD11 in vitro. We performed CRISPR knockout
of ANKRD17 in human T cells. CFSE proliferation assays
showed significant increases in cell division in ANKRD11
knockout cells upon TCR stimulation (P=0.0045; Student
two-tailed t test) (Figure 3D, E).

DGKZ is a protein kinase responsible for dampening the
effects of TCR stimulation by catalyzing breakdown of
the downstream signaling molecule phosphatidic acid.?®
Consistent with its putative tumor suppressor function,
DGKZ significantly inhibited TCR-mediated proliferation
in previously published CRISPR screens (FDR=5.5x10"%).
In tumor samples from Western ATLL patients, we saw
reduced or absent DGKZ protein in 10/10 (100%) patients
regardless of DGKZ mutation status, suggesting that it
could be transcriptionally downregulated in ATLL (Online
Supplementary Figure S5B).

PTPN6 and CD3E are two novel putative driver genes im-
plicated by recurrent point mutations. CD3E encodes a
subunit of the CD3/TCR complex.*®* Samples in Western,
Japanese, and publicly available T-cell lymphoma cohorts
were recurrently mutated at p.Ser41Cys (N=1 Western, 1
Japanese, 1 T-cell lymphoma). Additional samples con-
tained mutations at the nearby p.Ser39Cys (N=1Western, 1
Japanese, 1 T-cell lymphoma) (Figure 1F). In genome-wide
CRISPR screens, CD3E was a significant positive regulator
of TCR-mediated cell proliferation (FDR=3.5x10-%) (Figure

3B). PTPN6 encodes for the protein SHP-1, a negative
regulator of T-cell activation and PI3K signaling.*® Three
samples (2.5%) contained damaging mutations in PTPNG.
By genome-wide CRISPR screen, PTPN6 was a significant
inhibitor of TCR-independent interleukin-2 production
(FDR=7.2x10"®). By western blot analysis, 50% of Western
ATLL samples did not show significant PTPN6 expression.
(Online Supplementary Figure S5C).

We noted recurrent mutations at a novel hotspot in the
cancer-associated gene FOX03 (Figure 1G) (Online Supple-
mentary Table S2). FOXO3 encodes a transcription factor
regulating T-cell differentiation.* It has been functionally
validated as a tumor suppressor in several solid-organ
malignancies.*> Mechanistic studies have shown that
HTLV-1 viral proteins HBZ and Tax suppress FOXO3 pro-
tein function;** ** however, FOX0O3 genetic mutations
have not been directly implicated in ATLL by published
genomic studies. Ten percent of the Western cohort of
patients had FOXO3 hotspot mutations (Online Supple-
mentary Tables ST and S2). While 31% of these samples
contained mutations at the cancer hotspot p.Asp199Asn,
54% (N=7) of the Western FOXO3 mutations occurred
in a previously unidentified hotspot, p.Arg177Trp. Both
hotspots fall within the FOXO3 DNA-binding forkhead
domain in proximity to the validated dominant negative
variant p.Ser256Ala, suggesting that they could act as
dominant negative mutations (Figure 1G). By orthogonal
CNV analysis, FOXO3 also falls within a broad region (51
Mb) of significant deletion (9q=3.35x10-°, GISTIC2.0). It
was deleted in 9.4% (N=52) of samples. By western blot
analysis of a random selection of ATLL patients, FOXO3
protein expression was reduced or absent in 11/13 patients
(85%) (Online Supplementary Figure S5C, D), including 5/6
(83%) of patients with deletions or mutations. Weight-
ed gene correlation analysis*® of RNA-sequencing data
suggests that HBZ expression relates to expression of
FOXO03 as well as ANKRD11 (Online Supplementary Figure
S5E, F). Consistent with prior large-scale studies on ATLL
tumors, we did not find significant expression of Tax in
the samples analyzed.”

We performed CRISPR and shRNA-mediated knockdown
of FOXO3 in our patient-derived ATLL cell lines. We
subjected these cells to anti-neoplastic chemotherapy
(etoposide) and a biological agent (belinostat) used to
treat T-cell lymphomas. Knockdown of Foxo3 protein
expression in ATLL cell lines by FOX0O3-specific sgRNA
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Figure 3. Functional validation of putative driver genes. (A) Violin plots showing log
fold change of sgRNA (N=19,114) for putative oncogenes and putative tumor sup-
pressors in genome-wide CRISPR interference screens for T-cell receptor (TCR)-de-
pendent proliferation and cytokine production. sgRNA changes for putative onco-
genes are shown on the left; those for putative tumor suppressors are shown on
the right. The P value represents the significance of the difference between these
distributions (Student two-tailed t test). A similar analysis of CRISPR amplification
screens is included in Online Supplementary Figure S5. (B) Patterns of sgRNA al-
teration for putative oncogenes/tumor suppressors in a genome-wide CRISPR in-
terference screen of TCR-dependent proliferation. The x axis represents the loga-
rithm of the fold change, the y axis represents the negative logarithm of the false
discovery rate. Putative oncogenes are shown in red and putative tumor suppres-
sors in blue. CRISPR interference and amplification screens for TCR-independent
cytokine production were analyzed similarly. (C) ANKRD11 RNA transcript levels in
ANKRD11 mutant (blue) and wild-type (red) samples. Dots represent individual val-
ues, central horizontal bar represents the mean, and error bars represent the
standard error. **P<0.01, comparison performed using the Student two-tailed t
test. (D) Targeted CRISPR knockout screens in normal T cells for ANKRD11. Carboxy-
fluorescein succinimidyl ester (CFSE) dilution progresses (CFSE dye diminishes)
from right to left. Stimulated cells are shown in red and unstimulated in blue. (E)
Division index in targeted CRISPR knockout screens in normal T cells for ANKRD11
versus control. Error bars represent the standard error. **P<0.01, comparison per-
formed using a paired-ratio t test. WT: wild-type; NT.CTRL: non-transduced control.
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Figure 4. Functional validation of the pro-apoptotic role of FOXO3 in adult T-cell leukemia-lymphoma cells. (A-D) Left panels
show the percentage of apoptotic cells, as determined by the percentage of cells staining positively for annexin V by fluores-
cence-activated cell sorting (FACS) analysis. Brackets represent comparisons made after subtracting dimethyl sulfoxide vehicle
(DMSO) control values. The statistical significance of differences was determined by a Student two-tailed t test (*P<0.05, **P<0.01,
***pP<0.001). Error bars represent the standard error from separately treated triplicate samples. Right panels show gated data
from FACS analysis, with anti-annexin V on the x axis and propidium iodine on the y axis. (A-C) Western blots validating protein
levels in knockdown/overexpression constructs are shown at the top of the lefthand panels. f-actin was used as the protein
loading control. (A) Percentage of apoptotic cells in ATLL-97c FOXO3 knockdown constructs exposed to DMSO vehicle, etoposide
200 nM or belinostat 200 nM. Two FOX0O3 knockdown constructs were established using distinct FOXO3-specific single-guide RNA
(sgRNAT and sgRNA2). A construct established from a non-specific scrambled single-guide RNA was used as a control. (B) Per-
centage of apoptotic cells in ATLL-97c FOX0O3 overexpression constructs exposed to belinostat at concentrations of 200, 400 or
800 nM. m-CAT-1-expressing ATLL-97c cells were transduced with pseudoviral particles containing one of two overexpression
constructs (#1 or #5). Cells transduced with empty vectors were used as a control. (C) Percentage of apoptotic cells in ATLL-84c
doxycycline-inducible constructs exposed to DMSO vehicle, belinostat 200 nM (Bel 200) or belinostat 400 nM (Bel 400). Dox (+)
cells were treated with doxycycline 1 ug/mL at least 72 h before and at the start of drug treatment experiments. Dox (-) cells
were not exposed to doxycycline. (D) Percentage of apoptotic cells after exposure to belinostat 400 nM (Bel 400) in ATLL-84c
cells transduced with lentiviruses containing either p.Arg177Trp (R177W) or p.Asp199Asn (D199N) FOXO3 mutant constructs. Cells
transfected with an empty lentivirus were used as controls. Vector nucleotide sequences were verified by sequencing. EV: emp-
ty vector; Eto: etoposide; Bel: belinostat, SCR: non-specific scrambled single-guide RNA; Wt: wild-type; Dox: doxycycline.

(sgRNA1 and sgRNA2) conferred resistance to drug-in-
duced apoptosis, as compared to cells transfected with
scrambled (SCR) sgRNA (Figure 4A). Similarly, knockdown
of FOXO03 via tetracycline-inducible shRNA protected AT-
LL cells from dose-dependent drug-induced apoptosis
(Figure 4C). In contrast, mCAT-1* ATLL cells transduced
with FOXO3-overexpressing pseudoviral particles showed
higher rates of drug-induced apoptosis in comparison to
cells transduced with empty controls (Figure 4B). Finally,
we examined cells transfected with mutant FOX03 p.As-
pP199Asn and p.Argl77Trp-expressing lentiviral vectors.
These cells resembled FOX0O3 knockdown in their pheno-
type: compared to cells transfected with empty vectors,
they showed resistance to drug-induced apoptosis (Figure
4D). Because the p.Arg177Trp and p.Asp199Asn mutations
both map to the Foxo3a DNA-binding domain, we hypoth-
esized that FOXO3 mutations could affect T-cell apoptosis
by altering the transcription of pro-apoptotic target genes.
However, knockdown of Foxo3a did not appear to affect
protein levels of BIM and p21, both encoded by known
pro-apoptotic Foxo3a target genes (BCL2L71 and CDKNIA,

respectively) (Online Supplementary Figure S6B). Collec-
tively, these data support the pro-apoptotic role of FOX0O3
in ATLL, although the mechanisms by which it exerts its
effects remain to be identified.

The adult T-cell leukemia-lymphoma genomic landscape
differs between Western and Japanese patients

Previous exome-wide studies of ATLL have been conduct-
ed in Japanese populations™? We sought to determine
whether there are molecular differences between Western
and Japanese cohorts that could be associated with the
known differences in clinical presentation.®® We observed
broad similarities in commonly mutated genes, but sev-
eral were mutated at significantly different frequencies.
For example, Japanese patients had a significantly greater
burden of point mutations in CCR4, the most commonly
mutated putative driver gene overall (34% vs. 16% of pa-
tients in the Western populations, P=0.006, Fisher exact
test) (Figure 5). PTPRN2 (34% vs. 13%, P=0.002) and TRRAP
(43% vs. 14%, P=3.2x107%) were also both more commonly
mutated in Japanese patients than Western ones (Fisher
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Figure 5. Differential patterns in mutational
frequency between Japanese and Western adult
T-cell leukemia-lymphoma cohorts. (A, B) Com-
parison of point mutation frequencies between
Japanese/Western and Afro-Caribbean/South
American populations. The color of the bars
represents mutation type, while the height of
the bars represents the frequency with which
a gene is mutated in the specified population.
Statistical comparisons were performed with
the Fisher exact test. *P<0.05, **P<0.01. (A)
Comparisons in acute cases (N=62 Western vs.
39 Japanese and 48 Afro-Caribbean vs. 14 South
American). (B) Comparisons in lymphomatous
cases (N=29 Western vs. 13 Japanese and 9
Afro-Caribbean vs. 20 South American). (C, D)
Histograms of amplifications (C) and deletions
(D) across the genome in Japanese (top) and
Western (bottom) cohorts. The y axis represents
the proportion of cohorts with amplification/
deletion in a given region. Genes significantly
different between cohorts, as discussed in the
text, are highlighted with arrows. Genes newly
implicated in adult T-cell leukemia-lymphoma.
and/or cancer are highlighted in magenta. AFR:
Afro-Caribbean; AMR: South America
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exact test) (Figure 5C).

Several putative driver genes were deleted or mutated with
significantly greater frequency in the Western cohort. These
included INPP4B (21% vs. 6%, P=0.006), ANKRD11 (34% vs.
11%, P=410 x 10~*) and CBLB (27% vs. 13%, P=0.035) (Figure
5D) (Fisher exact test). Of Western patients, 8/13 (62%)
had clearly reduced CBLB expression; 50% of these had
mutation or deletions (Online Supplementary Figure S5C,
D). FOX03 point mutations were eight times more common
in Western patients (10% vs. 1.2%, P=0.017, Fisher exact
test) (Figure 5A). Mutations at the novel hotspot FOXO3
p.Arg177Trp occurred only in Western patients of African
descent with aggressive leukemic ATLL subtypes (acute
N=7, unfavorable chronic N=1).

Different clinical subtypes of adult T-cell leukemia-
lymphoma are characterized by distinct mutational
patterns

We next sought to identify molecular drivers of clinical
behavior in different ATLL subtypes. Consistent with obser-
vations from the Japanese cohort, in the Western cohort
we identified enrichment of STAT3 mutation in “indolent”
ATLL (chronic and smoldering) (37% vs. 11%, P=1.2x10%),
enrichment of total number of mutations in “aggressive”
ATLL (acute and lymphomatous) (119 vs. 47 mutations,
P=4.3x10"7), and enrichment of TP53, CDKN2A and /IRF4
mutations in aggressive ATLL (31% vs. 12%, P=0.01; 40%
vs. 16%, P=0.002 and 38% vs. 18%, P=0.02, respectively)
(Fisher exact test)."

The enrichment of aggressive clinical subtypes in our
Western dataset allowed us to distinguish molecular fea-
tures of acute versus lymphomatous cases in the Western
cohort. NRXN3 and CCR4 were commonly mutated (>30%
of samples) in both subtypes. CDKN2A mutations (46% vs.
25%, P=0.009) and PLCGT amplification/mutation (37% vs.
14%, P=0.002) were significantly more frequent in acute
cases than in lymphomatous cases. In contrast, TP53,
WWOX, CD3E, TBL1XR1 and NFKBIA were genetically altered
significantly more often in lymphomatous cases (Online
Supplementary Table S7). Consistent with their enrichment
in distinct disease subtypes, TP53 and PLCG7 mutations
showed significant mutual exclusivity (q=0.004).”

There is little molecular information available about the
chronic ATLL subtype with unfavorable features.® In our
dataset, “unfavorable chronic” cases (N=17) resembled ag-
gressive cases in their mutational and CNV burden (Figure
6A, B). They were characterized by an increased frequency
of heterozygous GATA3 deletions. Of the 11 unfavorable
chronic cases with CNV data, 45% (N=5) had GATA3 de-
letions (3.8-fold enrichment compared to other cases,
P<0.001, Fisher exact test). Immunohistochemistry analysis
of GATA3 expression in ATLL patient samples confirmed
that GATA3 protein levels were lower in the unfavorable
chronic cases than in other aggressive subtypes (P=0.05,
Student two-tailed t test) (Figure 6D).

C.S. Myers et al.

The molecular features of adult T-cell leukemia-
lymphoma are associated with survival and response to
therapy

In addition to clinical subtype and mutational status, we
annotated our dataset with patients’ survival and response
to chemotherapy and/or zidovudine-interferon therapy.
We used a Cox multivariate regression analysis to test the
effect of gene mutation on survival. We limited our analy-
sis to patients with well-annotated clinical data who were
seen for at least one follow-up visit (Online Supplementary
Table S9). As expected, indolent subtypes were associat-
ed with significantly longer survival times than aggressive
subtypes (hazard ratio = 015, 0.26 and 0.26 for smoldering,
unfavorable chronic and chronic subtypes, respectively).
Treatment type (chemotherapy, zidovudine-interferon,
both or neither) did not influence survival. Consistent
with previous studies, STAT3 mutation trended towards
being associated with significantly decreased mortality in
dataset-wide analyses. However, in analyses controlled for
clinical subtype and treatment modality and corrected for
multiple comparisons, only ANKRD11 and TP53 mutation were
significantly associated with increased mortality (hazard
ratio = 2.70 and 2.67, respectively) (Figure 6C, E). Pairwise
analysis did not show significantly different outcomes for
patients with both mutations than for patients with either
driver mutation alone.

One mutation was associated with response to therapy in
the Western cohort: Patients with CDKN2A loss were sig-
nificantly more likely to experience a complete response
to chemotherapy (24% vs. 0%, P=0.025) (Figure 6F). Unfor-
tunately, this mutation was not associated with decreased
mortality.

Newly acquired /RF4 and CARD171 mutations in relapsed
adult T-cell leukemia-lymphoma

Consistent with the literature, disease relapse was com-
mon in our cohort.® Our dataset included ten patients who
experienced disease relapse after receiving zidovudine-in-
terferon treatment as their initial therapy. Two of these
patients had multiple relapses. We investigated whether the
variability in mortality within our dataset could be related
to genomic patterns conferring a high likelihood of relapse.
We first examined patterns of malignant clonality in relapsed
samples. As expected, relapse samples shared the same
HLA genotype as initial samples, except for one patient who
underwent loss of heterozygosity in HLA-A upon relapse.
Comparison of transcription data-derived TCR clonotypes
in initial versus relapsed samples demonstrated that all
relapses harbored the same TCR as the initial clone (Figure
7A). Interestingly, relapsed samples generally shared few
point mutations with initial tumor samples but did share
most CNV mutations. Patients generally accumulated ad-
ditional CNV mutations with relapse (Figure 7B). We then
sought to determine whether there were any specific ge-
nomic changes associated with disease relapse. We found
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Figure 6. Genomic alterations associated with clinical subtype and mortality. (A, B) Violin plots demonstrating the similarity of
the number of genes deleted or amplified per sample (A) and the number of point mutations per sample (B) between the unfa-
vorable chronic subtype of adult T-cell leukemia-lymphoma (N=15), and acute (N=63) and lymphomatous (N=31) subtypes. Bars
represent the mean (central bar) and standard error. A Student two-tailed t test was used to determine the statistical significance
of differences, *P<0.05, **P<we identified ***P<0.001. (C) Comparison of GATA3 protein levels by immunohistochemistry in ag-
gressive (acute and lymphomatous) and unfavorable chronic cases, Student two-tailed t test. Dots represent individual values,

Continued on following page.
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the central horizontal bar represents the mean, and the error bars represent the standard error. (D, E) Kaplan-Meier curves in-
dicating the effect of TP53 (D) and ANKRD11 (E) mutation on overall survival. Red lines indicate overall mortality for patients with
a mutation in the specified gene. Blue lines indicate overall mortality for patients without a mutation in that gene. Significance
was determined using a Cox multivariate analysis of the overall cohort controlling for disease subtype and treatment modality.*®
P.g = P value after Bonferroni correction for multiple comparisons. (F) Frequencies of chemotherapy responses in patients with
a CDKN2A deletion/damaging mutation (left) compared to patients with wild-type CDKN2A (right). Fisher exact test, *P<0.05.
Unfav.: unfavorable; WT: wild-type; CR: complete response; PR: partial response.

recurrent mutations in CARD177 (3 samples) and /IRF4 (4
samples) that were acquired in disease relapse samples
after zidovudine-interferon therapy. Although uncommon
in the general cohort, /IRF4 mutations were significantly
more common in disease relapse (33% vs. 10% of samples,
P=0.038, Fisher exact test) (Figure 7C). Of 12 samples taken
after disease relapse, four had new /RF4 mutations (3/9
patients). One patient who experienced relapse twice devel-
oped two different /IRF4 mutations in each relapse instance.
Manual review of sequencing data confirmed that none of
the /RF4 mutations in relapsed samples was present even
at a subclonal level in parent samples. We further analyzed
seven additional relapsed samples for p.Leu70Val or p.Lys-
59Arg, the most common /RF4 mutations in our cohort, by
standard Sanger sequencing (Online Supplementary Table
S8) (Figure 7D). We found p.Lys59Arg mutations in two sam-
ples from relapsed patients for whom no baseline samples
were available. Within the entire cohort, no patient with an
IRF4 mutation experienced complete response to zidovu-
dine-interferon therapy, suggesting that this mutation may
be associated with primary or acquired resistance (Online
Supplementary Table S9).

Discussion

Through multimodal exome-wide analysis, we have iden-
tified novel genomic features of ATLL that highlight dif-
ferences between the genomic landscapes of Japanese
and Western cohorts of patients.

Newly identified putative driver genes include FOXO3 and
ANKRD11. FOXO3 encodes a transcription factor that has
been postulated to be a tumor suppressor and mediator of
apoptosis via the PI3K pathway.*® Our in vitro experiments
using patient-derived ATLL cell lines demonstrated the
acquisition of antineoplastic drug resistance after FOX0O3
knockdown and the augmentation of drug-induced apop-
tosis with FOX0O3 overexpression, suggesting that FOX0O3
may have a pro-apoptotic role in ATLL. Similar to the
p.Asp199Asn variant previously observed in solid malignan-
cies,* expression of the novel p.Arg177Trp variant observed
in our cohort also conferred resistance to antineoplastic
drugs in vitro. ANKRD11 is a novel driver gene identified as
significant through both mutational and CNV analysis and
validated through in vitro proliferation assays. ANKRD11 is
especially relevant due to its association with increased
mortality. While Japanese studies have noted recurrent

deletion of ANKRD11 in ATLL, it was previously dismissed as
breakage at a putative fragile site!® Our analysis is the first
to distinguish ANKRD11 and FOX0O3 as putative driver genes
through mutational analysis and functional assays. Because
both ANKRD11 and FOXO3 mutations were significantly en-
riched in Western cohorts of patients, their elucidation as
putative driver genes was only possible after the inclusion
of underrepresented Western patients in our analysis.
Previous studies have demonstrated that Western ATLL
patients have more severe outcomes than Japanese pa-
tients.®"® While differences in medical infrastructure likely
contribute to some discrepancies, healthcare inequalities
alone appear inadequate to explain all observed clinical
disparities (e.g., the diagnosis of ATLL by >10 years earlier in
patients from medical resource-poor regions of the Carib-
bean).® It is plausible that differences in the distribution of
ATLL driver mutations may also contribute to the disparate
clinical outcomes in Western versus Japanese ATLL cases.®™
Our data support the presence of molecular differences in
ATLL that correspond to geography and clinical outcome.
For example, mutations in INPP4B and ANKRD11 were more
common in Western patients and predicted worse survival,
revealing potential tumor-associated causes of disparate
clinical outcomes in the West. In contrast, CCR4 mutations
were more common in Japanese patients. Such a finding
might account for the better therapeutic responses to mog-
amulizumab seen in Japanese patients compared to the
rates seen in the USA.%

These data also suggest new clinical targets for ATLL. The
collective enrichment of FOX03, INPP4B, CBLB, DGKZ, and
PTPN6 mutations in Western ATLL patients suggest a po-
tentially mounting role of the PI3K-AKT pathway in ATLL
oncogenesis. PI3K inhibitors are therapies approved by
both the Food and Drug Administration and the National
Comprehensive Cancer Network for chronic lymphocytic
leukemia*® and non-Hodgkin lymphomas.**%° In recent
trials, they have shown to be promising agents in patients
with peripheral T-cell lymphoma® and in preclinical studies
of ATLL.5? These results support further investigation of
the potential of the PI3SK-AKT pathway as a therapeutic
target in ATLL, particularly in Western patients.

Our combined Western and Japanese dataset constitutes
the largest cohort of exome-wide sequencing data to date.
Because of this, we were able to make novel observations
regarding the patterns of genomic alterations in different
clinical subtypes. TP53 and CDKN2A alterations have pre-
viously been shown to be increased in aggressive cases
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Figure 7. Association of /RF4 mutations with relapse in adult T-cell leukemia-lymphoma. (A) Clonality of tumor populations as
determined by T-cell receptor (TCR) sequence identification from RNA-sequencing data. Patients shown here contributed samples
from initial disease as well as subsequent relapse. Clonal populations were defined as cells with identical TCR. Each blue shape
represents the dominant T-cell clone, as determined by a and p TCR subunit identity. The vertical axis represents the size of
clonal populations as determined by the frequencies of the dominant a and  subunit. Relapses are indicated by vertical white
lines. Multiple relapses are shown in sequential order, from left to right. (B) Comparison of point and copy number variation (CNV)
mutations in initial (I) versus relapsed (R) samples. Pairs of initial/relapsed samples from the same patient are indicated in light
and dark shades, respectively, of alternating blue and green. Mutation types include deletions, amplifications, damaging mutations
and nonsynonymous (missense) mutations, as shown in the legend. Putative driver genes are listed on the left. (C) Frequency of
new /RF4 mutations in first-time disease (N=121) compared to relapsed samples (N=12). Fisher exact test, *P<0.05. (D) Distribution
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of mutations across /RF4. Mutations shown in blue occurred in Western samples (N=121), those shown in yellow occurred in the
Japanese cohort (N=83). Especially frequent mutations are represented as pie markers indicating the proportion of variants con-
tained in either the Western (blue) or Japanese (yellow) cohort. Marker stem heights represent the number of cases as depicted

on the y axis. SNV: single nucleotide variation; WT: wild-type.

(acute and lymphomatous combined). Our analysis exam-
ined acute and lymphomatous cases separately and found
that TP53 loss is more characteristic of lymphomatous
cases while CDKN2A loss is more characteristic of acute
cases. These molecular differences could account for the
distinct clinical presentations of acute and lymphomatous
ATLL. They might also guide treatment in the future as
more targeted therapies become available for ATLL. We also
identified GATA3 deletion as a putative tumor suppressor
associated with chronic ATLL with unfavorable features,
as it is characterized by recurrent deletion and damaging
mutation in our cohort. Consistent with this, it has been
implicated in constraining regulatory T-cell proliferation.®®
In our dataset, disease relapse after zidovudine-interfer-
on therapy was associated with the acquisition of /IRF4
mutations affecting the DNA binding domain. This muta-
tional pattern could be the result of zidovudine-interferon
treatment-driven selection. IRF4, also known as MUM1, is a
transcription factor that regulates the expression of inter-
feron-inducible genes in leukocytes.** Lack of IRF4 protein
expression has been previously associated with response
to zidovudine-interferon therapy in patients with ATLL.%
It has become increasingly evident that different ethnic
groups have disparate prognoses for the same diseases.
However, our understanding of diversity in disease patho-
genesis is limited by the underrepresentation of certain
patient populations in genomic research. To address these
challenges in the context of ATLL, we generated the larg-
est dataset of untargeted genomic information in Western
ATLL patients so far, including diverse African descendants
from North and South America, the Caribbean, and South
American indigenous populations. Through the analysis of
this dataset, we identified novel molecular ATLL features,
some of which are associated with more aggressive dis-
ease. Several of these genes, including ANKRD11, INPP4B and
FOXO03, were mutated significantly more often in Western
patients. Our functional assays support the roles of these
genes as tumor suppressors in vitro. Other mutations
associated with treatment outcomes (e.g., CCR4) were
more common in Japanese cohorts. Our present findings
augment current knowledge and reflect the diversity of
the molecular landscape of ATLL. Furthermore, they em-
phasize the need for the inclusion of underrepresented
populations in genomic research to better understand and
address disparate factors in patients’ outcomes.
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