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Abstract.

Wolf-Hirschhorn syndrome (WHS) is a contiguous gene deletion disorder associated
with the distal part of the short arm of chromosome 4 (4p16.3). Employing a unique
panel of patient-derived cell lines with differing sized 4p deletions, we provide
evidence that haploinsufficiency of SLBP and/or WHSC2 (NELF-A) contributes to
several novel cellular phenotypes of WHS including delayed progression from S
phase into mitosis, reduced DNA replication in asynchronous culture and altered
higher order chromatin assembly. The latter is evidenced by reduced histone-
chromatin association, elevated levels of soluble chaperone-bound histone H3 and
increased sensitivity to micrococcal nuclease digestion in WHS patient-derived cells.
We also observed increased camptothecin-induced inhibition of DNA replication
and hypersensitivity to killing. Our work provides a novel pathogenomic insight into
the aetiology of WHS by describing it, for the first time, as a disorder of impaired
chromatin reorganisation. Delayed cell cycle progression and impaired DNA
replication likely underlie or contribute to microcephaly, pre- and postnatal growth

retardation, which constitute the core clinical features of WHS.
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Introduction.

The clinical presentation of WHS is complex and variable, involving
microcephaly, seizures and hypotonia, intra-uterine and post-natal growth retardation,
mental retardation and cardiac abnormalities (atrial and ventricular septal defects) (1-3).
WHS also exhibit a typical facial dysmorphism (“Greek warrior helmet face”), including
ocular hypertelorism, broad nasal bridge, high forehead with prominent glabella, arched
eyebrows, short philtrum, down-turned corners of the mouth, cleft lip or palate and
epicanthal folds. The severity and spectrum of clinical features correlates with the size of
the 4p16.3 deletion (4-7). There has been much debate in the literature concerning the
genotype-phenotype relationship between haploinsufficiency of genes on 4p16.3 and the
specific clinical presentation of WHS (6-9). Single nor contiguous gene deletion mouse
models for genes in 4p16.3 recapitulate all of the WHS-associated clinical features
further underscoring the multigenic nature of this condition (10-12). Aside from a few
isolated examples (e.g. LETM1, WHSC1) there appears to be a scarcity of data linking
haploinsufficiency of gene(s) to specific biological dysfunctions that could underlie
particular WHS clinical phenotypes (13-14). Indeed several individuals with terminal 4p
deletions distal to the WHSCR have been identified some of whom exhibit overlapping
clinical features to that of WHS (7, 9, 15-16). Based on a minimal region of overlap in
various patients with WHS-like phenotypes, the original WHS ‘critical region’
(WHSCR), was demarcated (17-18). The region incorporates part of the WHS candidate
gene WHSC1 and all of WHSC2 gene (Fig 1A), indicating that haploinsufficency of

WHSC1 and WHSC2 account for the core phenotypes, although other adjacent genes are
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implicated in certain WHS clinical features. More recently, a ‘new” WHS critical
region, "WHSCR2”, was identified distal of this WHSCR1, including LETM1 and

partially WHSC1 but not WHSC2 (19-20) (Fig 1A).

The demarcation of a minimal critical region in WHS patients strongly implicated
haploinsufficiency of WHSCL1 as an important contributor to the key phenotypic features
of WHS (21). Recently, WHSC1, otherwise known as NSD2 (Nuclear receptor SET
domain containing) /MMSET (Multiple Myeloma SET domain containing), was
characterised as a putative histone methyltransferase with features of a transcriptional co-
repressor (22-23). This gene controls histone H3-trimethylation on lysine-36 (H3-K36-
me®), a histone modification associated with actively transcribed regions (14, 24). Nimura
and colleagues also showed that WHSC1 (NSD2/MMSET) functions together with cell-
type-specific transcription factors such as Salll, Sall4 and Nanog in embryonic stem cells
and Nkx2-5 in embryonic hearts, regulating expression of their respective target genes
(14). Interestingly this histone methyltransferase activity is up-regulated as a
consequence of a recurrent immunoglobin translocation, t(4;14)(p16;932), in a subset of
multiple myeloma patients (22-23, 25-26). Considering that mutations in other chromatin
remodelling genes have been shown to underly different human syndromes involving
developmental anomalies, WHSCL is a prime candidate to cause WHS features. Yet,
there is evidence that haploinsuffiency of other genes contribute to microcephaly, the
specific facial appearance and the pre- and postnatal growth retardation, all of which are
key WHS phenotypic features (6-7, 9): WHS-like patients have recently been identified

with atypical 4p deletions outside the critical regions and mutations in WHSC1 have
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never been identified in patients without terminal 4p deletions but with the clinical
diagnosis of WHS (6-7, 16). Other genes commonly involved in or adjacent to the

‘critical regions’ include WHSC2, LETM1 and SLBP (4-5, 8).

The WHSC2 gene, also known as NELF-A, encodes a component of the Negative
ELongation Factor complex (27). The NELF complex inhibits RNA polymerase |1
progression early during elongation (a process referred to as ‘promoter proximal
pausing’), thereby altering expression of its target genes in a positive and negative
manner (27-29). LETM1 encodes a mitochondrial protein whose dysfunction affects
mitochondrial morphology and mitochondrial K* and Ca** homeostasis. LETM1
haploinsufficiency is thought to underlie epilepsy and seizures seen in WHS (13, 30-32).
The functional significance of SLBP (Stem Loop Binding Protein) haploinsufficiency is
unclear (11-12). SLBP is required for optimal histone biogenesis, a highly regulated
process that is intimately coordinated with DNA synthesis and DNA replication fork
progression (33-35). Replication-dependent histone mMRNA'’s are the only eukaryotic
cellular mRNA'’s that are not polyadenylated, instead terminating in a conserved stem-
loop structure (36-37). SLBP is essential for correct processing of the stem-loop-
containing pre-mRNA’s and consequently regulates the amount of histone synthesis
during S phase (33, 36, 38). Furthermore, SLBP also functions in the termination of
histone synthesis at the end of S phase and/or following DNA damage during DNA
replication by controlling the degradation of histone pre-mRNA’s (39-41). The accurate
deposition of correct histone types onto chromatin during DNA replication is

fundamental for transcriptional regulation, heterochromatin formation and demarcation
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along with the preservation of epigenetic markers (42-44). Recently, NELF-A (WHSC2)
has been found to be required for the optimal recruitment of SLBP to the 3’ end of
histone pre-mRNA’s (27). In fact, the absence of NELF complex was found to be
associated with the production of polyadenylated histone mRNA’s in mammalian cells
(27). Furthermore, siRNA knockdown of various NELF subunits was also shown to

decrease overall transcription of histone genes (45).

Herein, we describe novel cellular defects associated with WHS including
delayed S phase progression and reduced DNA synthesis, impaired histone deposition,
altered higher order chromatin structure and enhanced sensitivity to DNA damage.
Furthermore, we provide evidence that haploinsufficiency of SLBP and/or NELF-A
(WHSC2) likely underlie these defects, thereby providing novel insight into the functional
consequence of haploinsufficiency of genes on 4p16.3 associated with a well known

human contiguous gene deletion disorder.
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Results.

WHS patient-derived cells exhibit reduced SLBP and NELF-A (WHSC?2) protein

expression.

We have assembled a unique collection of EBV-transformed lymphoblastoid cell
lines (LCLs) from patients exhibiting variously sized sub-microscopic deletions within
4p16.3 (Fig 1A). Several of these patients have already been clinically described and the
breakpoints to the base-pair level have been mapped for LCL:C (355) (6, 16, 46). Our
archetypical WHS patient-derived LCL: A(83), is from a patient with a terminal
hemizygous deletion of 3.85Mb (including SLBP, WHSC1 and WHSC2 amongst other
genes). The LCL: B(177), is from a patient with a deletion from 1.87-3.447Mb
incorporating WHSC1 and NELF-A (WHSC2) but not SLBP. LCL: C(355), is from an
individual with a terminal deletion up to and including SLBP but is bi-allellic for genes
centromeric to SLBP (including WHSC1 and NELF-A(WHSC?2)) (Fig 1A). Fig 1B shows
that SLBP and NELF-A protein levels are reduced consistent with haploinsufficiency, in
LCLs from WHS patients exhibiting the appropriately sized deletions (Fig 1A). This is
the first report demonstrating reduced expression at the protein level of the products of
these genes, which have previously been demonstrated to be haploinsufficient at the

genome and transcript level, (Hannes et al., in preparation).
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WHS LCLs exhibit impaired cell cycle progression following release from an S-

phase block.

Severe depletion of SLBP or NELF-A has been shown in independent studies to
be associated with reduced cellular proliferation, and in the case of SLBP specifically,
impaired S phase progression (33, 45, 47-48). To determine whether reduced S phase
progression was a feature of WHS patient-derived LCLS, we first monitored cell cycle
distribution using propidium iodide flow cytometry following release from an aphidicolin
(APH)-induced S-phase arrest into colcimed-containing medium to trap cells in mitosis
(M). We found that all of our WHS patient-derived LCLs exhibited a modest delayed
progression from S-phase to M, compared to wild-type (WT) LCLs (Fig 2A). This was
indicated by fewer cells (25% reduction approx) from each of the WHS LCLs attaining a
4N DNA content (indicative of M) following release from the APH-induced S phase

block, compared to WT (Fig 2B).

WHS LCLs exhibit delayed progression through S phase consistent with functional

under-expression of SLBP and/or NELF-A (WHSC?2).

To demonstrate a specific kinetic delay in S phase progression in un-manipulated,
asynchronously growing WHS patient-derived LCLs, we employed a bromodeoxyuridine
(BrdU) pulse-chase following BrdU washout coupled to two-dimensional flow cytometry
to monitor the rate of BrdU labelled cells in S in attaining a 4N DNA content (Fig 3A).

Quantitation of the rate of progression from early S phase showed that all of the WHS
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LCLs exhibited delayed progression relative to WT (Fig 3B). Collectively, these data
(Fig 2&3) indicated that WHS patient-derived LCLs haploinsufficient for SLBP and/or

NELF-A (WHSC2) exhibit delayed progression through S phase.

To provide evidence that under-expression of either SLBP and/or NELF-A
WHSC2) could underlie this phenotype, we investigated cell cycle progression from S-
phase to mitosis in A549 cells following siRNA-mediated depletion of SLBP and/or
NELF-A. We found that depletion of SLBP and/or NELF-A in these cells was associated
with a severe delay in progression from S to M phase indicated by the attenuated
decrease in cells with 2N DNA content overtime, following gene-specific knockdowns
compared to the control (Fig 4). Collectively, these data suggest that delayed progression
through S phase is a consistent feature of WHS patient-derived LCLs and that reduced

expression of SLBP and/or NELF-A (WHSC2) can contribute to this delay.

WHS LCLs exhibit reduced S-phase content and altered chromatin assembly.

From examination of the BrdU pulse-chase flow cytometry profiles (Fig 3), it
appears that the WHS LCLs tended to incorporate less BrdU relative to the WT cells
following the 15 mins BrdU pulse treatment. This could indicate a fundamental stochastic
impairment of DNA synthesis in these cells. Using a longer pulse-label with BrdU (30-45
mins) to ascertain the relative amount of cells actively undergoing DNA synthesis, we
consistently observed fewer S-phase cells in asynchronously growing WHS patient-

derived LCLs compared to WT (Fig 5A & B). All of our WHS patient-derived LCLs
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exhibited reduced S-phase content relative to WT, amounting to a remarkable 25-35%
reduction, consistent with haploinsufficiency of either SLBP and/or NELF-A (WHSC2)

being associated with this phenotype (Fig 5B).

The majority of histone synthesis (i.e. for non-variant histones) occurs specifically
in S phase. This process is very tightly regulated so as to coordinate with DNA
synthesis/replication, whereby nascent histones are efficiently deposited to form
chromatin following the DNA replication fork (‘de novo nucleosome assembly’) (35).
SLBP plays a pivotal function in mediating histone biogenesis via a direct role in histone
synthesis but also in the targeted degradation of histone mRNA at the end of S phase.
This dual function ensures the correct complement of histones are synthesised in a highly
controlled manner when they are required (i.e. during DNA replication) (33, 49). NELF-
A (WHSC?2) is involved in the recruitment of SLBP to the 3’end of histone pre-mRNA’s
(27). Therefore, considering the functional interplay between SLBP and NELF-A
(WHSC2) in histone biogenesis, along with SLBP’s role in histone mRNA degradation,
we next sought to examine histone content and dynamics in WHS patient-derived cells to
ascertain whether abnormalities in this process may be associated with impaired DNA
replication in these cells. We did not detect a reduction in total histone complement in
A(83) WHS patient-derived LCLs compared to WT, suggesting that haploinsufficiency
of SLBP and NELF-A (WHSC?2) does not grossly affect histone synthesis per se, in this
context (Fig 5C). Strikingly however, upon fractionation, we found reduced levels of
chromatin-associated histones, most noticeably H2A, H3 and H4, in asynchronous

cultures of WHS patient-derived LCLs, compared to wild-type (WT), (Fig 5D).
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Interestingly, we observed similarly reduced levels of chromatin-fractionated histones in
LCL: C(355) and LCL: B(117) compared to LCL: A(83). This suggests that
haploinsufficiency of SLBP and/or NELF-A (WHSC?2) is associated with this defect (Fig
5D). Furthermore, similar deficits in H2A and H4 loading were found in additional WHS
patient-derived LCLs with distinct though overlapping deletions to A(83)

(Supplementary Fig 1&2A). These data indicate that impaired histone deposition and
chromatin assembly is a feature of WHS patient-derived cells. Such phenotypes are
consistent with the known functions and interplay between SLBP and NELF-A (WHSC2),
although this has not previously been demonstrated in the context of haploinsufficiency-

Genomic Disorders.

WHS LCLs exhibit increased levels of non-chromatin-associated chaperone-bound

histone H3.

Recycling of ‘parental’ histones from ahead of the replication fork and transfer
onto nascent DNA following the DNA replication fork (‘parental histone segregation’)
ensures maintenance of epigenetic markers. De novo nucleosome assembly and parental
histone segregation at DNA replication forks is facilitated by distinct histone chaperone
complexes (35, 44). For example, CAF-1 (Chromatin Assembly Factor-1) functions to
deposit newly synthesized histone H3:H4 onto replicating DNA via an interaction with
PCNA. Therefore, maintenance of chromosomal integrity, efficient DNA replication and
coordinated cell cycle progression, relies on these chaperone complexes (50). Histone

chaperones also act as a buffering system in the event of aberrant excess histone synthesis
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and as a repository for available histones to facilitate the recovery from replication stress
(51). CAF-1-mediated histone H3:H4 assembly is facilitated by the coordinated action of
the NASP (Nuclear Autogenic Sperm Protein) and ASF-1 (Anti-Silencing Factor-1)

chaperones, with SNASP (somatic NASP) considered the principal H3:H4 chaperone (52).

We found elevated levels of histone H3 associated with SNASP following
immunoprecipitation (IP) of SNASP from soluble extracts (i.e. the non-chromatin fraction)
of the WHS patient-derived LCL: A(83), compared to WT (Fig 5E). Indeed, this
appeared to be a feature of other WHS patient-derived LCLs with overlapping deletions
to that of A(83) (Supplementary Fig 2C). Furthermore, lentiviral transduction of LCL:
A(83) with either SLBP or NELF-A cDNA reduced the amount of SNASP-bound H3 that
could be immunoprecipitated from soluble extracts relative to un-transduced LCL: A(83)
(Fig 5E, Unt; un-transduced compared to SLBP and NELF-A). This indicates that under-
expression of either of these genes contributes to this phenotype but also, that WHS
patient-derived cells exhibit a defect in normal histone deposition onto chromatin (Fig
5E). In agreement with this, we also found that soluble (non-chromatin) cell extracts
prepared from asynchronous growing LCL: A(83), which are haploinsufficient for both
SLBP and NELF-A (WHSC2), exhibited significantly elevated levels of histone H3
compared to WT (Fig 5F upper panel). This is consistent with reduced chromatin-
associated histones observed in WHS patient-derived LCLs as shown in Fig 5D and
suggests that WHS is characterised by impaired assembly of histones into chromatin
rather than histone biosynthesis. In fact, soluble extracts prepared from B(117) and C(355)

LCLs also exhibited elevated levels of soluble H3 compared to WT (Fig 5F, upper panel).
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This indicates that under-expression of either SLBP and/or NELF-A (WHSC2) potentially
contributes to this phenotype. In support of this, lentiviral transduction of A(83) LCLs
with either SLBP, or more dramatically with NELF-A cDNA, appeared to partially reduce

this effect (Fig 5F, upper panel, Unt; un-transduced compared to SLBP and NELF-A)).

WHS LCLs exhibit increased levels of non-chromatin-associated histone H3-K9-me?®.

The novel WHS-associated cellular phenotypes we have identified here, including
a reduction in chromatin-associated histones (Fig 5D) and elevated levels of non-
chromatin-associated histone H3 (Fig 5E & F, Supplementary Fig 2A&B), could
conceivably be expected to adversely impact on the maintenance/propagation of histone
post translational modifications (e.g. methylation, acetylation) and consequently
epigenetic markers, thereby potentially disrupting the ‘epigenetic memory’ (42-43).
Histone H3-lysine-9-tri-methylated (H3-K9-me®) is a marker for heterochromatin,
essentially parental (chromatin-associated) histone H3, as this is a post-translational
modification that occurs after chromatin assembly and is therefore not seen on de novo
histones. Interestingly, we found elevated levels of soluble histone H3-K9-me® following
IP of total histone H3 from soluble (non-chromatin) extracts from LCL: A(83) and LCL.:
B(117) WHS patient-derived LCLs, compared to WT (Fig 5F, lower panel). Lentiviral
transduction of A(83) with either SLBP or NELF-A (WHSC2) reduced the amount of
soluble H3-K9-me® coincident with reductions in total soluble H3 levels (Fig 5F, Unt; un-
transduced compared to SLBP and NELF-A). Interestingly, C(355) LCLs, which are

haploinsufficient for SLBP but not NELF-A (WHSC2), did not appear to exhibit elevated
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levels of soluble H3-K9-me® compared to the other WHS cells despite exhibiting
modestly elevated levels of total soluble H3 compared to WT (Fig 5F). Nevertheless,
collectively this data is consistent with inefficient re-assembly-deposition of parental

histones during S phase in WHS patient-derived cells.

WHS LCLs exhibit impaired histone deposition during S phase.

To investigate histone dynamics in the context of WHS further, we exploited the
fact that following DNA damage in S phase, histone deposition and nucleosome
assembly is rapidly inhibited coincident with S phase cell cycle checkpoint arrest (49, 53-
55). Following removal of the insult and repair of any DNA damage, DNA synthesis re-
establishes and histones are again deposited and nucleosomes assembled forming
chromatin following the replication fork (49, 53). We investigated histone deposition in
WHS patient-derived LCLs following arrest and release from an APH-induced S-phase
block. Surprisingly, in the presence of a prolonged APH block, the WHS patient-derived
LCL: A(83) failed to reduce chromatin-bound histone H3, unlike WT LCLs (Fig 6A).
This suggests that WHS patient-derived LCLs have altered capacity to limit histone
assembly onto chromatin following arrest in S phase, compared to WT. Furthermore,
upon release from the APH block, WT LCLs exhibit increased histone H3 chromatin
deposition as expected, but in contrast to LCL: A(83) who failed to maintain H3 levels on
chromatin (Fig 6A). This is consistent with the reduced chromatin-associated histone

levels in WHS patient-derived LCLs as described in Fig 5D and Supplementary Fig 2A.
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These data suggest that the plasticity of histone deposition during S phase is impaired in

WHS patient-derived LCLSs.

WHS LCLs exhibit altered higher order chromatin structure compared to WT.

Since WHS patient-derived LCLs exhibit a decreased ability to modulate
nucleosomal assembly effectively during S phase arrest and following release from this
block, this suggests that their higher order chromatin structure may differ from that of
WT LCLs. This can be monitored indirectly via susceptibility to micrococcal nuclease
(MN) digestion, which preferentially cleaves chromatinized DNA with a ‘relaxed’ or
‘open’ confirmation into mononucleosome sized fragments (146bp approx) via exposure
of inter-nucleosomal DNA. WT and WHS patient-derived LCLs were treated with APH
for 24hrs to assure S phase arrest and their isolated nuclei were subject to MN digestion
for increasing times (up to 10mins) following release from this block. DNA was purified
by phenol:chloroform extraction and subject to agarose gel electrophoresis. WT nuclei
were relatively resistant to MN digestion under these conditions as indicated by the
smeared pattern of DNA digestion products produced upon treatment with MN (Fig 6B).
In contrast, DNA from each of the WHS patient-derived LCLs exhibited relative
hypersensitivity to MN digestion indicated by the regular nucleosomal-laddering band
patterns reflective of MN-mediated digestion of DNA from polynucleosome to
mononucleosome sized fargments (Fig 6B). Collectively, these data suggest that WHS
patient-derived LCLs do not efficiently modulate nucleosome assembly during S phase,

consistent with a generalised more ‘open’ or ‘relaxed’ higher order chromatin structure.
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Furthermore, this was observed in all of the WHS lines examined indicating that
haploinsufficiency of either SLBP and/or NELF-A (WHSC2) are associated with this

phenotype.

WHS LCLs exhibit defective DNA replication and enhanced sensitivity following

treatment with camptothecin.

One anticipated outcome of our observed histone deposition-nucleosome
assembly problems associated with WHS is that these patient-derived LCLs should be
very sensitive to DNA damage during DNA replication (53). We used BrdU-flow
cytometry to investigate DNA replication proficiency (S phase content) specifically in
these LCLs following treatment with camptothecin (CPT). CPT, a topoisomerase | (Topo
I) inhibitor, indirectly induces DNA double strand breaks (DSBs) in S phase upon
collision of replication forks with CPT-stabilised Topo I-covalent-DNA complexes (56).
We found that the WHS LCLs lost the ability to synthesize DNA (BrdU incorporation) in
the presence of CPT to a greater extent compared to wild type (WT) LCLs following
acute treatment with CPT (Fig 6C & D). In general we observed a 45% reduction in S
phase content following CPT treatment in WT LCLs under these conditions, compared to
around an 80% reduction in each WHS patient-derived cell line (Fig 6D). Furthermore,
this hypersensitivity to S phase inhibition was seen in patient-derived LCLs associated
with haploinsufficiency of SLBP (LCL: C(355)) or NELF-A (LCL: B(117)) and not just

LCL: A(83) which exhibits haploinsufficiency of both genes (Fig 6C & D).
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We also observed elevated sensitivity towards Killing by CPT in LCL: A(83)
following 24hrs exposure to CPT (Fig 7A). To investigate this further we used a limiting
dilution-based clonogenic assay developed for LCLs. We found that continuous treatment
with CPT was associated with hypersensitivity of all of our WHS LCLs to killing by this
agent, relative to WT cells (Fig 7B). Therefore, these data indicate that WHS patient-
derived LCLs and cells derived from patients with haploinsufficiency of genes within
4p16.3, including SLBP and/or NELF-A are sensitive to killing by a DNA damaging

agent that can introduce DSBs during DNA replication.

Discussion.

The existence of core clinical features in WHS patients with differing sized
deletions is supportive of a pathogenomic interaction between different genes within
4p16.3. Two generally invariantly haploinsufficient genes implicated in WHS, WHSC1
(NSD2/MMSET) and WHSC2 (NELF-A), encode products involved in regulating
transcriptional transactions. WHSC1 (NSD2/MMSET) encodes a product with histone
methyltransferase activity whilst NELF-A (encoded by WHSC2), as a component of the
NELF complex, acts as a controller of RNA polymerase Il proximal promoter pausing
which can positively and negatively affect transcription of its targets (22-23, 28). It is
conceivable that combined haploinsufficiency of WHSC1 and NELF-A/WHSC?2 could
significantly alter the transcriptome landscape within cells, which may have an adverse
impact on normal development in general but also in a tissue-specific context.

Interestingly, Sun and Li found that sSiRNA-mediated knockdown of the NELF-E
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component of the NELF complex was associated with reduced H3-K36-me® on the
promoters of several NELF-regulated genes (45). H3-K36-me* levels have been shown to
be influenced by WHSC1 (NSD2/MMSET) (14). This further highlights a functional link

between WHSC1 and NELF-A (WHSC?2) in controlling gene expression.

A recently identified function of NELF-A (WHSC2) is the recruitment of
SLBP to the 3’ ends of histone pre-mRNA’s (27). This potentially signifies another
functional relationship between two genes commonly haploinsufficient in WHS; in this
case for histone biogenesis. A pathogenomic impact of diminished SLBP activity has not
previously been demonstrated to be associated with WHS. But, a potential impact on
histone biogenesis could also contribute to altering the transcriptome landscape, since
optimal histone biogenesis is essential for epigenetic gene regulation through
preservation of histone post-translational modifications, demarcation of heterochromatin
and maintenance of higher order chromatin structure (42-44). Furthermore, sub-optimal
or deregulated nucleosome assembly could have additional adverse implications for
normal development in the context of WHS, alongside the complex tissue-specific
transcriptional impacts recently attributed to WHSC1 haploinsufficiency (14). Consistent
with this, we found that WHS patient-derived LCLs exhibited decreased levels of
chromatin-associated histones along with elevated levels of chaperone-bound histone H3,
as well as elevated levels of soluble histone H3-K9-me?, a heterochromatin marker. The
latter finding in particular, being suggestive of an inability of WHS cells to undergo
parental histone segregation effectively. Evidence of altered higher order chromatin

structure in WHS was seen by the hyper-sensitivity towards micrococcal nuclease
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digestion of WHS patient-derived LCLs compared to WT. Collectively these data
indicate a constitutional abnormality in dynamic chromatin organisation in WHS patient-
derived cells. Furthermore, our WHS patient-derived data implicates haploinsufficiency
of SLBP and/or NELF-A (WHSC2) in these phenotypes pointing to a hitherto unrealised

functional overlap/connection between these genes in the context of this disorder.

Impaired histone deposition and altered chromatin structure would be anticipated
to adversely affect cell cycle progression (34, 49, 53). In fact, alterations in histone levels
or their availability have previously been shown to adversely impact upon genomic
stability and normal cell cycle progression (49-50, 53, 57-58). Consistent with this, we
have also identified impairments in DNA replication and S phase transit in our WHS cells,
along with elevated sensitivity to replication fork arrest and killing following treatment
with CPT, an agent that can introduce DNA double strand breaks in S phase. Collectively,
these constitute novel WHS-associated phenotypes that could shed new light on the
underlying pathogenomics of this disorder. For example, impaired/delayed cell cycle
progression could have a disproportionate impact on stem cell progenitor pool expansion
and maintenance particularly in developmental situations involving rapid cell division
and elevated DNA replication. One such situation is neurogenesis (59-60). In fact,
mutations in the ORC1L component of the DNA replication origin licensing machinery,
resulting in a similarly impaired S-phase progression as shown here using WHS patient-
derived cells, have recently been identified in the microcephalic dwarfism, Meier-Gorlin
syndrome (61). Interestingly, microcephaly, intra-uterine and post-natal growth

retardation represent some of the principal core clinical features of WHS.
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In conclusion, our data describes novel cellular phenotypes associated with WHS
that indicate a hitherto unrealised association of sub-optimal histone-nucleosome
assembly and altered higher order chromatin structure with this condition. Furthermore,
these data provide cellular evidence for a contribution of SLBP and/or NELF-A (WHSC2)
haploinsufficiency to these phenotypes. Finally, our findings highlight a functional

consequence of deletion of SLBP, a gene commonly haploinsufficent in WHS.

Materials and methods.

Cell culture
Lymphoblastoid lines (LCLSs) were cultured in RPMI 1640 supplemented with L-Gln,
antibiotics (Pen-Strep) and 15% foetal bovine serum. All cultures were maintained at

37°C in a humidified atmosphere containing 5% CO..

Antibodies and reagents

Antibodies used in this study include anti-p-tubulin (H-235), anti-NASP (sc-161915) and
anti- NELF-A (WHSC2, H-240), obtained from Santa Cruz. Antibodies against H2A and
H4 were from Cell Signaling. Anti-SLBP (ab56329), anti-H3 (ab1791) and anti-H3-K9-
me® (ab8898) were from Abcam, and anti-H2B was from Millipore. All other reagents

except where indicated were obtained from Sigma-Aldrich (UK).
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SiIRNA

Stealth™ (Invitrogen) siRNA’s against the 3'UTR regions were designed using the
BLOCK-IT™ RNA.I designer (Invitrogen). Target sequences included:

SLBP; 5’- GAUGAUGAUUUUCUCUCUCTT-3’

NELF-A; 5’-UGUUCAGGGACCCAAGUUUCUGCGU-3’. Transfections were
performed with 25nM of siRNA against NELF-A and 50nM against SLBP using

Metafectene Pro (Biontex).

Extract preparation.

Whole Cell Extracts (WCE): these were obtained following lysis in urea buffer (9M urea,
50mM Tris-HCl at pH 7.5 and 10mM 2-mercaptoethanol), followed by 15s sonication,
30% amplitude using a micro-tip (Sigma-Aldrich) to solubilise. Protein concentration
was quantified by Bradford Assay.

Soluble Extracts: these were obtained following treatment with detergent lysis buffer.
Cell pellets were incubated for 1 hr on ice in buffer containing 50mM Tris-HCI pH7.5,
150mM NacCl, 2mM EDTA, 2mM EGTA, 25mM NaF, 25mM -glycerolphosphate,
0.1mM Na-orthovanadate, 0.2% Triton X-100, 0.3% IGEPAL and protease inhibitor
cocktail tablets (Roche). Protein concentration in the supernatant was quantified by
Bradford Assay.

Chromatin Extracts: Cells were lysed in detergent lysis buffer (above) for 1hr on ice

followed by 15min in high-salt containing detergent buffer buffer (500mM NacCl). The
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cell pellet was re-suspended in urea buffer (WCE above) and sonicated for 15s to

solubilised following by protein quantification using Bradford Assay.

Immunoprecipitation

400ug of soluble cell extract was used for each immunoprecipitation (IP). Following IP,
reactions were incubated with 40ul of Dynabeads (100-04D, Invitrogen) for 1h on
rotating wheel at 4°C, magnetically recovered and eluted at 95°C using 30pl of SDS-

PAGE sample loading buffer. Proteins were separated on a 17% SDS-PAGE gels and

blotted using Semi-Dry transfer (BioRad) onto a PVDF membranes.

Flow cytometry

Cells were fixed in ice-cold 70% ethanol for 24hrs and re-suspended in PBS containing
0.5% Tween-20, 10ug/ml propidium iodide and 500ug/ml RNaseA. For BrdU
incorporation cells were labeled with 50uM BrdU for 30-45mins and for pulse-chase
analysis, usually 15mins where indicated. Incorporated BrdU was detected using FITC-
conjugated anti-BrdU antibody (Becton-Dickson). Data were collected using a Becton
Dickinson FACS Calibur or Canto and were analysed with CellQuest software. For CPT-
induced S phase arrest cells were treated with 10uM CPT for 3hrs followed by a 15min

BrdU pulse prior to harvesting.

Retroviral transduction.
Lentivirual particles derived from the pLOC system (Thermo Fisher Scientific) were used

for stable transduction of LCLs with either SLBP (OHS5831-101003906) or NELF-
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A/WHSC?2 (OHS5831-101003933), according to the manufacturer’s instructions. Briefly,
1x10° exponentially growing cells were re-suspended in 250 pl of RPMI containing 8
ug/ml of polybrene (without FBS, L-GIn or antibiotics). This cell suspension was mixed
with the viral particles at an MOI (multiplicity of infection) ranging from 20 to 0.25 and
then incubated at 37°C in 5% CO, for 6hrs before reconstitution in complete medium.
48hrs post-transduction Blasticidin-S was added (5 pug/ml) for selection of stable

expressing clones.

Micrococcal digestion

Nuclei of asynchronously growing cells were isolated following freeze-thaw extraction of
cell pellets in “‘NIB’ buffer (15mM Tris.Cl pH7.5, 25mM KCI,10mM NaCl, 1mM
MgCl,, ImM CacCl,, 250mM Sucrose, 0.5mM DTT). After clarification by centrifugation,
the pellet was re-suspended in NIB buffer, 5units of micrococcal nuclease (Roche) were
added and samples were taken every 2 minutes. Genomic DNA was isolated by
phenol/chloroform extraction and ethanol precipitation. 1ug of DNA from each time

point was resolved on a 1% TAE agarose gel.

CPT sensitivity.
Sensitivity to CPT following 24hrs exposure was determined using the Sytox Dead Cell
Stain kit (Invitrogen) coupled with flow cytometry, according to the manufacturer’s

instructions. Clonogenic survival was assessed by colony formation in 96-well plates via
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limiting dilution. Cells were exposed continuously to 1nM CPT and seeded into 96-well
plates at 50-10%cells/well. Untreated plates were used to determine cloning efficiency.

Plates were then incubated for 4 weeks and positive colonies scored by light microscopy.
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Figure Legends.

Figure 1.

Wolf Hirschhorn syndrome patient-derived LCLs exhibit reduced SLBP and/or
NELF-A (WHSC2) protein expression consistent with deletion size.

(A). A schematic representation of the 4916.3 region commonly implicated in Wolf-
Hirschhorn syndrome (WHS) highlighting the commonly deleted critical regions in red
(WHSCR, WHSCR?2) as well as the positions and relative locations of some key genes
implicated in this condition. The grey bars indicate the specific regions deleted in each of
the WHS patient-derived lymphoblastoid cell lines (LCLSs) used in this study, A(83),
B(117) and C(355).

(B). Expression of SLBP and NELF-A correlates with deletion size as indicated in (A)

for WHS patient-derived LCL: A(83), LCL: B(117) and LCL: C(355).

Figure 2.

Wolf Hirschhorn syndrome patient-derived LCLSs exhibit delay progression into
mitosis following release from an APH block in S phase.

(A). Control wild-type (WT) and WHS syndrome patient-derived LCLs A(83), B(117)
and C(355) were subjected to an identical aphidicolin-induced S phase block (Blk) and
release into colcemid containing medium to trap cells in mitosis (4N DNA content) and
cell cycle profiles were determined using propidium iodide flow cytometry.

(B). The graph indicates the % of cells attaining 4N DNA content (mitosis) at 8hrs post-

release from the S phase block. Each of the WHS syndrome patient-derived LCLs A(83),
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B(117) and C(355) had less cells with 4N DNA content as this time compared to WT,
indicating a slower progression from S phase into mitosis under these conditions. Data

represents the mean + s.d. of three independent experiments.

Figure 3.

Wolf Hirschhorn syndrome patient-derived LCLSs exhibit delayed progression
through S phase.

(A). Kinetic analysis of S phase progression was determined for WT and WHS LCLs
using a BrdU pulse-chase approach in the presence of a colcemid trap. Progression
through S phase over time is indicated by movement of the BrdU labelled population
towards a 4N DNA content using two-dimensional flow cytometry. The colcemid trap
ensures these cells do not proceed past G2-M.

(B). The rate of progression from early S phase (boxed area in Fig 3A) was determined
for each LCL. The graph indicates that progression from early S phase occurred at a
quicker rate in WT LCLs compared to any of the WHS patient-derived cells. Data

represents the mean + s.d. of three independent experiments.

Figure 4.

Reduced expression of SLBP and/or NELF-A (WHSC?2) is associated with delayed
cell cycle progression from S phase to mitosis.

(A). Delayed progression from S phase into mitosis is observed following siRNA
mediated reduction of SLBP and/or NELF-A expression. A549 cells subjected to control

SiRNA (Con) or following treatment with siRNA oligo against SLBP, NELF-A or both
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genes simultaneously were treated with aphidicolin to block cells in S phase (S phase
block; BIk). Cells were released from this block into medium containing a colcemid trap
as in Fig 2A. Representative propidium iodide flow cytometry profiles for each treatment
are shown in (A).

(B). The graph indicates the % of cells with 2N DNA content under each sSiRNA
condition over time (Unt; untreated. Blk: aphidicolin block. 4hrs; 4hrs post-release from
the S phase block. 8hrs; 8hrs post-release from the S phase block). At 4hrs and 8hrs post-
release from the S phase block, the % of cells with 2N DNA content following control

siRNA (Con) is significantly reduced indicating greater extent of progression from S

phase to mitosis, compared to the other siRNA conditions. Data represents the mean + s.d.

of three independent experiments.

Figure 5.

Wolf Hirschhorn syndrome patient cells exhibit reduced DNA replication
proficiency, reduced chromatin-bound histones and elevated levels of chaperone-
bound soluble histone H3.

(A). Two-dimensional flow cytometry profiles of wild-type (WT) and WHS patient-
derived LCL A(83) following 15mins pulse labelling with BrdU to indicate S phase
content (DNA replication).

(B). Relative amount of S phase cells undergoing active DNA replication in wild-type
(WT) and WHS patient-derived LCLs A(83), B(117) and C(355) showing reduced DNA
replication levels in the WHS LCLs compared to WT. Data represents the mean + s.d. of

three independent experiments.
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(C). Complete whole cells extracts prepared by sonication from wild-type (WT) and the
WHS patient-derived LCL: A(83) were subjected to SDS-PAGE and blotted for histone
H2A, H2B, H3 and H4 expression. Both LCLs exhibited similar overall levels of all
histone types examined. This data indicates that WHS patient-derived cells do not exhibit
a gross impairment in histone biosynthesis.

(D). Chromatin-specific extracts were prepared following fractionation from wild-type
(WT) and WHS patient-derived LCLs A(83), B(117) and C(355), resolved by SDS-
PAGE and blotted for histone H2A, H2B, H3 and H4 expression. Reduced chromatin-
associated histone H2A, H3 and H4 was most obvious in each of the WHS patient-
derived LCLs A(83), B(117) and C(355), compared to WT. These data indicate aberrant
chromatin formation/re-modelling in WHS patient-derived lines exhibiting
haploinsufficiency of SLBP and/or NELF-A (WHSC2).

(E). Soluble (non chromatin-containing) cell extracts prepared from wild-type LCLs
(WT), un-transduced (Unt) WHS patient-derived LCLs A(83) and from A(83) lentivirally
transduced with SLBP encoding cDNA (SLBP) or NELF-A (WHSC2)-encoding cDNA
(NELF-A) were subject to immunoprecipitation (IP) using anti-sNASP antibodies and
probed for histone H3 interaction following SDS-PAGE and blotting (LC; antibody light
chains). WHS patient-derived LCL: A(83) exhibited elevated levels of SNASP-bound
soluble histone H3 compared to WT. Transduction of these cells with either SLBP or
NELF-A appeared to reduce the amount of soluble histone H3 bound to SNASP.

(F). Soluble extracts prepared from wild-type (WT), untreated (Unt) WHS patient-
derived LCLs A(83), B(117) and C(355), and LCL: A(83) cells complemented with

SLBP or NELF-A were resolved by SDS-PAGE and blotted for histone H3 (upper panel),
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B-tubulin to confirm equal loading (middle panel). These data indicate that histone H3
levels are detectably elevated in soluble extracts prepared from each of the WHS patient-
derived LCL compared to WT. Furthermore, transduction of LCL: A(83) with either
SLBP or NELF-A (WHSC2) somewhat decreases this, although to differing extents. The
lower panel shows levels of histone H3-K9-me® detectable following
immunoprecipitation (IP) of soluble histone H3 from each of these LCLs as indicated.
Interestingly, both LCL: A(83) and LCL: B(117) exhibit elevated levels of soluble
histone H3-K9-me> compared to WT or LCL: A(83) completed with SLBP or NELF-A

(WHSC2) (Unt; un-transduced).

Figure 6.

Wolf Hirschhorn syndrome patient-derived LCLs exhibit altered histone dynamics
and higher-order chromatin structure following S phase arrest along with elevated
sensitivity to S phase arrest and killing following camptothecin treatment.

(A). Complete whole cell and chromatin fractionated extracts were prepared from Wild-
type (WT) and LCL: A(83) cells, subjected to an aphidicolin-induced S phase block (Blk)
and following release from this block at the times indicated. Extracts were resolved by
SDS-PAGE and blotted for histone H3 or H2A as shown. Chromatin associated histone
H3 levels were lower in aphidicolin blocked (BIK) WT cells and increased upon release
from this block coincident with re-establishing DNA synthesis. In contrast, chromatin
associated histone H3 levels were not reduced in A(83) cells under the block (BIk)
conditions and these appeared to reduce upon release from the block suggesting an

inability to coordinate correct histone deposition under these conditions.
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(B). Wild-type (WT) and patient-derived LCLs A(83), B(117) and C(355), were treated
with aphidicolin for 24hrs and isolated nuclei subjected to micrococcol nuclease (MN)
digestion for increasing times up to 10mins. Samples were harvested at 2mins intervals,
genomic DNA isolated and equal amounts resolved by agarose gel electrophoresis before
being visualised using ethidium broimide-UV. The images shown are inverted using
Image J software. WT LCLs produced a smeared DNA profile following MN digestion
indicative of MN-resistance chromatin. In contrast, each of the WHS patient-derived
LCLs examined showed rapid progression to mononucleosome-sized DNA fragments
indicative of a more relaxed, MN-sensitive chromatin.

(C). BrdU-two-dimensional flow cytometry profiles of wild-type (WT) and WHS patient-
derived cells LCL:A(83), LCL: B(117) and LCL: C(355), either untreated (Unt) or
following treatment with camptothecin (CPT). Cells were treated with 10uM CPT for
3hrs and then pulse labelled with BrdU 15mins. The data shows that S phase content
(boxed area; BrdU positive cells) in each WHS patient-derived LCL is more reduced
compared to WT under these conditions indicative of a greater sensitivity to DNA
replication inhibition following CPT treatment in WHS cells.

(D). This data represents a quantification of BrdU-labelled S phase content in each of
these LCLSs either untreated (Unt) or following CPT treatment (CPT), as in (A). Note the
reduced level of S phase in untreated (Unt) for each of the WHS patient-derived LCLs
compared to WT, similar to findings shown in Fig 3 A&B. Nevertheless, CPT treatment
(CPT) produces a greater reduction in S phase content in WHS patient-derived LCLs

compared to WT. Data represents the mean + s.d. of three independent experiments.
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Figure 7.

Wolf Hirschhorn syndrome patient cells exhibit elevated sensitivity to killing by
camptothecin (CPT), a topoisomerase | inhibitor that can induces DNA breakage in
S phase.

(A). WHS patient-derived LCL: A(83) exhibits elevated levels of Sytox Green positive
cells following CPT treatment compared to wild-type (WT) LCLs. Sytox Green
fluorescence is indicated by the boxed areas in the representative flow cytometry panels
shown here for A(83). Relative Sytox Green fluorescent staining of WT compared to
A(83) is shown in the graph following 24hrs exposure to CPT as indicated. Data
represents the mean + s.d. of four independent experiments.

(B). Each of the WHS patient-derived cell lines LCL: A(83), LCL: B(117) and LCL.:
C(355) exhibit reduced clonogenic survival following prolonged treatment with CPT
compared to wild-type (WT) LCLs. Data represents the mean + s.d. of three independent

experiments.
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