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ABSTRACT

Recent studies have unveiled an association between an L61R substitution within the human
histone H3.3 protein and the presentation of neurodevelopmental disorders in two patients. In
both cases, the mutation responsible for this substitution is encoded by one allele of the H3F3A
gene and, if this mutation is indeed responsible for the disease phenotypes, it must act in
a dominant fashion since the genomes of these patients also harbour three other alleles encoding
wild-type histone H3.3. In our previous work in yeast, we have shown that most amino acid
substitutions at H3-L61 cause an accumulation of the Spt16 component of the yFACT histone
chaperone complex at the 3’ end of transcribed genes, a defect we have attributed to impaired
yFACT dissociation from chromatin following transcription. In those studies, however, the H3-L61R
mutant had not been tested since it does not sustain viability when expressed as the sole source
of histone H3 in cells. In the present work, we show that H3-L61R impairs proper Spt16 dissocia-
tion from genes when co-expressed with wild-type histone H3 in haploid cells as well as in diploid
cells that express the mutant protein from one of four histone H3-encoding alleles. These results,
combined with other studies linking loss of function mutations in human Spt16 and neurodeve-
lopmental disorders, provide a possible molecular mechanism underlying the neurodevelopmen-
tal disorders seen in patients expressing the histone H3.3 L61R mutant.
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Introduction

The first level of compaction of eukaryotic
chromosomes is achieved through the forma-
tion of nucleosomes, structures composed of
~147 base pairs of DNA wrapped around his-
tone octamers, themselves composed of pairs of
the core histones H2A, H2B, H3 and H4 [1].
Nucleosomes are highly dynamic and play key
regulatory roles in essentially all chromatin-
based processes, including DNA replication,
repair, and transcription. The human genome
expresses several histone H3 isoforms, includ-
ing the canonical H3.1 and H3.2 proteins and
the closely related H3.3 variant - whereas H3.1
and H3.2 are expressed exclusively during
S-phase and are incorporated into chromo-
somes during DNA replication, H3.3 is consti-
tutively expressed and incorporates onto DNA
through replication-independent routes
(reviewed in [2,3]). H3.3 is found in association

with highly transcribed genes as well as some
heterochromatic regions (reviewed in [4]).

In human cells, histone H3.3 is encoded by
two genes, H3F3A and H3F3B, each controlled
by distinct regulatory sequences. Strong evi-
dence has accumulated in recent years for
a causative role of specific mutant versions of
H3.3 in several human cancers, including pae-
diatric gliomas, chondroblastoma, and osteosar-
comas. These mutations are somatic in nature
and are found in both H3F3A and H3F3B, with
the most common mutations identified so far
resulting in H3.3 mutants bearing the K27M,
G34R/V/W, or K36M substitutions, which,
directly or indirectly, cause alterations in H3.3
posttranslation modifications (reviewed in
[3,5]). A large-scale survey has identified many
other histone mutants with possible connec-
tions to other cancers [6], thus pointing to
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a potentially extensive of histone
mutants on cancer biology.

Recent work has identified de novo germline
mutations in H3F3A and H3F3B, but rather
than being correlated with cancer, these muta-
tions are associated with neurodevelopmental
disorders. In one study, 37 distinct mutations
across H3F3A and H3F3B were identified
among 46 patients displaying various degrees
of developmental delays and congenital anoma-
lies [7]. In each of these cases, a single allele of
either H3F3A and H3F3B was identified as
being mutant, thus suggesting that these muta-
tions are dominant in nature and that the
resulting mutant proteins confer disease pheno-
types when present at roughly 25% of total
H3.3 protein level within cells. One of the
mutations found at H3F3A is a T to
G transversion at position 185, resulting in
a L61R amino acid substitution in the encoded
H3.3 protein. Interestingly, an independent
study  identified the  same  mutation
(185 T > G, H3.3 L61R) in a different patient
also displaying various types of developmental
disorders ([8] - we note that the authors of this
latter study refer to this mutant as L62R reflect-
ing an alternative residue numbering system
that includes the initiator methionine in H3.3
that is normally excised from the mature pro-
tein). Collectively, these findings thus point to
germline mutations in H3.3-encoding genes as
potentially being causative for neurodevelop-
mental disorders in humans, with the H3.3
L61R mutant being of particular interest given
its identification in two independent studies.

Aside from a centromere-specific histone H3
variant, the budding yeast Saccharomyces cere-
visiae expresses a single histone H3 protein that
is most closely related to the human H3.3 iso-
form, the two of them sharing 90% amino acid
identity with each other [9]. In our previous
work, we demonstrated that single amino sub-
stitutions at the H3-L61 position cause a shift
in the distribution of the yeast FACT (yFACT,

impact

FAcilitates Chromatin Transcription/
Transactions) histone chaperone complex
towards the 3’ end of transcribed genes,

a defect likely reflective of impaired dissocia-
tion of yFACT from genes following

transcription [10,11]. yFACT is composed of
two proteins, Sptl6 and Pob3, which, through
the assistance of the DNA architectural protein
Nhp6, interact and reorganize nucleosomes in
order to facilitate a variety of chromatin-based
processes, including DNA transcription, repli-
cation, and repair (reviewed in [12-16]).
During transcription elongation in vivo,
FACT’s major role appears to be in promoting
the reassembly of nucleosomes in the wake of
RNA Polymerase II (Pol II) passage in order to
maintain chromatin integrity across genes, but
in vitro studies, including those that originally
identified FACT, have also shown a role for
FACT in facilitating the disassembly of nucleo-
somes in order to allow Pol II access to the
template DNA ([17] and reviewed in [13,15]).
Recent work has provided strong evidence for
a model in which yFACT is first recruited to
genes through interactions with +1 nucleo-
somes that have been partially unwrapped by
an engaged Pol II and subsequently travels
towards their 3’ ends through a processive
mechanism that depends on the activity of the
chromatin remodeler Chd1l [18,19].

The H3-L61 residue is located within
a nucleosomal region we have termed ISGI
(Influences Spt16-Gene Interactions), the integ-
rity of which is required for proper physical
interactions between Sptl6 and transcribed
genes [20]. In a study in which all possible
amino acid substitutions at H3-L61 were gener-
ated, we found that whereas sixteen H3-L61
mutants supported viability when the respective
mutant proteins were expressed as sole source of
histone H3 in cells, all sixteen caused varying
degrees of defects in Sptl6-gene interactions
[11]. The remaining three mutants, which
included H3-L61R, were shown to be unable to
support cell growth in the absence of wild-type
H3 and were therefore not tested for defects in
Sptl6-gene interactions. In the present study, we
carried out further analyses of the H3-L61R
mutant and found that whereas it allows for
cell viability when wild-type histone H3 is co-
expressed in cells, it also confers strong domi-
nant defects on Sptl6-gene interactions. Our
findings, combined with another recent study
implicating mutant versions of the human



Sptl6 protein in neurodevelopmental disorders
[21], point to a possible molecular mechanism
driving disease state in individuals expressing
H3.3 L61R.

Materials and methods
Yeast strains and growth media

All strains used in this study are GAL2" derivatives
of the S288C strain background [22] and are
shown in Table 1. The generation of the HHT2
alleles encoding the H3-L61A, -L61W, and -L61R
mutants has been described elsewhere [11]. Details
on standard yeast genetic techniques and media
preparation have been provided previously [23].

Chromatin immunoprecipitation (ChIP)/qPCR
assays

ChIP assays were carried out using rabbit polyclo-
nal antibodies specific for Spt16 (kindly provided
by Tim Formosa) as detailed in previous studies
[24]. qPCRs were conducted using the following

Table 1. Saccharomyces cerevisiae strains.
Strain Genotype

yADP127 MATa his3A200 leu2A1 ura3-52 trp1463 lys2-1286 HHT2

yADP128 MATa his34200 leu2A1 ura3-52 trp1463 lys2-1285 hht2 (H3-
L61A)

yADP129 MATa his3A200 leu2A1 ura3-52 trp1463 lys2-1285 hht2 (H3-
L61W)

yADP130 MATa his34200 leu2A1 ura3-52 trp1463 lys2-1285 hht2 (H3-
L61R)

yADP131 MATa his34200 leu2A1 ura3-52 trp1463 lys2-1286 hht2A::
URA3

yADP132 MATa/Mata his3A200/his3A200 leu2A1/leu2A1 ura3-52/
ura3-52 trp1A63/trp1463 lys2-1286/lys2-1288 HHT2/HHT2

yADP133 MATa/Mata his3A200/his3A200 leu2A1/leu2A1 ura3-52/
ura3-52 trp1A63/trp1463 lys2-1286/lys2-1286 HHT2/hht2
(H3-L61R)

yADP134 Mata his3°leu2®ura3® lys2-1285 KanMX4-GAL1pr-FLO8-HIS3

yADP135 Mata his3%leu2®ura3 lys2-1285 KanMX4-GAL1pr-FLO8-HIS3
hht2 (H3-L61A)

yADP136 Mata his3°leu2®ura3® lys2-1288 KanMX4-GAL1pr-FLO8-HIS3
hht2 (H3-L61W)

yADP137 Mata his3°leu2’ura3® lys2-1285 KanMX4-GAL1pr-FLO8-HIS3
hht2 (H3-L61R)

yADP138 Mata his3%leu2®ura3® lys2-1288 KanMX4-GAL1pr-FLO8-HIS3
hht2A::URA3

yADP139 MATa his3A200 leu2A1 ura3-52 trp1463 lys2-1285 hht2 (H3-
L61D)

yADP140 MATa his34200 leu2A1 ura3-52 trp1463 lys2-1285 hht2 (H3-
L61P)

*The allele at this locus is either his3A200 or his3A1
bThe allele at this locus is either leu2A1 or leu2A0
“The allele at this locus is either ura3-52 or ura3A0
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primer sets: 5PMAI, OAD394 and OAD395;
3PMA1, OAD383 and OAD384; 5 FBAI,
OAD419 and OADA420; 3FBAI, OAD423 and
OAD424; 5'ADHI, OAD701 and OAD702;
3'ADHI, OAD703 and OAD704. The coordinates
for these primers have been previously reported
[25]. The sequences for the PMAI and FBAI pri-
mers have been provided in earlier work [24,26],
and the sequences for the ADHI primers are:
OAD701 5 AAAGCCAAAGGCCAACGAA 3%
OAD702 5 AGCGTGCAAGTCAGTGTGACA 3’
OAD703 5 TCGGTGTGTATTTTATGTCCTCA
GA 35 OAD704 5 CTGTGGATCCGTGTG
GAAGA 3.

Results and discussion

Most H3-L61 mutant proteins support cell viabi-
lity and cause varying degrees of Spt16-gene inter-
action defects when expressed as sole source of
histone H3 in yeast cells, with the two most severe
mutants, H3-L61K and H3-L61W, also causing
strong growth defects [11]. The H3-L61R mutant
is unable to sustain viability on its own [11], and
we reasoned that a possible reason for this could
be that it causes perturbations in Spt16 association
across genes that are more pronounced than those
seen in the context of the strongest viable H3-L61
mutants, and that these are extreme enough to
cause lethality. To investigate this possibility, we
analysed the effects of H3-L61R on Sptl6-gene
interactions in cells that also express wild-type
histone H3.

The haploid yeast genome harbours two genes
expressing histone H3, HHT1 and HHT2. In our
previous work, in order to test the effects of H3
mutants in the absence of wild-type histone H3,
we carried out experiments in haploid cells deleted
for HHT1 and carrying either wild-type or mutant
HHT?2 genes (hht1A;HHT2 and hht1A;hht2 cells -
note that in order to maintain proper histones H3
and H4 stoichiometry the HHFI1 gene was also
deleted in these cells [11]). In the present study,
we carried out experiments in haploid cells carry-
ing wild-type HHT1 and either wild-type or
mutant HHT2 genes (HHTL,HHT2 and HHTI;
hht2 cells).

To assess the effect of H3-L61R on Sptl6-gene
interactions, we performed chromatin
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immunoprecipitation (ChIP) assays directed
against Sptl6 across three highly transcribed
genes, PMAI, FBAI, and ADHI. Whereas in
wild-type cells Sptl6 binding is lower at the 3’
regions of these genes with respect to their corre-
sponding 5" regions (reflecting proper Sptl6 dis-
sociation at the end of the transcription process),
cells co-expressing wild-type H3 and H3-L61R
(H3 WT/H3-L61R cells) showed a marked
increase in relative Sptl6 occupancy at the 3’
regions of all three genes (Figure 1). We tested
two additional H3-L61 mutants in these assays,
H3-L61A and H3-L61W - both of these mutants
were previously shown to support viability when
expressed as sole source of histone H3 in cells,

with H3-L61A causing moderate defects in
Sptl6-gene interactions and H3-L61W causing
the strongest defects among all viable H3-L61
mutants [11]. As shown in Figure 1, H3 WT/H3-
L61A cells showed at most a subtle defect in Spt16
occupancy across the genes tested while H3 WT/
H3-L61W cells showed much stronger defects, but
lower in magnitude than those seen in H3 WT/
H3-L61R cells. The defects seen in Sptl6-gene
interactions in H3 WT/H3 mutant cells are due
to gain-of-function effects since cells deleted for
HHT2 (HHTILhht2A, or H3 WT/H3A cells)
behaved indistinguishably from wild-type cells in
these assays (Figure 1). These results demonstrate
that the H3-L61R mutant causes an abnormal

a
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Figure 1. Effects of histone H3-L61R and two other H3-L61 mutants on Spt16 occupancy across three transcribed genes when
expressed in conjunction with wild-type histone H3. (a) Diagrams of the three genes tested in these assays, shown roughly to scale.
Numbers above the genes represent base-pair positions starting with the first base-pair of the respective open reading frame
analysed. The numbers and coloured bars below the diagrams indicate the locations of the 5" and 3’ regions amplified in qPCR
experiments. Arrows indicate the direction of transcription. (b) Levels of Spt16 occupancy across the PMAT, FBA1, ADHT genes as
measured in ChIP/gPCR assays in strains expressing the indicated histone H3 proteins. All strains express wild-type histone H3 from
the HHTT locus and either wild-type histone H3 or the indicated H3-L61 mutant from the HHT2 locus — the H3WT/H3A control strain
is deleted for the HHT2 locus. For each gene tested, Spt16 occupancy level at the 3’ region is shown relative to Spt16 binding at the
respective 5" end (see Table 2 for Spt16 % immunoprecipitation values at the 5’ regions). In each case, data are presented as mean +
S.EMM. from three independent experiments. Statistically significant differences relative to H3 WT/H3 WT cells are indicated by
asterisks (Student’s t-tests, P < 0.05). The strains used in these experiments are yADP127-yADP131.



Table 2. Average Spt16 % immunoprecipitation (%IP) values at
5’ regions of genes assayed in this study.

Strain H3 configuration Location Spt16% IP + S.E.M.
yADP127 H3 WT/H3 WT 5" PMAT 6.1+12
yADP128 H3 WT/H3-L61A 5" PMAT 83+ 21
yADP129 H3 WT/H3-L6TW 5" PMAT 44 +15
yADP130 H3 WT/H3-L61R 5" PMAT 33+£09
yADP131 H3 WT/H3 A 5" PMA1 48 £ 06
yADP139 H3 WT/H3-L61D 5" PMA1 46 £ 0.1
yADP140 H3 WT/H3-L61P 5" PMA1 57 0.7
yADP127 H3 WT/H3 WT 5" FBA1 3.1+09
yADP128 H3 WT/H3-L61A 5 FBA1 48 £ 1.2
yADP129 H3 WT/H3-L61W 5" FBA1 3211
yADP130 H3 WT/H3-L61R 5 FBA1 27 08
yADP131 H3 WT/H3 A 5 FBA1 25+ 04
yADP139 H3 WT/H3-L61D 5" FBA1 33x02
yADP140 H3 WT/H3-L61P 5" FBA1 40 + 0.7
yADP127 H3 WT/H3 WT 5" ADH1 2708
yADP128 H3 WT/H3-L61A 5" ADH1 3710
yADP129 H3 WT/H3-L6TW 5" ADH1 20+ 06
yADP130 H3 WT/H3-L61R 5" ADH1 19 =06
yADP131 H3 WT/H3 A 5" ADH1 20+0.2
yADP139 H3 WT/H3-L61D 5" ADH1 25+02
yADP140 H3 WT/H3-L61P 5" ADH1 34+05
yADP132 (H3 WT), 5" PMA1 74+ 14
yADP133 (H3 WT)3/H3-L61R 5" PMA1 6.8 + 0.8
yADP132 (H3 WT), 5 FBA1 40 + 0.7
yADP133 (H3 WT)5/H3-L61R 5" FBA1 43 £ 0.6
yADP132 (H3 WT), 5" ADH1 27 04
yADP133 (H3 WT)5/H3-L61R 5" ADH1 2303

increase in Sptl6 occupancy at the 3’ ends of
transcribed genes relative to their respective 5’
ends through a dominant, gain-of-function
mechanism.

The data in Figure 1 also show that H3-L61R
confers stronger defects than those caused by
H3-L61W, which may at least in part explain
why cells expressing H3-L61R as only source of
histone H3 are unable to proliferate. The other
two lethal histone H3 mutants, H3-L61D and
H3-L61P, also confer dominant defects in Spt16
gene dissociation, but do so to a degree com-
parable (H3-L61D) or less than (H3-L61P) than
what is seen in H3 WT/H3-L61W cells (Figure
S1), indicating that their lethal phenotypes may
be due to impairment of additional processes.
The defects caused by H3-L61R, -L61D, and -
L61P are likely to be more widespread than the
genes we tested here and are at least in part
specific to Sptl6 since our previous work has
shown that both H3-L61W and another strong
ISGI mutant, H4-R36A, cause severe Sptl6 dis-
sociation defects at several additional genes and
they only confer relatively minor defects on Pol
II and nucleosome occupancy across genes
[10,26].

EPIGENETICS 5

We next carried out growth tests to determine if
H3-L61R confers additional dominant defects. In
one experiment, we tested for the ability of the
H3-L61R mutant to suppress the Lys™ phenotype
caused by the presence of a Tyl § element within
the promoter of the LYS2 gene. Suppression of this
allele (known as lys2-1289) is caused by mutations
that alter chromatin structure and/or the tran-
scription machinery in a way that allows for acti-
vation of the otherwise inactive Tyl § promoter -
the resulting phenotype, referred to as Spt, can
then be followed by growth on media lacking
lysine [27]. In a second experiment, we assessed
if H3-L61R causes a phenotype indicative of cryp-
tic intragenic transcription initiation. Previous
work has shown that certain mutations that impair
transcription-dependent nucleosome reassembly
or otherwise affect chromatin environments can
result in intragenic transcription initiation, and
that these defects can be followed through the
use of a reporter system consisting of the HIS3
coding region fused downstream from a cryptic
promoter element present within the FLO8 coding
sequence and assessing for the ability of his3A cells
to grow on media lacking histidine [28].

As shown in Figure 2, whereas H3 WT/H3 WT
cells were unable to grow on media lacking either
lysine or histidine, H3 WT/H3-L61R cells dis-
played some growth on media lacking lysine
(Spt™ phenotype) and media lacking histidine
(reflecting intragenic transcription initiation at
the FLOS8-HIS3 reporter gene), thus suggesting
that the H3-L61R mutant imparts defects on chro-
matin structure and transcription in a dominant
fashion (see Figure 2). H3 WT/H3-L61W cells also
displayed an Spt™ phenotype, but weaker than that
seen in H3 WT/H3-L61R cells, and WT/H3-L61A
cells behave similarly to wild-type cells on all
media (Figure 2). The fact that H3 WT/H3A cells
behave like wild-type cells in these assays
(Figure 2) indicates that H3-L61R perturbs chro-
matin structure and transcription through a gain
of function mechanism.

Whereas the experiments shown in Figure 1
demonstrate that H3-L61R can interfere with nor-
mal Sptl16-gene interactions in a dominant fashion,
they may not accurately reflect what occurs in
human cells since the cells used for those experi-
ments were haploid and carry a total of two histone
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Figure 2. Growth tests assessing dominant effects of H3-L61 mutants on phenotypes indicative of chromatin and transcription
defects. Cells expressing the indicated histone H3 proteins were spotted on the indicated growth media in a 10-fold dilution series
(6 pl per spot, with the cell concentration of the most concentrated spots at 5 x 108 cells/ml). Media in the upper row contain
glucose, whereas those on the bottom contain galactose — the FL08:HIS3 fusion gene is under the control of the GALT promoter, and
cryptic transcription intragenic transcription initiation in H3 WT/H3-L61R cells is only seen in conditions that activate expression of
the fusion gene (i.e,, in the presence of galactose). Plates were incubated at 30°C for 2 days (SC), 3 days (SC-lys, SC GAL, and SC-his
GAL), or 4 days (SC-his). The strains used for these assays are yADP134-138.

H3-encoding alleles. To more closely mirror the
histone H3.3 genetics in human cells, we generated
diploid yeast cells with either a full set of wild-type
histone H3-encoding alleles (HHT1/HHT1;HHT2/
HHT2, or (H3 WT), cells) or cells with one mutant
HHT?2 allele (HHT1/HHTL;HHT2/hht2, or (H3
WT);/H3-L61R cells) and assayed them in Sptl6-
ChIP experiments. As shown in Figure 3, compared
to (H3 WT), cells, (H3 WT)3/H3-L61R cells display
increased Sptl6 occupancy at the 3’ regions of all
three genes tested relative to their respective 5
regions. These results show that even when present
at ~25% of total histone H3 levels in cells, the H3-
L61R mutant can cause significant perturbations in
Sptl6-gene interactions.

Our results demonstrate that in yeast H3-
L61R causes defects in association of Sptl6
across transcribed genes through a dominant,
gain of function mechanism, even when
expressed in diploid cells from one of the four

histone H3-encoding alleles. It is therefore pos-
sible that human cells expressing the H3.3 L61R
mutant from one of the four H3.3-encoding
alleles may also display similar defects in Spt16-
gene interactions. Previous studies have estab-
lished an association between five de mnovo
mutations in SUPTI6H, the gene encoding
human Sptl6, and neurodevelopmental disor-
ders similar to those seen in the two patients
carrying the H3F3A 185 T > G (H3.3 L61R)
mutation [21]. Whereas four of these
SUPTI6H mutations are point mutations result-
ing in single amino acid substitutions across the
Sptl6 protein, one is a chromosomal deletion
that removes one of the two SUPTI6H alleles,
thus suggesting that these mutations mediate
their effects through a loss-of-function mechan-
ism. Combined with these findings, our results
raise the possibility that H3.3. L61R causes neu-
rodevelopmental disorders by trapping Spt16 at
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Figure 3. Effects of histone H3-L61R on Spt16-gene interactions when expressed from one of four histone H3-encoding alleles in
diploid cells. Spt16 occupancy in diploid cells harbouring either a full set of wild-type histone H3-encoding alleles ((H3 WT),) or three
wild-type alleles and one encoding H3-L61R ((H3 WT);/H3-L61R)) was assessed by ChIP/qPCR at the same regions as those assayed in
Figure 1. For each gene tested, Spt16 occupancy level at the 3’ region is shown relative to Spt16 binding at the respective 5" end
(see Table 2 for Spt16 % immunoprecipitation values at the 5’ regions). In each case, data are presented as mean + S.E.M. from three
independent experiments. Statistically significant differences relative to (H3 WT), cells are indicated by asterisks (Student’s t-tests,
P < 0.05). The strains used in these experiments are yADP132 and yADP133.

the 3’ ends of genes, effectively lowering the net
amount of Sptl6 available to carry out critical
chromosomal functions.

The H3-L61 residue is located near other resi-
dues on the nucleosome that when mutated also
cause defects in Spt16 dissociation at the 3’ end of
transcribed genes, defining a nucleosomal region
we have termed ISGI (Influences Sptl6-Gene
Interactions [20]). The mechanism by which ISGI
mutants impair Sptl6-gene dissociation is cur-
rently unknown, but given results from structural
studies showing close proximity between the ISGI
region and the Spt16 middle domain [29-31] it is
possible that this region promotes FACT dissocia-
tion through dynamic physical interactions with
Sptl6, and that specific ISGI mutants perturb
these interactions to a degree that they interfere
with this process. Such a model would predict that
different substitutions at H3-L61 would impact the
ISGI region structure to different degrees and

would therefore have varying effects on Sptl6 dis-
sociation, which is in line with this and our pre-
vious work [11]. In future studies, it will be of
interest to determine if other amino acid substitu-
tions within the ISGI region also show an associa-
tion with neurodevelopmental conditions
humans. Large-scale studies assessing the effects
of H3-L61 mutants on Sptl6 interactions across
an entire genome will also provide important
insights into the overall scope of the defects con-
ferred by this class of histone mutants on Sptl16-
chromatin interactions.
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