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Summary

Mendelian histonopathies are rare neurodevelopmental disorders (NDDs) caused by germline variants in histone-encoding genes.
Here, we perform a more expansive pan-histonopathy interrogation than previously possible. We analyze data from 192 individuals
affected by histonopathies. This analysis includes representation of the 185 published individuals with HISTIH1E syndrome, Bryant-
Li-Bhoj syndrome, and Tessadori-Bicknell-van Haaften NDD; as well as from seven unpublished individuals, five of whom harbor var-
iants in genes not previously associated with disease (HISTIH2AL/H2AC16, H2AFZ/H2AZ1, HISTIH3D/H3C4, and HIST3H3/H3-4). By
intersecting clinician-reported phenotypic data with next-generation phenotyping of published 2D facial photographs (n = 98), we
sought to address the lack of established craniofacial gestalts or characteristic phenotypic patterns for this community. While these
analyses may suggest a histone core versus linker protein basis of delineation, they more strikingly highlight data gaps that confound
the identification of phenotypic patterns at this time. Based on this, we developed an updated standardized clinical survey, which al-
lowed us to identify the second known individual with a germline histonopathy and a cancer diagnosis. Notably, the community-wide
cancer incidence is currently 1%, which falls below the recommended 5% cut off for routine surveillance. Ultimately, this work high-
lights the ways in which histonopathy-associated phenotypes change throughout the lifespan, necessitating longitudinal re-evalua-
tion; that every identified individual shapes our understanding of these syndromes in a way that improves care for this community;
and the value of ongoing translational work to address the outstanding question of cancer predisposition for individuals living with
germline histonopathies.

Introduction In addition to these five protein delineations, histones

can be further divided into two classes: replication-coupled

Histones are core genome organizers that bind and wrap
nuclear DNA, regulating gene expression and chromatin
structure. Eight histone proteins come together to form
the core nucleosome, made up of two copies each of
H2A, H2B, H3, and H4 class histones (Figure 1A). A central
tetramer, made up of two H3 proteins and two H4 proteins,
sits at the core of the nucleosome octamer flanked by two
H2A/H2B heterodimers." The H1 linker protein adds an
additional layer of regulation between nucleosomes.”

(RC) and replication-independent (RI) (Figure 1B). The
expression of RC histones is linked to S-phase of the cell cy-
cle while RI histones demonstrate temporal and tissue spec-
ificity. Further, while a single RC histone protein is encoded
by many (10-20) genes that are clustered in the genome,
each RI histone is encoded by a few (< 3) genes that are
often found on different chromosomes. Structurally, RC
histone-encoding genes lack introns and encode cellular
mRNAs that are not polyadenylated, which stands in
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Figure 1. Germline histonopathy-implicated genes

(A) Schematic overview of the different classes of histone proteins.

(B) Genes encoding the different classes of histone proteins (color-coded based on A), subdivided based on whether a gene encodes an
RC histone (top) or RI histone (bottom). Purple highlight indicates genes reported in this paper as linked to germline histonopathies.

Bolded are previously unreported.

(C) Integration of gnomAD constraint metrics and Monarch Initiative data on model systems with phenotypes when the human
gene orthologue is perturbed. Unfilled fields indicate that data are not available. Gray = HISTIH1E syndrome-associated gene;

(legend continued on next page)
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contrast to RI histone-encoding genes that contain introns
and encode polyadenylated mRNA transcripts.®

Beyond the fundamental roles that histones play in
cellular physiology, a role for mutated histones in neuro-
pathology has emerged in the last decade. In 2012, so-
matic oncohistone mutations were reported to be recur-
rent in individuals with pediatric high-grade gliomas
(HP:0009733).*° Subsequently, driver and passenger mu-
tations in histones were found in a range of tumor
types.>*'% A recent pancancer histone mutation atlas
identified somatic histone mutations in 11% of analyzed
cases, with the highest rates of somatic histone mutations
in chondrosarcoma (HP:0006765), pediatric high-grade
gliomas (HP:0009733), and lymphoma (HP:0002665)."!
This work also extended the spectrum of histone genes
implicated in cancer to include all five protein delinea-
tions (H1, H2A, H2B, H3, and H4).

Germline histonopathy-causing variants were reported
in 2014, establishing a class of Mendelian neurodevelop-
mental disorders (NDDs, HP:0012759), which comple-
ments the previously delineated Mendelian disorders of
epigenetic machinery (MDEMs) that are associated with
variants in proteins that read, write, erase, or remodel
epigenetic marks on histones.'* The germline variant in a
histone-encoding gene, HISTIH1E/HI1-4 (OMIM: 142220),
was reported to cause overgrowth (HP:0001548) and a So-
tos-like phenotype (OMIM:117550) in a single individ-
ual.”® In 2017, variants in HIST1H1E/HI-4 were again re-
ported to cause overgrowth (HP:0001548) and intellectual
disability (HP:0001249) in five unrelated individuals,
providing the foundation for the classification of the rare
Mendelian NDD HIST1H1E syndrome (OMIM: 617537).'*
At the time of this report, a total of 185 individuals with
germline variants in histone-encoding genes have now
been published across 24 reports, including 55 individuals
with HIST1H1E syndrome, affecting the RC H1 linker pro-
tein'®>2% 96 individuals with Bryant-Li-Bhoj syndrome
(BLBS [OMIM: 619720 and 619721]), affecting the core
nucleosomal RI H3.3 histone protein®’~*% and 34 individ-
uals with Tessadori-Bicknell-van Haaften NDD (TBvH
[OMIM: 619758, 619759, 619950, 619951]), affecting the
core nucleosomal RC H4 histone protein.***° With a com-
munity of this size, the addition of information from even
one individual shapes the clinical understanding of the
syndrome and informs translational mechanistic research.
Here, we build on a prior pan-histonopathy analysis of 130
individuals with HISTIH1E syndrome, BLBS, and TBvH
NDD by including 55 subsequently published individuals
with OMIM-identified histonopathies as well as seven pre-
viously unpublished individuals with germline histonopa-
thies identified through GeneMatcher and DECIPHER col-
laborations.*”*’

Of the previously unreported individuals, two harbor
BLBS-causative variants in H3F3B/H3-3B while five harbor
variants in previously unreported genes (HISTIH2AL/
H2AC16, H2AFZ/H2AZ1, HISTIH3D/H3C4, and HIST3H3/
H3-4), otherwise known as genes of uncertain significance
(GUS).>®* These seven unpublished individuals are
included in this pan-histonopathy analysis for numerous
reasons. In this era of genome sequencing, the pace of dis-
covery of gene-disease associations is estimated to be
roughly one per day.”” Approximately 87% of these disor-
ders are discovered using next-generation sequencing
approaches. However, 60% of individuals who opt for
clinical exome or genome sequencing receive a non-diag-
nostic report. This is due in part to the gaps in current un-
derstanding of the function of all the genes in the human
genome, as well as the fact that establishing a GUS as a
gene associated with Mendelian disease is extremely chal-
lenging without a prior link between perturbation of that
gene and human disease. The field of translational ge-
netics has yet to reach a clear consensus to define the
best path to gene discovery for rare Mendelian disorders,
so we turn to current evidence-based strategies.*” Inclu-
sion of all 192 individuals in this analysis advances our
understanding of the role of histones in human health,
and facilitates community and support for affected indi-
viduals and their families, for whom currently only non-
specific palliative medical care and reactive comorbidity
management are currently available.

In this expanded pan-histonopathy analysis, we seek to
address outstanding questions that impact the diagnostic
odyssey and proactive clinical management of individuals
living with germline histonopathies. Between 30% and
40% of Mendelian syndromes are known to be associated
with a characteristic pattern of craniofacial features,
known as a craniofacial gestalt.*' Identifying and defining
a pattern of syndrome-specific craniofacial features can
aid in shortening the diagnostic odyssey for families
awaiting a rare or ultra-rare disease diagnosis.** Thus, we
first interrogated whether existing phenotypic data could
elucidate a craniofacial gestalt for individuals with germ-
line histonopathies. To accomplish this, we combined
the power of clinician-reported craniofacial phenotypic
information with next-generation phenotyping (NGP).
Clinical geneticists are highly trained in identifying facial
gestalts. However, recognition of rare or ultra-rare syn-
dromes, such as germline histonopathies, can be very
challenging if a clinician has never cared for one of these
individuals. Additionally, a robust body of literature dem-
onstrates that the ethnicities of both the clinician and the
affected individual significantly impact what features are
reported.”*™*° This issue is exacerbated by the fact that
most clinical training atlases are heavily biased toward

green = BLBS-associated gene; blue = TBvH NDD-associated gene. Deep orange indicates constraint metric values flagged in gnomAD
to be statistically significant. Pale orange indicates constraint metric values with a Z score >2 away from the mean. Abbreviations: RC =
replication-coupled; RI = replication-independent; Sc = Saccharomyces cerevisiae; Ce = Caenorhabditis elegans; Dr = Danio rerio; Dm =

Drosophila melanogaster; Mm = Mus musculus.
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individuals of European ancestry with very little represen-
tation of other ethnicities. NGP employs computational
facial analysis technology on 2D facial photographs to
identify syndrome-specific patterns in facial features
and has been shown in prior reports to outperform clini-
cians when identifying patterns in geographically and
ethnically diverse populations.***> NGP platforms, such
as the GestaltMatcher Database (GMDB), employ image
encoders that convert all features of a facial image
into vectors, which enable characteristic patterns of
facial features to be recognized not just for syndromes
included in its training set, but also on ultra-rare
disorders, rendering this machine learning algorithm the
ideal platform to employ for individuals with germline
histonopathies.***%*

Phenotypic patterns arising from germline variants
found in every cell of the body are not restricted to the
craniofacial complex and impact the development of all or-
gan systems. Further, recent studies have reported that
children with multiple congenital anomalies arising from
genetic etiologies are more likely to be diagnosed with
cancer.***’ The interplay between pathogenic germline
variants and the somatic genome is an emerging focus
of cancer predisposition research with a growing list of
rare genetic syndromes known to be associated with an
increased cancer risk.’” Thus, we also interrogated systemic
pan-histonopathy phenotypic patterns, including neuro-
logical features, non-neurologic systemic features, growth
features, and cancer prevalence. This work builds on pre-
ceding analyses that have sought to identify patterns
within specific OMIM-classifications,*'?%%2¢:28:30=35 a4
well as inter-histonopathy patterns,®” which have shown
that there is phenotypic heterogeneity across individuals.
By taking a more expansive approach than has been previ-
ously possible, we aim to interrogate how these heteroge-
neous clinical phenotypes highlight ways in which proxi-
mate biology converges on common genes, pathways, or
functional signatures that may provide insight into the dis-
ease pathogenesis, as has been shown for other neurologic
syndromes.”! Thus, with the inclusion of the 192 known
individuals with germline histonopathies in this analysis,
we work to leverage all existing data to gain translational
insights so that more proactive and directed comorbidity
management and/or screening recommendations can be
developed for this community; to facilitate the robust cap-
ture of phenotypic features in lab-based models of these
syndromes; and to enable the patient-guided development
of therapeutics to slow or prevent progression of disease.

Results

Cohort overview

A total of 185 individuals have been reported in the liter-
ature to harbor germline variants in histone-encoding
genes.'>*° HIST1IH1E syndrome is caused by heterozy-
gous germline frameshift variants in HISTIHIE/HI1-4,

which encodes the RC H1 linker protein.'*?® BLBS is
caused by heterozygous germline variants in H3F3A/H3-
3A or H3F3B/H3-3B, the genes that encode the RI nucleo-
somal H3.3 protein.”’** TBvH NDD is caused by hetero-
zygous germline variants in H4C3, H4C4, H4CS5, H4Ce,
H4C9, or H4C11, which encode the RC nucleosomal H4
protein (Figure 1B).>*~*¢

In addition to these previously published individuals,
we include seven unreported individuals in this analysis
(Figure 1B, bold; Table S1). One individual, HIST-A,
harbors homozygous stop-gain missense variants in HIS-
T1H2AL/H2AC16. Individual HIST-B harbors a de novo het-
erozygous missense variant in H2AFZ/H2AZ1. Individual
HIST-C harbors a de novo heterozygous missense variant
in HISTIH3D/H3C4. Two individuals harbor variants in
HIST3H3/H3-4 (HIST-D - compound heterozygous vari-
ants; HIST-E — paternally inherited heterozygous variant).
Finally, two individuals harbor previously unreported
BLBS-causative variants in H3F3B/H3-3B.

The syndromic phenotypes of affected individuals with
germline histonopathies support the pathogenicity of
these variants. However, relying on commonly utilized
strategies beyond genotype- and phenotype-driven ap-
proaches to uplift gene-disease relationships has proven
challenging for histone-based disorders.”’ Constraint
metrics are not currently available for all histonopathy-
causing genes in either the Genome Aggregation Database
(gnomAD) v2 release or the gnomAD v4 release, so we per-
formed a combined analysis using data from both versions
(Figure 1C). gnomAD missense and loss-of-function
constraint metrics support the causality of variants in a
subset of previously established and previously unidenti-
fied histonopathy-associated genes (Figure 1C, orange).
More specifically, constraint metrics support causality
exclusively for histonopathy-implicated RI histone genes,
such as those that underly BLBS, but not histonopathy-
implicated RC histone genes, including those that underly
HIST1H1E syndrome and TBvH NDD.

Model organism databases provide orthogonal evidence
to support the nomination of a GUS as a disease-associated
candidate.”” The Monarch Initiative integrates informa-
tion about the phenotype that results from perturbation
of human gene orthologues in multiple model organisms,
including Saccharomyces cerevisiae (yeast), Caenorhabditis
elegans (worm), Danio rerio (zebrafish), Drosophila mela-
nogaster (fly), and Mus musculus (mouse).>”>* While Mon-
arch Initiative data support the pathogenicity of variants
in H1-4, H3-3A, H2AZ1, and H3-4, information about
model organisms that interrogate all histonopathy-impli-
cated genes is not available, so we once again lack com-
plete data for both previously established and more
recently reported histonopathy genes (Figure 1C).

Another recommended strategy to improve Mendelian
disease discovery is to utilize multi-omic data, such as
RNA-seq transcriptomic expression data.*” While this
can successfully be done for polyadenylated RI histones,
nearly two-thirds of histones are RC and these genes
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Figure 2. Quantification of clinician-reported craniofacial data

Color-coding for (A)-(C): darkest color indicates a clinician-reported response of yes, intermediate color indicates a clinician-reported
response of no, and palest color indicates that a feature was either not reported or not assessed.

(A) Phenotypic analysis of all 191 affected individuals, subdivided by neurologic (N) features, non-neurologic systemic (S) features,
growth (G) features and craniofacial (CF) features. Purple color indicates analysis unbiased by OMIM classification (pan-histonopathy).
(B) Analysis of published phenotypes for affected individuals diagnosed with HIST1H1E syndrome (H1, gray), BLBS (H3.3, green), or
TBvH NDD (H4, blue) (color-coded based on Figure 1A). Interrogation subdivided by neurologic (N) features, non-neurologic systemic

(S) features, growth (G) features, and craniofacial (CF) features.

(C) Reporting of phenotypes for previously unreported affected individuals. Top row includes the identifier for the affected individuals
as well as their affected gene. First column lists prevalence of a feature across individuals previously reported.

encode transcripts that are not polyadenylated (Figure
1B).*** Thus, powerful and widely utilized transcriptomic
datasets that rely on polyA-positive RNA-selection for li-
brary preparation, such as the Genotype-Tissue Expres-
sion (GTEx) Project and the BrainSpan Atlas of the Devel-
oping Human Brain, do not capture the expression of this
entire class of histones (Figure 1C).>>°° There are unique
histone-specific gaps in available tools that pose barriers
to the nomination of histone-encoding genes as Mende-
lian disease associated. Thus, deeply mining the currently
available data may help build a framework for more

expediently identifying affected individuals based on a
conserved constellation of clinical features.

Interrogation of identifiable facial gestalt

We interrogated whether germline histonopathies could
be unified or substratified by patterns of facial features. Af-
ter subdividing the regions of the face based on the Amer-
ican Journal of Medical Genetics Special Issue “Elements of
Morphology: Standard Terminology,” we visualized the
clinician-reported craniofacial data for all 192 individuals
(Figure 2A).°”°> We then substratified the data. For the
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185 previously reported individuals, we stratified based on
OMIM classification (Figure 2B). For the seven unpub-
lished individuals, we stratified based on protein class
(H2A v H3) (Figure 2C).

Broadly, we see that 89.7% of individuals present with
forehead features (HP:0009890, HP:0011220, HP:0000341,
response rate = 55.7%), 92.0% of individuals present
with periorbital features (HP:0000316, HP:0000508,
HP:0000490, HP:0008050, HP:0000286, HP:0000506,
response rate = 71.4%), 92.5% of individuals present with
nose and philtrum features (HP:0011825, HP:0011829,
HP:0011832, HP:0011831, HP:0000455, HP:0000422,
response rate = 53.1%), 84.7% present with perioral features
(HP:0000158, HP:0000164, HP:0000174, HP:0000172,
HP:0011538, HP:0000153, HP:0011337, HP:0002263,
HP:0011339, response rate = 61.4%), 67.0% present
with mandibular features (HP:0000307, HP:0000347,
HP:0000278, HP:0000303, response rate = 27.0%), 84.8%
present with ear anomalies (HP:0000598, response rate =
41.1%), and 68.1% present with face and cheek features
(HP:0000280, HP:3000019, HP:0000293, response rate =
35.9%). The most salient feature of these data was the low/
inconsistent response rate (Figures 2A and 2B; Table S1).
Homing in on the individual features that comprise these
more comprehensive groupings, there was not a single
queried feature for which a >51% response rate was attained
in the pan-histonopathy craniofacial analysis. The
HIST1H1E syndrome community had the highest clinician
response rate related to facial phenotype queries, achieving
a >51% response rate for 7 of 27 interrogated facial features
(Figure 2B, left; Table S1). Data for this community suggest
a pattern of facial features that include full cheeks
(HP:0000293), high hairline (HP:0009890), bitemporal nar-
rowing (HP:0000341), dental anomalies (HP:0000164),
palpebral fissure differences (HP:0008050), deepset eyes
(HP:0000490), and hypertelorism (HP:0000316). A >51%
response rate was not achieved for any queried feature for
either the BLBS or TBvH NDD community. This inconsistent
availability of information about the qualitative features
across published individuals hinders the discernment of
unifying or delineating craniofacial gestalts at this time.

Clinician response rates were improved for the previ-
ously unpublished individuals, for whom a revised clini-
cian survey was used to elicit data (Figure 2C; Table S2).
There is not a clear pattern of salient features associated
with H2A-based germline histonopathies based on the
data for individuals HIST-A and HIST-B. Conversely, a
few notable characteristics may be linked with H3 pro-
tein-associated germline histonopathies. High hairline
(HP:0009890), prominent forehead (HP:0011220), and
philtrum anomalies (HP:0011825) seem to be features
conserved across H3-based germline histonopathies,
regardless of which gene is perturbed (H3C4, H3-4,
H3-3B). There may also be features that are specific to
perturbed gene/protein. For instance, of the previously
unpublished individuals with variants in H3 class his-
tones, just the two individuals with BLBS exhibit epican-

thus/telecanthus (HP:0000286, HP:0000506), palpebral
fissure anomalies (HP:0008050), nasal tip anomalies
(HP:0011832, HP:0011831, HP:0000455), dental anoma-
lies (HP:0000164), and micrognathia (HP:0000347)
(Figure 2C). Future gene-level analyses will provide infor-
mative, granular information. Unfortunately, at this time,
response rates are not high enough to allow for this level
of delineation (Figure S1).

Recognizing the confounding effect of data gaps in
available clinician-reported data, we employed a comple-
mentary approach to assess the facial gestalt of individuals
with germline histonopathies based on 2D facial photo-
graphs through the use of the GMDB NGP platform.
Ninety-eight images of individuals with germline histono-
pathies have been published to date,'*~'#?2%7%5:27,28,30,33-36
These images include 51 of individuals with HISTIH1E
syndrome, 25 of individuals with BLBS, and 22 of individ-
uals with TBvH NDD. Male and female individuals are
equally represented (48M/50F) (Table S3). Unfortunately,
no images of previously unreported individuals were
available for this analysis.

Based on the developmental stages of the craniofacial
complex, we stratified by age into a 5 years and younger
cohort (Figures 3A and 4A); a 6- to 12-year-old cohort
(Figures 3B and 4B); and a 13 years and older cohort
(Figures 3C and 4C). This analysis enables us to understand
the similarities among individuals with germline histono-
pathies compared with the other ~10,000 images that
comprise GMDB.%*“® In the inter-cohort analysis, the dis-
tribution of individuals with variants in HIST1H1E, H3.3,
and H4 form distinct clusters, though with slight overlaps
between them (Figures 3A-3C and S2). Within all three
age groups, the pairwise comparisons between distinct
histonopathy communities show that 100% of the distri-
butions exceed the threshold, indicating distinct facial
phenotypes among the patient groups. However, the left
tails of some comparisons approach the threshold, particu-
larly for HIST1IH1E/H3.3 in the under-5 age group and
H3.3/H4 in both the under-5 and 6 to 12 age groups
(Figures 3A and 3B). To further investigate these overlaps,
we conducted an individual-level analysis. The 5 years
and younger cohort is composed of 40 total images of indi-
viduals, 23 of whom have a diagnosis of HISTIH1E syn-
drome; 13 of whom have a diagnosis of BLBS; and four of
whom have a diagnosis of TBvH NDD (Table S3). Male
and female individuals are equally represented (19M/
21F). The largest cluster, cluster 1, is composed almost
entirely of images of individuals with HISTIH1E syndrome
(95%, 21 of 22) (Figure 4A, black/gray).

The 6- to 12-year-old cohort is composed of 24 individ-
uals, 13 of whom have a diagnosis of HISTIHIE
syndrome, six of whom have a diagnosis of BLBS, and
five of whom have a diagnosis of TBvH NDD (Table S3).
Male and female individuals are equally represented
(13M/11F). Again, the largest cluster, cluster 1, is composed
mostly of images of individuals with HISTIHI1E
syndrome (92%, 13 of 14) (Figure 4B, black/gray). Cluster
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2 is composed of a mixed cohort of individuals with BLBS
(60%, 6 of 10) and with TBvH NDD (40%, 4 of 10)
(Figure 4B, purple). Thus, these data do not support the
definitive subclustering of individuals with BLBS or TBvH
NDD in this age group.

Finally, the 13 years and older cohort is composed of 28
individuals, 13 of whom have diagnosis of HISTIH1E syn-
drome, six of whom have a diagnosis of BLBS, and nine of
whom have a diagnosis of TBvH NDD. Male and female
individuals are equally represented (15M/13F). Cluster 1
is again composed mostly of images of individuals with
HIST1H1E syndrome (86%, 13 of 15) (Figure 4C, black/
gray). This cohort, with the largest age range, demon-
strates the greatest intracluster variability. If more images
of individuals with histonopathies become available in
this age group, further substratification could elucidate
whether the age range itself confounds this analysis or
whether the facial gestalt becomes less consistent
over time.

Taken together, this analysis shows that images of indi-
viduals with HISTIH1E syndrome consistently form
distinct clusters across all age groups (Figures 4A-4C).

Nonetheless, one or two images of individuals with BLBS
or TBvH NDD occasionally cluster with these HISTIH1E
syndrome predominant clusters. For instance, in the
under-5 age group, image 17318 (BLBS) clusters with the
HIST1H1E group. Further, although the inter-cohort anal-
ysis shows that BLBS and TBvH NDD present with
different phenotypes (Figures 3A-3C), we did see some po-
tential for shared presentations between these two groups.
In the 6- to 12-year age group, image 17330 (BLBS) ranks
fourth in similarity to image 17390 (TBvH NDD)
(Figure 4B). These findings suggest that while these three
groups may exhibit distinct facial phenotypes at a popula-
tion level, some individuals present with craniofacial fea-
tures shared by multiple OMIM-classified subgroups.

Interrogating clinician-reported phenotypes to
identify systemic constellations of features

We next performed an unbiased pan-histonopathy quan-
tification of all clinician-reported data of non-craniofacial
phenotypic features for this cohort of 192 individuals.
We delineated different sub-phenotypes of affected indi-
viduals into (1) neurologic features, (2) non-neurologic
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systemic features, and (3) growth features (Figure SA).
Broadly, we see that 100% of individuals present with

a neurologic phenotype (HP:0012759, HP:0001249,
HP:0001270, HP:0000750, HP:0030890, HP:0007103,
HP:0001252, HP:0001276, HP:0011145, HP:0000708,
HP:0002360, HP:0000365, HP:0000657, HP:0000496,

HP:0000504, response rate = 99.5%), 85% of individuals
present with a non-neurologic systemic phenotype
(HP:0001945, HP:0002719, HP:0001005, HP:0005616,
HP:0000119, HP:0011968, HP:0011024, HP:0012718,
HP:0500015, HP0011028, response rate = 97.9%), and
94.2% of individuals present with a growth phenotype
(HP:0001507, HP:0000234, HP:0000252, HP:0000256,
HP:0000924, HP:0000002, HP:0004323, HP:0000818,
response rate = 98.9%) (Figure S3). However, when
we subdivide each phenotypic category into more specific
features, we observe varied response rates. A response rate
>51% was achieved for 9 of 11 (81.2%) of queried neuro-
logic features and for five of six (83.3%) of queried growth
features but just two of eight (25.0%) of queried non-
neurologic systemic features (Table 1).

Based on this threshold of response rate >51%,
these data suggest that germline histonopathies are associ-
ated with neurologic features that include DD/ID
(HP:0012759, HP:0001249), motor delay (HP:0001270),
speech delay (HP:0000750), anomalies on brain MRI
(HP:0030890, HP:0007103), hypotonia (HP:0001252),
and vision anomalies (HP:0000504), with head sizes
outside the expected range for an individual’s age and
sex (HP:0000252, HP:0000256), and with skeletal changes
(HP:0000924). They also suggest that, at a population
level, germline histonopathies are not associated with sei-
zures (HP:0011145), comorbid NDDs (including autism
spectrum disorder and attention-deficit hyperactivity dis-
order) (HP:0000708, HP:0000717, HP:0007018), hearing
anomalies (HP:0000365), cardiac/circulatory anomalies
(HP:0500015, HP:0011028), genitourinary anomalies
(HP:0000119), height outside the expected range for an
individual’s age and sex (HP:0000002), weight outside
the expected range for an individual’s age and sex
(HP:0004323), or endocrine anomalies (HP:0000818).
Response rates at this time are insufficient to interrogate
the association between germline histonopathies and
any other features.

We then analyzed the phenotypic features of the 185
previously published individuals subdivided by their
OMIM-classified histonopathies: HISTIH1E syndrome
(Figure 5B, top), BLBS (Figure 5B, middle), and TBvH
NDD (Figure 5B, bottom). For HISTIH1E syndrome, a
response rate >51% was achieved for 4 of 11 (36.4%) of
queried neurologic features, three of eight (37.5%) of
queried non-neurologic systemic features, and four of six

(66.7%) of queried growth features (Table 2). The data
suggest that HISTIH1E syndrome is associated with
neurologic features that include DD/ID (HP:0012759,
HP:0001249), brain MRI anomalies (HP:0030890,
HP:0007103), hypotonia (HP:0001276), and comorbid
NDDs (HP:0000708, HP:0000717, HP:0007018), with
features of advanced aging (HP:0005616), and with
skeletal changes (HP:0000924). An association between
HISTIH1E syndrome and cardiac/circulatory anomalies
(HP:0500015, HP:0011028), genitourinary anomalies
(HP:0000119), or head size/weight/height outside the ex-
pected range for an individual’s age and sex (HP:0000252,
HP:0000256, HP:0000002, HP:0004323) is not supported
by these data. Response rates at this time are insufficient
to interrogate the association between HIST1HI1E syn-
drome and other features.

For BLBS, a response rate >51% was achieved for 8 of 11
(72.3%) of queried neurologic features, two of eight
(25.0%) of queried non-neurologic systemic features, and
five of six (83.3%) of queried growth features (Table 2).
The data suggest that BLBS is associated with neurologic
features that include DD/ID (HP:0012759, HP:0001249),
motor delay (HP:0001270), speech delay (HP:0000750),
brain MRI anomalies (HP:0030890, HP:0007103), hypoto-
nia (HP:0001252), and vision anomalies (HP:0000657
HP:0000504, HP; 0000496), and with growth features
that include head size outside the expected range for age
and sex (HP:0000252, HP:0000256), as well as skeletal
changes (HP:0000924). These data do not support an
association between BLBS and seizures (HP:0011145), co-
morbid NDDs (HP:0000708, HP:0000717, HP:0007018),
hearing anomalies (HP:0000365), cardiac/circulatory
anomalies (HP:0500015, HP:0011028), genitourinary
anomalies (HP:0000119), height/weight outside the ex-
pected range for age and sex (HP:0000002, HP:0004323),
or endocrine anomalies (HP:0000818). Again, for BLBS,
response rates at this time are insufficient to interrogate
the association between BLBS and other clinically relevant
features.

For TBvH NDD, aresponse rate >51% was achieved for 6 of
11 (54.5%) of queried neurologic features, two of eight
(25.0%) of queried non-neurologic systemic features, and
four of six (66.7%) queried growth features (Table 2). The
data suggest that TBvH NDD is associated with neurologic
features that include DD/ID (HP:0012759, HP:0001249),
speech delay (HP:0000750), and vision anomalies
(HP:0000657 HP:0000504, HP; 0000496); feeding diffi-
culties (HP:0011968); and with growth features that include
head size outside the expected range for age and sex
(HP:0000252, HP:0000256) as well as skeletal changes
(HP:0000924). Despite the relatively robust response rate,
these data do not support an association between TBvH

column corresponds to a specific test image and each row shows the rank of similarity for the remaining images. Labels indicate the
image ID from GMDB and the group classification (e.g., HIST1H1E, H3.3, or H4). The hierarchical clustering highlights phenotypic
patterns and relationships among the patient groups. Bar charts report distribution of OMIM-characterized syndromes in each age
group (total possible), in each cluster, and in the unclustered images.
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Figure 5. Quantification of non-craniofacial clinician-reported phenotypes

Color-coding for (A)—(C): darkest color indicates a clinician-reported response of yes, intermediate color indicates a clinician-reported
response of no, and palest color indicates that a feature was either not reported or not assessed.

(A) Phenotypic analysis of all 191 affected individuals, subdivided by neurologic (N) features, non-neurologic systemic

(S) features, growth (G) features, and craniofacial (CF) features. Purple color indicates analysis unbiased by OMIM classification
(pan-histonopathy).

(legend continued on next page)
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NDD and brain MRI anomalies (HP:0030890, HP:
0007103), comorbid NDDs (HP:0000708, HP:0000717,
HP:0007018), hearing anomalies (HP:0000365), genitouri-
nary anomalies (HP:0000119), or weight outside the ex-
pected range for age and sex (HP:0004323).

With this granular quantification of previously published
data, we see that the three OMIM-classified histonopathies
share the phenotypic features of DD/ID (HP:0012759,
HP:0001249) and skeletal changes (HP:0000924), which is
conserved across the previously unreported individuals as
well (Table 2; Figure 5C). For the neurologic features,
HIST1HI1E syndrome and BLBS share brain MRI anomalies
(HP:0030890, HP:0007103) and hypotonia (HP:0001252)
as salient phenotypes, while BLBS and TBvH NDD share
prevalent speech delay (HP:0000750) and vision anomalies
(HP:0000657 HP:0000504, HP; 0000496). Interestingly,
all seven previously unpublished individuals exhibit de-
layed motor development (HP:0001270) and comorbid
NDDs (HP:0000708, HP:0000717, HP:0007018). Consis-
tent with trends observed in published individuals
with BLBS, BLBS-97 and BLBS-98 exhibit delayed
speech development (HP:0000750), brain MRI anomalies
(HP:0030890, HP:0007103), hypotonia (HP:0001252),
and vision anomalies (HP:0000657 HP:0000504, HP;
0000496). Individuals HIST-D and HIST-E, who harbor
variants in H3-4, have seizures (HP:0011145) and sleep
disturbances (HP:0002360). The data do not suggest that
seizures (HP:0011145) are a phenotype shared by all
individuals with H3-associated germline histonopathies
(prevalence <51% for BLBS, not reported for individual
HIST-C) (Table 2; Figure SC).

For growth features, BLBS and TBvH NDD share head size
outside the expected range for age and sex (HP:0000252,
HP:0000256). However, this head size metric reflects the
measurement just at the most recent exam. Thus, we then
leveraged available longitudinal mixed qualitative/quanti-
tative head size data to interrogate a possible temporal
phenotypic transition. Individuals with HIST1IH1E syn-
drome exhibit a macrocephalic (HP:0000256) trend over
time (Figure 5D, gray). Conversely, individuals with BLBS
and TBvH NDD exhibit a microcephalic (HP:0000252) trend
over time (Figure 5D, green and blue). A putative dichotomy
on the basis of linker versus core proteins is not supported by
the longitudinal head size data from unpublished individ-
uals, all of whom harbor variants in core nucleosome pro-
teins. Individuals HIST-B, HIST-D, and BLBS-97 exhibit a
macrocephalic (HP:0000256) transition while individual
BLBS-98 does not exhibit a change in head size over time
(Figure 5D, purple).

Data gaps for the non-neurologic systemic features
confound the assessment of phenotypic patterns (Figure
5; Tables 1 and 2). However, the data collected from previ-
ously unpublished individuals once again highlights how
even a single individual can shape the clinical under-
standing of these syndromes. Here, we report the second
individual with a germline histonopathy and malignancy
(HP:0002664).** Individual BLBS-97, who harbors a p.Ly-
s23Arg variant in H3-3B (NM_005324.5: c.71A>G; p.[Ly-
s24Arg]), was diagnosed with an adrenocorticotropic hor-
mone (ACTH)-producing pulmonary carcinoid tumor
(HP:0030445) at the age of 33 years. Strikingly, they
were not diagnosed with one of the tumor types historical-
ly associated with H3.3 somatic oncohistone mutations,
which include diffuse midline gliomas, high-grade
gliomas of the cerebral cortex (HP:0009733), giant cell
tumors of the bone (HP:0011847), and chondroblastomas
(HP:0030432).'%° Instead, this individual was diagnosed
with a rare but resectable lung tumor (HP:0100526).
Interestingly, the residue altered in BLBS-97, p.Lys23,
is post-translationally modified by KAT6B, a tumor
suppressor frequently lost in small cell lung cancer
(HP:0030357).°® Germline variants in KAT6B cause a syn-
dromic NDD with a hypothesized cancer predisposition
and, notably, an individual with a germline KAT6B
variant with a neuroendocrine tumor (neuroblastoma,
HP:0003006) was recently published.®®’® For both of
these ultra-rare disorders, a single affected individual has
been reported with neuroendocrine tumors, albeit of
different subtypes.

To better understand what role, if any, H3-3B mutations
may play in cancer, we performed a more focused analysis
of publicly available data. We first pulled all reported can-
cer-causing somatic mutations in H3-3B that are aggregated
in cBioPortal for Cancer Genomics, which integrates data
from The Cancer Genome Atlas (TCGA) and panCancer
studies, pediatric cancer studies and targeted studies, and
St. Jude’s Pediatric Cancer (PeCan) platform, which inte-
grates data from the Catalog of Somatic Mutations in Can-
cer (COSMIC) and the Clinical Interpretation of Variants in
Cancer (CIViC).”"””* We plotted known H3-3B germline
variants (Figure 6A, top) against somatic mutations identi-
fied in these datasets (Figure 6B, bottom). Somatic H3-3B
mutations are found in a range of tumor types, though
notably no chondroblastoma (HP:0030432)-associated
H3-3B mutations were pulled, which is peculiar given prior
reports of H3-3B (Figure 6B; Table S4). These data show that
lung cancers (HP:0100526), the tumor type found in indi-
vidual BLBS-97, have the third highest H3-3B alteration

(B) Analysis of published phenotypes for affected individuals diagnosed with HIST1H1E syndrome (H1, gray), BLBS (H3.3, green), or
TBvH NDD (H4, blue) (color-coded based on Figure 1A). Interrogation subdivided by neurologic (N) features, non-neurologic systemic

(S) features, growth (G) features, and craniofacial (CF) features.

(C) Reporting of phenotypes for previously unreported affected individuals. Top row includes the identifier for the affected individuals
as well as their affected gene. First column lists prevalence of a feature across individuals previously reported.

(D) Mixed qualitative/quantitative longitudinal assessment of head size, limited to affected individuals for whom >1 measurement was
available. 1 = clinician-reported macrocephaly (HP:0000256), O = clinician-reported head size within expected range for age and

sex, —1 = clinician-reported microcephaly (HP:0000252).
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Table 1.

Quantification of non-craniofacial pan-histonopathy systemic phenotypic features

Feature Prevalence,” % RR, %
Neurologic features

DD/ID (HP:0012759, HP:0001249) 98.4 96.3
Motor delay (HP:0001270) 97.9* 76.0*
Speech delay (HP:0000750) 95.7* 73.4*
Brain MRI anomalies (HP:0030890, HP:0007103) 60.8* 74.5*
Hypotonia (HP:0001252) 72.7* 82.3*
Hypertonia (HP:0001276) 76.0 13.0
Seizure (HP:0011145) 50.3 67.2
Comorbid NDD (HP:0000708, HP: 0000717, HP:0007018) 45.9 95.3
Sleep disturbances (HP:0002360) 66.7 15.6
Hearing anomalies (HP:0000365) 26.0 76.0
Vision anomalies (HP:0000657, HP:0000504, HP:0000496) 66.9* 80.2*
Non-neurologic systemic features

Cardiac/Circulatory anomalies (HP:0500015, HP:0011028) 31.2 73.4
Gastrointestinal anomalies (HP:0011024, HP:0512718) 80.32 31.0
Feeding difficulties (HP:0011968) 70.4 36.9
Genitourinary anomalies (HP:0000119) 34.0 85.4
Features of advanced aging (HP:0005616) 89.0 35.9
Dermatologic anomalies (HP:0001005) 98.3 30.7
Malignancy (HP:0002664) 33.3 3.1
Infection/Cytopenia/Fever (HP:0001945, HP:0002719) 100 8.3
Growth features

Head shape changes (HP:0000234) 87.5 33.3
Head size” (HP:0000252, HP: 0000256) 60.5* 76.5*
Skeletal changes (HP:0000924) 68.3* 93.7*
Height" (HP:0000002) 34.1 93.2
Weight” (HP:0004323) 31.0 82.3
Endocrine anomalies (HP:0000818) 24.4 61.9

*Prevalence >51% and response rate >51%.

DD/ID = developmental delay/intellectual disability; MRI = magnetic resonance imaging; NDD = neurodevelopmental disorder; RR = response rate.

?Based on clinician responses.
POutside range for age and sex at most recent exam.

frequency (Figure 6B, yellow). In fact, somatically mutated
residues throughout H3-3B are observed in lung cancers
(HP:0100526) (Figure 6A, bottom, yellow). It is notable
that neuroblastoma (HP:0003006) is the malignancy with
the highest H3-3B alteration frequency, given that neuro-
blastomas (HP:0003006) and ACTH-producing pulmonary
carcinoids (HP:0030445) are both neuroendocrine tumors
(HP:0100634).

Individual BLBS-97’s NDD-causative germline variant is
just six amino acids away from p.R17Pfs*80, one of
three putative driver mutations, NM_005324.5:c.52dup;
p-(Arg18ProfsTer80), identified in a blood sample from
a S59-year-old man diagnosed with an atypical lung

carcinoid (HP:0030445) (identifier P-0019467) (Figure
6A, top; Figure S4). Notably, both of BLBS-97’s and
P-0019467’s variants are located at or near amino acids
that are post-transcriptionally modified, which meets
criteria for “a posteriori” nomination of a candidate his-
tone driver mutation.®” The delineation between driver
and passenger mutations in H3-3B is relevant because can-
cers develop a high mutational burden as they continue to
overcome cellular checks on growth and division. While it
is not possible to conclusively determine the functional
impact of the reported somatic H3-3B mutations at
this time, additional support comes from the low muta-
tional background and the high variant allele fraction
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Table 2. Quantification of non-craniofacial systemic phenotypic features of published individuals by OMIM classification

HISTTHTE syndrome BLBS TBvH NDD
Feature Prevalence,” % RR, % Prevalence,” % RR, % Prevalence,” % RR, %
Neurologic features
DD/ID (HP:0012759, HP:0001249) 96.4* 100* 98.9* 98.9* 100* 82.4*
Motor delay (HP: 0001270) 100 38.1 96.7* 95.8* 100 48.1
Speech delay (HP:0000750) 100 34.5 98.9* 93.8* 96.0* 73.5*
Brain MRI anomalies (HP:0030890, HP:0007103) 78.1* 58.2* 60.9* 85.4* 40.0 73.5
Hypotonia (HP:0001252) 71.1* 81.8% 71.4* 94.7* 93.8 47.1
Hypertonia (HP:0001276) 100 3.6 100 15.6 100 2.9
Seizure (HP:0011145) 60.0 36.4 47.8 95.8 60.0 29.4
Comorbid NDD (HP:0000708, HP:0000717, 52.9* 92.7* 36.9 95.8 48.5 97.1
HP:0007018)
Sleep disturbances (HP:0002360) 50.0 21.8 100 5.2 100 17.6
Hearing anomalies (HP; 0000365) 47.6 38.1 23.9 91.7 23.3 88.2
Vision anomalies (HP:0000657, HP:0000504, 87.5 43.6 63.0* 95.8* 64.5* 91.2*
HP:0000496)
Non-neurologic systemic features
Cardiac/Circulatory anomalies (HP:0500015, 44.2 78.2 20.2 87.5 77.8 26.5
HP:0011028)
Gastrointestinal anomalies (HP:0011024, 100 5.5 90.7 44.8 37.5 23.5
HP:0012718)
Feeding difficulties (HP:0011968) 80.0 9.1 77.1 36.5 66.7* 70.6*
Genitourinary anomalies (HP:0000119) 34.0 85.5 32.1 87.5 42.8 82.4
Features of advanced aging (HP:0005616) 95.6* 83.6* 100 12.5 100 11.8
Dermatologic anomalies (HP0O001005) 100 29.1 100 32.3 100 26.5
Malignancy (HP:0002664) 0 0 0 0 100 2.9
Infection/Cytopenia/Fever (HP:0001945, 100 7.3 100 6.3 100 14.7
HP:0002719)
Growth features
Head shape changes (HP:0000234) 78.6 25.4 100 36.5 100 23.5
Head size” (HP:0000252, HP:0000256) 38.3 85.5 71.4* 65.6* 78.1* 94.1*
Skeletal changes (HP:0000924) 61.7* 85.5* 69.8* 100* 66.7* 88.2*
Height" (HP:0000002) 10.2 89.1 43.5 95.8 43.8 94.1
Weight” (HP:0004323) 21.7 83.6 31.1 77.1 40.6 94.1
Endocrine anomalies (HP:0000818) 50.0 47.3 15.3 88.5 100 5.9

*Prevalence >51% and Response Rate >51%.

BLBS = Bryant-Li-Bhoj syndrome; DD/ID = developmental delay/intellectual disability; MRI = magnetic resonance imaging; NDD = neurodevelopmental disorder;
RR = response rate; TBvH = Tessadori-Bicknell-van Haaften NDD.

?Based on clinician responses.

POutside range for age and sex at most recent exam.

(VAF = 0.24) found in the sample sequenced from individ-  tions, particularly in blood samples with clonal hemato-
ual P-0019467. The somatic H3-3B p.R17Pfs*80 putative poiesis. Additional clinical context and validation (e.g.,
driver was found to be co-occurring with two other puta- past medical and family history, targeted sequencing of
tive drivers in JAK2 and DNMT3A.”* Due to high homol- other tissues) would be necessary to fully determine
ogy,”® variant calls for H3-3B can be challenging, which whether the variant is a somatic or germline event, as
makes it difficult to accurately determine the true VAF well as to assess any potential association between
and to distinguish between germline and somatic muta- the H3-3B variant detected in P-0019467 and the
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Figure 6. H3-3Bin cancer

(A) A map of all the known H3-3B germline variants (top) and H3-3B somatic mutations aggregated in cBioPortal or PeCan (bottom).
Yellow germline variant highlights the individual with both a BLBS diagnosis and a history of an ACTH-producing carcinoid tumor
(HP:0030445) of the lung. Yellow somatic mutations highlight residues affected in lung tumors (HP:0100526). The red somatic mu-
tation indicates the putative driver mutation in an atypical lung tumor (HP:0100526) reported in cBioPortal.

(B) Tumor types ranked by the percentage of cases with somatically mutated H3-3B (for alteration frequency >1) based on data aggre-
gated in cBioPortal. Yellow = lung cancers.

(legend continued on next page)
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development of an atypical lung carcinoid (HP:0030445).
Nonetheless, the co-occurrence of a H3-3B mutation with
three other putative mutations supports the further inves-
tigation of the role of somatic H3-3B mutations.

In furtherance of that objective, we performed a co-
occurrence/mutual exclusivity analysis. This was moti-
vated by prior reports that showed co-mutation analyses
can both facilitate the identification of pathways impli-
cated in disease pathogenesis, which could be targets for
therapeutic intervention, and shed light on combinations
of mutations that may be protective against tumorigen-
esis.”® In order to interrogate genes with which H3-3B mu-
tations are frequently co-occurring or mutually exclusive,
we defined a list of genes to query using the cBioPortal for
Cancer Genomics beta search function (Figure 6C). So-
matic oncohistone mutations in H3.3 in high-grade gli-
omas often co-occur with mutations in TP53 or ATRX.’
In addition to mutations in these two genes, non-brain
solid tumors, such as lung cancers (HP:0030445), are re-
ported to frequently co-occur with driver mutations in
EWSR1, MYCN, SHANK2, FLI1, PTPRD, TERT, ALK, and
RB1.”? Interestingly, genes encoding histone-modifying
proteins, including PSIPI, MENI1, and ARIDIA, are
frequently mutated in rare neuroendocrine pulmonary
carcinoids (HP:0030445), which are etiologically similar
to the one resected from individual BLBS-97.”” As was
the case with germline variants in EZH2, germline variants
in these chromatin-remodeling proteins are also known to
cause MDEMs.'? Notably, even though somatic TP53 mu-
tations are common co-occurring drivers in high-grade
gliomas (HP:0009733), mutations in TP53 and RB1 have
been found to rarely co-occur with mutations in his-
tone-modifying genes in pulmonary carcinoids.”” Finally,
KMT2D, TET2, and DNMT3A are known drivers of clonal
expansion in solid tumors.”* Using this list of genes, we
surveyed the co-occurrence/mutual exclusivity log2 odds
ratio of H3-3B mutations with these reported tumor
drivers in cBioPortal (Figure 6C).

Somatic mutations in 69% of queried genes were found
to significantly co-occur in solid tumors and/or pulmo-
nary carcinoids (HP:0030445) with somatic mutations in
H3-3B (p <0.05), including 100% of PeCan-identified solid
tumor driver genes, 62% of chromatin-remodeling genes
mutated in pulmonary carcinoids (HP:0030445), and
33% of frequently mutated drivers of clonal expansion
in solid tumors (Table S4). Somatic mutations in three
genes were mutually exclusive with somatic mutations
in H3-3B: ERCC6L, BRWD6, and DNMT3A (Figure 5C,
squares). Both BRWD4 and DNMT3A encode epigenetic
modifiers. Germline variants in these genes are associated
with the MDEMSs X-linked intellectual disability disorder

93 (OMIM: 300659) and Tatton-Brown-Rahman syn-
drome (OMIM: 615879), respectively. Both MDEMs
exhibit phenotypic overlap with germline histonopathies.
However, other MDEM-associated genes were queried,
and support ongoing functional work to delineate the dif-
ference between variants that cause NDDs (HP:0012759)
and those that cause cancer, as well as potentially protec-
tive combinations of mutations.

Discussion

By leveraging existing phenotypic information available
for individuals harboring germline histone variants, we
were able to begin addressing a few key outstanding ques-
tions for this community that have been repeatedly raised
by family members of affected individuals as well as clini-
cians. We first addressed the question of whether there is
a unifying phenotype that, once defined, could raise the
clinical suspicion for a germline histonopathy diagnosis.
As discussed above, there are unique histone-specific gaps
in the tools typically used by the translational genetics
community to establish the pathogenic role of a gene
variant in Mendelian disease (Figure 1C). These barriers
likely hinder the ability of individuals to obtain a defini-
tive molecular diagnosis. Thus, we performed a deep
quantification of all existing phenotypic information
with the objective of delineating a conserved constella-
tion of features that may accelerate clinical identification.
As part of that analysis, we had the opportunity to inves-
tigate whether a single unifying clinical phenotype could
apply to all individuals with germline histonopathies or
whether more granular substratification on the basis of
affected gene, affected protein, and/or affected histone
class (RC vs. RI) was necessary (Figures 1A and 1B). This
question of whether to lump or split is being increasingly
examined within translational genetics, including by a
ClinGen Lumping and Splitting Subgroup of the Curated
Disease Entity Working Group, in an ongoing effort to
provide the optimal clinical management and eventual
therapeutic development for individuals living with rare
monogenic syndromes.”® While significant efforts have
been made by our group and others within the interna-
tional consortium of labs interrogating germline histono-
pathies to elucidate both the molecular mechanisms and
the full spectrum of phenotypic variability of these syn-
dromes, the fact remains that we do not yet have all the
necessary pieces. Nonetheless, for the families of affected
individuals, there is a responsibility to learn as much as
possible from the data that do exist, and to learn from
every diagnosed individual.

(C) Co-occurrence or mutual exclusivity log2 odds ratio of somatic H3-3B mutations with somatic mutations in genes frequently re-
ported to harbor driver mutations in solid tumors (sourced from PeCan), including genes with co-occurring mutations in high-grade
gliomas (HP:0009733); in chromatin-remodeling genes found to be recurrently mutated in pulmonary carcinoid tumors (HP:0030445)
etiologically similar to the one resected from individual BLBS-97; or genes implicated in the clonal expansion of solid tumors. Circles =

co-occurring; boxes = mutually exclusive.
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Here, we expand the number of candidate histonopathy
genes by reporting the phenotypic presentation of indi-
viduals with variants in H2AC16, H2AZ1, H3C4, and
H3-4. As with the majority of previously described indi-
viduals with histonopathies, all five of these individuals
present with developmental delay and/or intellectual
disability, growth phenotypes, and variable systemic
differences. Furthermore, we describe two additional indi-
viduals with variants in H3-3B (BLBS). This includes an
affected individual with a cancer diagnosis, highlighting
the necessity of investigating cancer predisposition
in individuals with histonopathies more deeply while
acknowledging there is not yet sufficient information to
confirm or dismiss an association between germline histo-
nopathies and cancer.

We performed pan-histonopathy and OMIM-delineated
phenotypic quantifications of the 192 individuals with
germline histonopathies, which included information
from 62 affected individuals not included in a previous
pan-histonopathy survey.?” This report prioritizes gran-
ular data about each individual at the center of analyses,
which highlights the heterogeneous clinical presentation
associated with histonopathies. Affected individuals may
exhibit variable phenotypes, which necessitate personal-
ized clinical management, yet population-wide patterns
are valuable. Collectively, they may point toward the
convergence of proximate biology on common genes,
pathways, or functional signatures that provide insight
into the disease pathogenesis.”’ Currently, significant
data gaps preclude our ability to assess population-wide
patterns (Figures 2A-2C, 4A, and 4B), but identifying
these gaps helps us prospectively shape the way we survey
information. We recommend the implementation of a
standardized survey that can be distributed to any clini-
cian who cares for an individual with a germline histon-
opathy (Table S2). It will be imperative to periodically
re-evaluate this form based on longitudinal re-assessment.
Affected individuals and their families have so generously
shared not just their data but also their stories with us.””
They have taught both clinicians and researchers a
tremendous amount in the past 10 years,"’ including
that the clinical presentation associated with these syn-
dromes is neither homogeneous nor static.

Our targeted phenotypic query coupled with our NGP
facial analysis provides insights into germline histonopa-
thies. While our analysis of clinician-reported phenotypic
data was confounded by prohibitive data gaps, our NGP
analysis showed images of individuals with HIST1IH1E
syndrome segregating away from images of individuals
with BLBS and TBvH NDD in all age-stratified groups
(Figures 3 and 4). These data may suggest that individuals
with variants arising from the H1 linker protein have a
distinct craniofacial gestalt from individuals with variants
arising from proteins that make up the nucleosomal core.
However, it is important to consider that the majority of
images used in this analysis are of individuals with
HIST1IH1E syndrome (52.0% compared with 25.5% from

individuals with BLBS and 22.5% from individuals
with TBvH NDD). The facial analysis indicates that all
three groups exhibit distinct facial phenotypes, with
HISTIH1E displaying particularly clear differentiation.
The sample sizes for BLBS and TBvH NDD were relatively
small, which may contribute to the observed similarities
in some cases, and the apparent differences between
BLBS and TBvH NDD could be influenced by this limited
sample size, as some individuals exhibit notably similar
phenotypes. Further reanalysis with a larger cohort will
likely be required to validate these findings and better
distinguish the phenotypes of these groups. Additionally,
these NGP analyses show that with increasing age, at
an individual level, images may cluster less distinctly
(Figures 3B and 3C). This could indicate that the facial
gestalt becomes less consistent or recognizable over time.

The clear and consistent segregation of images of indi-
viduals with HISTIH1E syndrome may provide putative
support for an unanticipated basis for delineation. Rather
than core vs. linker, we often divide histones into RC
histones and RI histones based on the biology underlying
the unique features and functions of these two classes
(Figure 1B). However, this prevailing delineation of RC/
RI rather than core/linker likely reflects how little is
known about the H1 linker histone, recently referred to
as the “forgotten histone,” when compared with the
core proteins.®*”®! In fact, the crystal structure of an H1/
nucleosome complex was not published until 2015, 18
years after the nucleosome was crystalized. Thus, this
work highlights the need for both translational and foun-
dational functional work geared toward delineating the
roles of core and linker histones.

It is crucial to note this GMDB-based NGP analysis had a
number of limitations that impact the strength of this pu-
tative linker vs. core dichotomy. From a technical perspec-
tive, images of individuals with HISTIH1E syndrome over-
represented, and the number of images per syndrome did
not correlate with the number of reported individuals
with each germline histonopathy (51 images of individuals
with HISTIH1E syndrome, 55 reported individuals with
HIST1HI1E syndrome; 25 images of individuals with BLBS,
96 reported individuals with BLBS; 22 images of individuals
with TBvH NDD, 34 reported individuals with TBvH NDD).
Further, no previously unpublished individuals were repre-
sented in this analysis. Thus, we did not have representa-
tion of individuals with variants in H2A-encoding genes.
No individuals have yet been reported with variants in
H2B-encoding genes. This is worth noting because we
cannot at this time rule out the possibility that the clus-
tering of images of individuals with BLBS and TBvH NDD
may specifically reflect the close association of H3 and H4
class proteins, which comprise the tetramer at the core of
the nucleosome.' Future representation of individuals
with H2A/H2B-based germline histonopathies may allow
us to observe trends on the basis of core vs. linker or if there
is a more specific delineation on the basis of H3/H4
tetramer vs. H2A/H2B heterodimer vs. H1 linker.*%
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With this lens, we then also interrogated the non-cranio-
facial clinician-reported data. Possible discordance in
growth phenotypes have been highlighted in prior re-
ports.”” While initial HISTIHIE syndrome publications
suggested that overgrowth (HP:0001548) was a defining
phenotypic feature,'*'* subsequent analyses showed that
the linear growth pattern was complex, with some individ-
uals showing decreased height (HP:0000002) percentiles
over time.'*'” An individual with BLBS was reported
without a molecular diagnosis to exhibit overgrowth
(HP:0001548) of unknown genetic etiology and intellectual
disability (HP:0001249) following in vitro fertilization and
intracytoplasmic sperm injection, with increased linear
growth (HP:0000098) and macrocephaly (HP:0000256).”’
At follow-up evaluation a decade later, that same individual
exhibited linear undergrowth (HP:0000002) and micro-
cephaly (HP:0000252).%%*? Finally, individuals with TBvH
NDD show a statistically significant decrease in head size
(HP:0000234, HP:0040195) percentile from birth to most
recent evaluation.’® Overall, individuals with germline his-
tonopathies show a complex growth pattern, which could
provide mechanistic insights if explored more deeply.

We sought to probe this growth phenotype in a way
that accounted for confounding factors. Longitudinal
assessment of linear growth is dually confounded by
the prevalence of skeletal changes (HP:0000924) and
endocrine anomalies (HP:0000818), which, in some cases,
are treated with growth hormone therapy (Table S1;
Figure S5). Additionally, longitudinal assessment of
weight (HP:0004323) is confounded by (1) feeding diffi-
culties (HP:0011968), which, in some cases, require inter-
vention with gastrostomy tube; (2) tone and mobility dif-
ferences (HP:0001270, HP:0001252, HP:0001276); and (3)
associated behavioral or neurodevelopmental diagnoses
(HP:0000708, HP:0000717, HP:0007018, HP:0012759,
HP:0001249), which may be complicated by food aversion
(Table S1; Figure S5). Thus, to assess a growth metric
less affected by such confounders, we interrogated
head size (HP:0000252, HP:0000256) over time in individ-
uals for whom multiple measurements were available
(Figure 5D). These data may suggest that, at a population
level, individuals with HIST1IH1E syndrome exhibit a
macrocephalic (HP:0000256) trend over time while indi-
viduals with BLBS and TBvH NDD exhibit a microcephalic
(HP:0000252) trend over time. This progressive micro-
cephaly (HP:0000252) has recently been recapitulated in
a BLBS mouse model.”’ While there is heterogeneity at
an individual level, these temporal transitions will be
interesting to interrogate mechanistically in lab-based
models. Ultimately, in the ultra-rare disease space, the in-
sights we continue to gain through the mining of longitu-
dinal phenotypic data will enable us to optimize our
model systems and guide us in the direction of transla-
tionally relevant questions.

Similarly, there has been a frequent and persistent ques-
tion of whether individuals with germline histonopathies
have an increased cancer risk, since the expansion of the

sub-field of histone neurobiology was rooted in the identi-
fication of recurrent oncohistone mutations in high-grade
pediatric glioma (HP:0009733). This has been further high-
lighted by previously observed phenotypic trends in indi-
viduals with germline histonopathies and raised the
concern that cancer is a possible comorbidity of these
syndromes, including overgrowth (HP:0001548) and pre-
mature aging (HP:0005616) (Figure 7A). Notably, genetic
and epigenetic overgrowth disorders, such as Beckwith-
Wiedemann Spectrum (BWSp [OMIM: 130650]), Sotos
syndrome (OMIM: 11755), and Weaver syndrome
(OMIM: 277590), are associated with an increased cancer
predisposition.**®’ Because embryonal tumors, including
hepatoblastoma (HP:0002884) and Wilms tumor (HP:
0002667), occur in around 10%-15% of children with
BWSp, routine cancer surveillance protocols have been
developed.””’! Conversely, the mildly elevated cancer
risk (<5%) associated with Sotos and Weaver syndromes
translates to a heightened clinical awareness for physicians
without routine surveillance.”” As with genetic/epigenetic
overgrowth (HP:0001548) disorders, genetic disorders of
premature aging (HP:0005616), such as ataxia-telangiecta-
sia (OMIM:208900), dyskeratosis congenita (ORPHA:1775),
and xeroderma pigmentosum (ORPHA:910), are also asso-
ciated with an increased cancer risk.”>"?® Thus, individuals
with all three OMIM-characterized germline histonopa-
thies exhibit phenotypic features that are potentially asso-
ciated with an increased cancer risk.

Additionally, existing functional evidence from mecha-
nistic work performed on dermal fibroblasts from affected
individuals with germline histonopathies and from
zebrafish models support the validity of exploring this po-
tential comorbidity more deeply (Figure 6B). In general,
prior reports have asserted that cancer predisposition in
individuals with germline variants causing Mendelian
syndromes could be related to disruption of gene interac-
tion networks recurrently found in cancer, including
telomere maintenance, DNA damage response, and
mTOR signaling.”” We know that deficits in these pro-
cesses have been observed in models of histonopathies
(Figure 7B).'7?%33735 gpecifically, prior work in dermal
fibroblasts donated by individuals with HIST1H1E
syndrome show accelerated senescence and an increased
sensitivity to DNA damage.'”*” Dermal fibroblasts
donated by individuals with BLBS show increased cell pro-
liferation coupled with an upregulation of genes impli-
cated in mitosis and cell division.”® Overcoming the
constraints on cell proliferation is a key characteristic
of cancer.’”* Finally, in addition to dermal fibroblasts
donated by individuals with TBvH NDD that show
differential expression of genes implicated in cell cycle
progression, zebrafish models of this syndrome also
show significant increases in double-stranded breaks and
cell apoptosis.***°

Until this report, one individual with a germline
histonopathy had a reported cancer diagnosis.*” Individ-
ual H4-32 harbored a p.His75Arg variant in H4C9,

Human Genetics and Genomics Advances 6, 100440, July 10, 2025 17



A ( )
Histone-associated Cancer or

pathologies cancer predisposition
=) Beckwith-Wiedemann Spectrum
29 PTEN Hamartoma Tumor Syndrome
oo HIST1 H1 E syndrome PIK3CA Syndrome
=) Bryant-Li-Bhoj syndrome Simpson-Golabi-Behmel Syndrome
0.2 Sotos Syndrome
5 © Weaver Syndrome

Ataxia-Telangiectasia
Bloom Syndrome
Dyskeratosis congenita
Nijmegen Breakage Syndrome
Rothmund-Thomson Syndrome
Rujs-Aalfs Syndrome
Werner Syndrome
Xeroderma pigmentosum

HIST1H1E syndrome
Tessadori-Bicknell-van Haaften NDD

Premature
aging
disorders

HISTTHTE dermal
fibroblasts

« Reduced proli ion rate
* Accelerated senescence
« Sensitive to DNA damage

BLBS
BLBS-97
(H3-3B Lys23Arg)

o Diagnosed with an ACTH
producing carcinoid tumor
at age 33

o No family history of cancer

« No pathogenic MENT

variants on sequencing

BLBS dermal
fibroblasts
o Upregulation of genes
implicated in mitotic cell
cycle progression, mitotic
nuclear division and cell
division
Increased cell proliferation

TBvH NDD
H4-32
(H4C9 (HISTTH4I) His75Arg)

« Deceased, age 29
o Leukemia stemming from
myelodysplasia

Functional evidence

TBvH NDD dermal
fibroblasts
Differential expression of
genes implicated in cell

cycle progression

TBvH NDD zebrafish
o Impact on structural

development (head, body
axis growth, tail)

« Significant increase in

double stranded breaks

pa1doajje Wwol) 2duapiAg

and cell apoptosis

Figure 7. Existing data support the interrogation of cancer
risk in individuals with germline histonopathies

(A) Some of the observed phenotypes in individuals with all three
OMIM-identified germline histonopathies, including overgrowth
and premature aging, overlap with phenotypes that are cardinal
features of cancer-predisposition syndromes.

(B) Review of the existing functional evidence performed in
dermal fibroblasts from affected individuals and zebrafish models
of germline histonopathies motivate exploration of cancer as a
comorbidity (left) and are potentially consistent with the two
cancer diagnoses reported in the 191 person pan-histonopathy
cohort (right).

NM_003495.3:c.227A>G; p.(His76Arg) and developed
myelodysplasia (HP:0002863) that progressed to leukemia
(HP:0001909), which ultimately caused death at age 29.
Based on this report, as well as both the overlap of pheno-
typic features shared by individuals with germline
histonopathies and individuals with known cancer-pre-
disposition syndromes (Figure 7A) and functional work
in models of germline histonopathies that showed mech-
anistic overlap with cancer pathogenesis (Figure 7B), we
revised our clinician survey to systematically and explic-

itly ask about cancer diagnoses. Through this approach,
we became aware of another individual with both a germ-
line histonopathy and a cancer diagnosis. This individual
was diagnosed with BLBS and cancer. Based on these
known cases, the incidence of cancer as a comorbidity in
individuals harboring a germline histone variant is 1%,
which falls below the recommended 5% cutoff for routine
surveillance.”” However, this statistic is confounded by an
inconsistent surveying of cancer frequency among the
population, which has been previously noted.*” This in-
formation gap can be remedied by the implementation
of a standardized clinical survey Table S§2), as well as a
heightened awareness among both researchers and
clinicians.

There remains an outstanding question of whether the
cancers diagnosed in individuals H4-32 and BLBS-97 are
independent of the underlying germline histone variants,
whether these individuals perhaps harbor a dual molecu-
lar diagnosis wherein a non-histone secondary germline
variant is associated with an increased cancer susceptibil-
ity, or whether germline histone variants themselves
may be associated with a potential cancer predisposi-
tion.'"%'°! However, several crucial limitations impede
our ability to answer this question. Unlike the pancancer
atlas of somatic histone mutations, we do not have access
to paired tumor-germline genomes from these individ-
uals, which hinders our ability to delineate what, if any,
role the germline histone variants have in oncogenesis."’
We also do not have access to the genetic testing results
for these individuals, which would allow us to interrogate
the possibility of a dual molecular diagnosis or second-
ary/incidental finding. An estimated 2%-7% of individ-
uals with a syndromic phenotype receive a dual
molecular diagnosis, wherein they have two monogenic
disorders, and a similar percentage of individuals with a
Mendelian syndrome have been reported to harbor a sec-
ondary or incidental finding, which is defined as a path-
ogenic sequence of variants found on genetic testing
that are unassociated with a primary genetic diag-
nosis.'”’ % These incidental findings are particularly
noteworthy because they are most commonly associated
with cancer susceptibility at a rate of ~1.38%.'°>19% we
also acknowledge our limited sample size at this time.
Nonetheless, family members of affected individuals
and clinicians caring for individuals with germline histo-
nopathies often ask about cancer surveillance for this
community. Functional work to understand the different
mechanisms leading to NDDs compared with cancer is
ongoing within the international consortium of labs
interrogating germline histonopathies.*’ We also expect
that the co-occurrence/mutual exclusivity analyses pre-
sented here will also provide helpful starting points for
targeted mechanistic work (Figure 6C). This ongoing
mechanistic interrogation coupled with consistent, lon-
gitudinal clinical surveying of affected individuals will
be imperative to ensure that the gold standards of care
are upheld for this community.

18 Human Genetics and Genomics Advances 6, 100440, July 10, 2025



In sum, using clinician-reported data, we performed
deep phenotypic quantification of individuals affected
by germline histonopathies in an attempt to pull out
phenotypic patterns (both craniofacial and systemic)
shared by individuals. In addition, we describe seven
previously unreported individuals affected by histono-
pathies, which adds to the fields’ understanding of this
group of disorders and empowers affected individuals
and their families. Our analysis highlights a dramatic
need for more comprehensive and thoughtful gathering
of clinical data as well as potentially shifts focus
for treatment and clinical care for individuals with
histonopathies.

Subjects and methods

This study was approved by the Institutional Review Board of the
Children’s Hospital of Philadelphia. Informed consent was ob-
tained for all individuals. Analyses and graphs were made in Mi-
crosoft Excel, GraphPad Prism v8, or R v4.3.2. Graphics were
generated with BioRender.

Interpreting gnomAD constraint metrics

The Genome Aggregation Database (gnomAD) is a publicly
available resource that aims to summarize exome and genome
sequencing data from 141,456 individuals in gnomAD v2 and
807,162 individuals in gnomAD v4.'°*!%° Collating such massive
datasets enables the gnomAD investigators to calculate constraint
metrics, which suggest how tolerant a particular gene is to
missense or loss-of-function variants. The rare observation of var-
iants in a gene suggests that that genes cannot tolerate the accu-
mulation of variants without a deleterious effect.'”*

Cohort assembly—Published individuals

Prior to this report, 185 individuals with molecularly confirmed
germline histonopathies had been reported in the literature.'*~
3¢ Through a comprehensive literature review, we aggregated
the published phenotypic information for all affected individuals
(Table S1).

Cohort assembly—Previously unreported individuals
Previously unreported individuals were referred by their clini-
cians through GeneMatcher, DECIPHER, or direct communica-
tion with E.E.L./E.J.K.B.'%>'7 Referring clinicians were sent the
standardized survey developed based on the phenotypic assess-
ment of 185 previously reported individuals (Table S4).

Quantification of clinician-reported phenotypes

Once the phenotypic information for all 192 individuals was
aggregated, they were subdivided into four main categories: neuro-
logic, non-neurologic systemic, growth, and craniofacial (gross).
Neurologic features included developmental delay/intellectual
disability (HP:0012759, HP0001249), delayed motor development
(HP:0001270), delayed speech development (HP:0000750), anoma-
lies on brain MRI (HP:0030890, HP:0007103), hypotonia (HP:
0001252), hypertonia (HP:0001276), seizures (HP:0011145), co-
morbid behavioral/neurodevelopmental diagnosis (HP:0000708,
HP:0000717, HP:0007018), sleep disturbances (HP:0002360),
changes in hearing (HP:0000365), changes in vision (HP:0000657,

HP:0000504, HP:0000496), as well as “other” to capture any features
that did not fit into these categories. Non-neurologic systemic
features were subdivided into cardiac/circulatory (HP:0500015,
HP:0011028), gastrointestinal (HP:0011024, HP:0512718), feeding
difficulties (HP:0011968), genitourinary (HP:0000119), signs of
advanced aging (HP:0005616), dermatologic (HP:0001005), history
of malignancy (HP:0002664), frequent infections/cytopenia/fever
(HP:0001945, HP:0002719), other genetic variants, as well as other
to capture any features that did not fit into these categories. Growth
encompassed changes to head shape (HP:0000234), head size
(HP:0000252, HP:0000256, at birth, last examination, any addi-
tional examinations), skeletal changes (HP:0000924), height
(HP:0000002, at birth, last examination, any additional examina-
tions), weight (HP:0004323, at birth, last examination, any addi-
tional examinations), and endocrine (HP:0000818). These features
were grouped because it was determined that changes to head
shape, including craniosynostosis (HP:0001363), could confound
assessments of head size, that skeletal (HP:0000924) and endocrine
(HP:0000818) conditions could confound assessments of linear
growth, and that endocrine (HP:0000818) conditions could
confound assessments of weight (HP:0004323). Finally, the gross
craniofacial regions were defined as forehead, periorbital region,
nose and philtrum, perioral region, mandible (distinct from other
perioral features), ear, and face and cheeks.

To quantify the prevalence of phenotypic features across
the full cohort, as well as in sub-cohorts delineated based on
OMIM-characterized syndromes, for all 29 features queried in
this analysis, a value of 1 was assigned to all individuals to deter-
mine the total number of possible responses (pan-histonopathy =
192; HIST1IH1E syndrome = S5; BLBS = 96; TBvH NDD = 34).
Then, a value of 1 was assigned for any active responses (yes or
no) while a value of 0 was assigned for any queries for which a
response was unavailable. Finally, for all queries that received
an active response, a value of 1 was assigned if a particular feature
was affected in an individual, as reported by the referring clini-
cian, while a value of O was assigned if a particular feature was un-
affected in an individual, as reported by the referring clinician.
Substratified quantifications can be found in Table S1.

GMDB analysis

Only previously published images of affected individuals were
included in this analysis. We utilized GestaltMatcherl to
analyze facial phenotypic similarities among 92 patient images
in our cohort, encompassing patients with HIST1IH1E, H3.3,
and H4. To mitigate age-related bias, we categorized the cohort
into three age groups: younger than 6 years (40 images), 6-12
years (24 images), and older than 12 years (28 images) and
analyzed them separately. GestaltMatcher was trained on
8,547 images spanning 244 disorders from the GMDB2 to learn
facial dysmorphic features. To avoid the bias caused during the
model training, we ensured that all the HISTIH1E, H3.3, and
H4 patients were removed from the training set. We applied
test-time augmentation and model ensemble techniques to
encode each image into 12 facial phenotype descriptors
(FPDs). Facial phenotypic similarity between two images was
quantified by averaging the cosine distances across the 12
FPDs, with smaller distances indicating greater similarity in
phenotype space. Using these metrics, we assessed both (1)
inter-cohort similarities and (2) pairwise patient-level similar-
ities, providing insight into both cohort and patient-level
similarities.
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We first analyzed the inter-cohort similarity among HISTIH1E,
H3.3, and H4 patients. To visualize the distribution of patients,
we utilized t-SNE3 to map their facial phenotypic features into
a two-dimensional space (Figure S2). Next, we performed random
sampling to calculate the distance distributions between two pa-
tient groups. Specifically, we sampled two types of distributions
from the GMDB: (1) distances between cohorts sampled from
the same disorder, and (2) distances between cohorts sampled
from two different disorders. Using these distributions, we con-
ducted a receiver operating characteristic (ROC) analysis and
determined a threshold value (c = 0.914) for distinguishing be-
tween groups representing different disorders. This threshold
achieved a sensitivity of 0.842 and a specificity of 0.913. Finally,
we calculated the percentage of distance distributions between
each pair of the three groups (HIST1H1E, H3.3, and H4) above
the threshold, providing insights into their inter-cohort pheno-
typic differences.

For the patient-level analysis, we conducted pairwise compari-
sons. To simulate a real-world scenario, we populated the pheno-
type space with 8,547 patient images spanning 244 disorders,
which served as controls. We iterated through the cohort for
each test image, placing the remaining images into the pheno-
type space. We then calculated the rank of each image in the
phenotype space relative to the test image. All data from the
GMDB analysis can be found in Table S2.

Integrated cBioPortal for Cancer Genomics and
PeCan analyses

Comprehensive lists of somatic mutations in H3-3B and H4C9
were compiled through intersecting searches of cBioPortal for
Cancer Genomics and PeCan.”'~”* Through the cBioPortal web
browser (https://www.cbioportal.org), we built a custom case
set in the manual query section that included all 255,345 cases
that comprise the dataset as of April 3, 2024. Because queries
are limited by gene and sample count, we first created a user-
defined gene list that included H3-3B. These searches enabled
us to export tables from the Mutations tab with a list of all re-
ported somatic variants in these two genes across the 34 cate-
gories of datasets compiled in cBioPortal (Table S3). Based on
these searches, we also exported the tables from the Cancer Types
Summary Tab (Figure 6B). These lists of somatic mutations were
then amended with non-overlapping mutations aggregated in
PeCan (https://pecan.stjude.cloud), which were found in the
ProteinPaint tab after performing a search based on gene. These
combined lists facilitated the generation of Figure 6A.

Due to limitations on gene/sample count in cBioPortal, we
then performed more targeted analyses of co-occurring and
mutually exclusive mutations, motivated by the diagnosis of in-
dividual BLBS-97. Since individual BLBS-97 was diagnosed with
an ACTH-producing pulmonary carcinoid (HP:0030445), a
curated list of relevant genes was queried for the co-occurrence
or mutual exclusivity with somatic variants in H3-3B in a
restricted set of studies focused on pancancer interrogations as
well as lung neoplasms (HP:0100526, Figure 6C). All data can
be found in Table S3.

Data and code availability

The published article includes all datasets/code generated or
analyzed during this study within the text, figures, and supple-
mental files.
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