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The ATPase SRCAP is associated with the
mitotic apparatus, uncovering novel
molecular aspects of Floating-Harbor
syndrome
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Abstract

Background: A variety of human genetic diseases is known to be caused by mutations in genes encoding chromatin
factors and epigenetic regulators, such as DNA or histone modifying enzymes and members of ATP-dependent
chromatin remodeling complexes. Floating-Harbor syndrome is a rare genetic disease affecting human development
caused by dominant truncating mutations in the SRCAP gene, which encodes the ATPase SRCAP, the core catalytic
subunit of the homonymous chromatin-remodeling complex. The main function of the SRCAP complex is to promote
the exchange of histone H2A with the H2A.Z variant. According to the canonical role played by the SRCAP protein in
epigenetic regulation, the Floating-Harbor syndrome is thought to be a consequence of chromatin perturbations.
However, additional potential physiological functions of SRCAP have not been sufficiently explored.

Results: We combined cell biology, reverse genetics, and biochemical approaches to study the subcellular localization
of the SRCAP protein and assess its involvement in cell cycle progression in HeLa cells. Surprisingly, we found that
SRCAP associates with components of the mitotic apparatus (centrosomes, spindle, midbody), interacts with a plethora
of cytokinesis regulators, and positively regulates their recruitment to the midbody. Remarkably, SRCAP depletion
perturbs both mitosis and cytokinesis. Similarly, DOM-A, the functional SRCAP orthologue in Drosophila melanogaster, is
found at centrosomes and the midbody in Drosophila cells, and its depletion similarly affects both mitosis and
cytokinesis.

Conclusions: Our findings provide first evidence suggesting that SRCAP plays previously undetected and evolutionarily
conserved roles in cell division, independent of its functions in chromatin regulation. SRCAP may participate in two
different steps of cell division: by ensuring proper chromosome segregation during mitosis and midbody function
during cytokinesis. Moreover, our findings emphasize a surprising scenario whereby alterations in cell division
produced by SRCAP mutations may contribute to the onset of Floating-Harbor syndrome.
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Background
In the last two decades, it has been shown that muta-
tions in genes encoding a variety of chromatin factors
and epigenetic regulators, such as DNA or histone modi-
fying enzymes and members of ATP-dependent chroma-
tin remodeling complexes, are crucial players in human
genetic diseases and cancer [1–4]. Floating-Harbor syn-
drome (FHS), also known as Pelletier–Leisti syndrome
[MIM number 136140], is a human developmental dis-
order characterized by delayed bone mineralization and
growth deficiency, which are often associated with intel-
lectual disability and skeletal and craniofacial abnormal-
ities [5–8].
SRCAP (SNF2-related CBP activator protein) is the

causative gene of FHS [6–8]. It maps to chromosome
16p11.2 and is predicted to undergo alternative splicing
giving rise to three putative isoforms of about 343, 337,
and 327 kD (https://www.uniprot.org/uniprot/Q6ZRS2).
The full-length isoform corresponds to the ATPase cata-
lytic subunit of the homonymous multiprotein chromatin-
remodeling complex [9], while the shorter variants have
not yet been investigated.
The SRCAP complex is member of the evolutionarily

conserved INO80 family of ATP-dependent chromatin
remodeling complexes and contains a dozen subunits
[9–17]. The primary function of SRCAP complex is to
catalyze the exchange of canonical histone H2A with the
H2A.Z variant [9, 18, 19].
FHS has a dominant inheritance pattern caused by

nonsense or frameshift mutations in exons 33 and 34 of
Srcap gene [6]. These mutations are supposed to pro-
duce a C-terminal-truncated SRCAP protein variant
missing the AT-hook motifs with DNA-binding activity
and are possibly responsible for a dominant negative ef-
fect triggering the onset of FHS [6, 8]. Recently,
localization assays in human embryonic cranial neural
crest cells showed that overexpressed GFP/Flag-tagged
versions of C-terminal-truncated SRCAP are largely ex-
cluded from the nucleus but present in the cytoplasm
[20], suggesting that FHS mutations affect the nuclear
localization of SRCAP. The SRCAP protein can also
function as a transcriptional activator by binding to the
cAMP response element-binding protein (CREB)-bind-
ing protein (CREBBP or CBP) [21]. Finally, a role of
SRCAP in DNA-end resection was also proposed [22].
The Drosophila melanogaster domino gene is ortholo-

gous to human SRCAP [23, 24]. It encodes two isoforms,
DOM-A and DOM-B, the latter carrying a shorter C-
terminal region. DOM-A was originally found to be the
main subunit of the Drosophila Tip60 (dTip60)
chromatin-remodeling complex [25] whose subunits
share high sequence identity and functional conservation
with SRCAP and p400/Tip60 human complexes [10].
Recently, DOM-A and DOM-B were suggested to define

two different chromatin remodeling complexes, called
DOM-A.C and DOM-B.C, characterized by different
functions and subunit compositions [26]. Interestingly,
domino lethal alleles are recessive and result in develop-
mental arrest at third instar larval stage before pupation
[23], while SRCAP lethal alleles thus far known to be re-
sponsible for FHS are dominant [6].
Overall, SRCAP appears to be a multifaceted protein

implicated in several cellular processes, including chro-
matin regulation, transcription, and DNA repair [10,
18–22, 24, 27]. Therefore, investigating the cellular func-
tions of SRCAP may provide clues to the genetic and
molecular basis of FHS onset.
Here, we combined cell biology, reverse genetics, and

biochemical approaches to study the subcellular
localization of the endogenous SRCAP protein and
assessed its involvement in cell cycle progression. Sur-
prisingly, we found that SRCAP associates with compo-
nents of the mitotic apparatus, including centrosomes,
the spindle and midbody and its RNAi-mediated deple-
tion in HeLa cells perturbs mitosis and cytokinesis. Im-
portantly, SRCAP interacts at telophase with a number
of cytokinesis regulators and positively controls their
midbody recruitment. Similarly, DOM-A localizes to
centrosomes and the midbody in Drosophila S2 cells,
and its depletion results in cell division defects.
Together, our results provide first evidence suggesting

that SRCAP plays previously undetected and evolution-
arily conserved roles in ensuring proper cell division, in-
dependent of its functions in chromatin regulation.
Moreover, our results emphasize a surprising scenario
whereby alterations in cell division produced by SRCAP
mutations may contribute to the onset of FHS.

Results
Unconventional subcellular localization of SRCAP during
cell division
First, we investigated the subcellular localization of the
endogenous SRCAP protein during the cell cycle in
HeLa cells using immunofluorescence microscopy
(IFM). As shown in Fig. 1, a SRCAP polyclonal antibody
(T15; Additional file 1: Table S1) decorated the inter-
phase nuclei, as expected, but also revealed a specific
pattern at the mitotic apparatus during mitotic progres-
sion. After nuclear envelope breakdown, SRCAP im-
munofluorescence redistributed at the mitotic spindle
with enrichment at the poles and centrosomes and later
at the central spindle and midbody.
The T15 antibody was validated by both IFM and

Western blotting (WB) on HeLa cells transfected with a
specific siRNA mix targeting SRCAP transcripts (see the
“Methods” section). After SRCAP RNAi knockdown the
antibody staining of nuclei, spindles and midbodies
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strongly decreased, as well as the amount of SRCAP pro-
tein present in the cells (Additional file 2: Fig. S1).
The subcellular localization of the endogenous SRCAP

was confirmed in HuH7 hepatocyte carcinoma-derived
cell line [28] and in human MRC5 fibroblast-derived cell
line using the T15 antibody (Additional file 3: Fig. S2).
In addition to the interphase nuclei, the antibody stain-
ing decorated centrosomes, spindle, and midbody, in line
with the results in HeLa cells (Fig. 1). It then appears
that the observed localizations of SRCAP reflect intrinsic
properties of the protein, with no cell type specificity.
The midbody is a tightly packed bridge that forms

from the bipolar microtubule array derived from the

anaphase central spindle. It serves as a platform for or-
chestrating cytokinesis by recruiting a large number of
factors needed for abscission, the last stage of cell div-
ision [29]. Therefore, we wanted to evaluate the midbody
association of SRCAP using both IFM and WB on iso-
lated midbodies (see the “Methods” section). As shown
in Fig. 2A, SRCAP immunofluorescence clearly deco-
rated the isolated midbodies. WB analysis confirmed the
presence of SRCAP in protein extracts from isolated
midbodies (Fig. 2B). Taken together, these findings show
that the subcellular localization of SRCAP is dynamic
during cell division, in that it is recruited not only to
interphase nuclei, but also to the centrosomes, spindle,

Fig. 1 SRCAP localizes to the centrosomes, spindle, and midbody in HeLa cells. From left to the right: DAPI (blue), anti-α-Tubulin (green), anti-
SRCAP (red) and merge. As expected, the SRCAP staining is present in the interphase nuclei. At metaphase, the SRCAP staining is found on
spindle poles and spindle fibers, while in later stage decorates centrosomes and central spindle (anaphase) and midbody (telophase). Scale bar =
10 μm
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and midbody. Remarkably, SRCAP is the core subunit of
the homonymous complex governing H2A.Z deposition
into chromatin [10, 18, 19], thus its association with the
mitotic apparatus was not obvious.

Depletion of SRCAP by siRNA-mediated knockdown
perturbs mitosis and cytokinesis
Next, we examined the functional significance of SRCAP
recruitment to centrosomes, the spindle, and midbody
by investigating the progression of cell division in
SRCAP-depleted HeLa. Depletion of SRCAP was per-
formed by transfecting Hela cells with specific siRNAs
targeting SRCAP transcripts (see the “Methods” section):
SRCAP A (mix of two oligos from Sant Cruz Biotechnol-
ogy) and SRCAP B (a single oligo). As negative controls,
samples were transfected with a scrambled oligo or
processed excluding the addition of siRNAs (see the
“Methods” section). In fixed HeLa cell preparations, we
categorized and quantified six classes of cell division de-
fects (Fig. 3A–G and Table 1): multipolar spindles (MS)
at pro-metaphase and metaphase (Fig. 3B), chromosome
misalignments (CM) and altered spindle morphology
(ASM) at metaphase (Fig. 3C), chromatin bridges (CB)
at anaphase and telophase (Fig. 3D), long thin intercellu-
lar bridges (LIB) at the last stage of telophase (Fig. 3E),
and multinucleated cells (MC) (Fig. 3F). Compared to
mock- and scramble-treated control cells, SRCAP RNAi-
treated cells exhibited a significant increase in mitosis
and cytokinesis defects. The increase of MS was only ob-
served with SRCAP B compared to the scramble. The

increase was particularly relevant for CM, where the
misaligned chromosomes carry the centromere (Add-
itional file 4: Fig. S3), strongly suggesting that they were
not lost fragments resulting from chromosome breaks.
SRCAP-depleted cells also exhibited a significant
amount of abnormally shaped spindles (ASM), shorter
and thinner than those of the control cells (Figs. 3A, C).
A strong increase of CB was found only using the
SRCAP B siRNA. Moreover, a relevant increase of LIB
was observed. A LIB is defined as overextended,
stretched, intercellular bridge that forms as a conse-
quence of a failure of abscission, the final stage of cyto-
kinesis. Consistently, the intercellular distance at the
abscission stage in SRCAP-depleted cells was enhanced
compared to control cells (Fig. 3G). Defective cytokinesis
was also reflected in the appearance of MC. Thus, it ap-
pears that SRCAP depletion in HeLa cells disrupts both
mitosis and cytokinesis, suggesting that the localizations
observed at centrosomes, the spindle, and midbody re-
flect its functional roles in cell division.

SRCAP depletion affects spindle microtubule
repolymerization
The finding that SRCAP depletion affected spindle shape
and chromosome alignment at metaphase (Fig. 3A, C)
prompted us to investigate an involvement of this pro-
tein in the regulation of microtubule organization and
mitotic spindle formation. Then, we used HeLa cells sta-
bly expressing EGFP::α-Tubulin and assessed whether
SRCAP depletion influences microtubule regrowth after
cold-induced disassembly. Control (mock) and SRCAP
RNAi-depleted HeLa cells (RNAi) were incubated on ice
for 1 h to induce extensive depolymerization (T0). The
cells were then allowed to rewarm at 37 °C in complete
medium for 5 min (T5) to resume microtubule regrowth.
As shown in Fig. 4, microtubule re-polymerization after
5 min of rewarming resulted in clearly aberrant asters
with rare, long, and thin MTs in RNAi-treated (mean ±
SD, 36.84% ± 3.76) compared to the mock-treated cells
(mean ± SD 5% ± 1.92). This result supports a role of
SRCAP protein in microtubule organization and mitotic
spindle assembly.

SRCAP-dependent localization of cytokinesis regulators to
the midbody
Cytokinesis is the last step of cell division and is con-
trolled by a plethora of essential regulators recruited to
the midbody during telophase [29–34]. The finding that
SRCAP-depleted cultures are enriched in LIB and MC
(Fig. 3) prompted us to investigate a possible role of
SRCAP in cytokinesis. We used IFM to study the re-
cruitment of crucial regulators of cytokinesis to the mid-
body in HeLa cells proficient or depleted in SRCAP. We
focused on Cit-K, MKLP2, Aurora B, INCENP, MKLP1,

Fig. 2 Localization of SRCAP on midbodies isolated from HeLa cells.
Fixed preparations of midbodies were stained with DAPI (blue), anti-α-
Tubulin (green), and anti-SRCAP antibody (red). A Immunolocalization
of SRCAP protein to early (left) and late (right) midbodies. No DAPI
staining was detected. SRCAP staining clearly decorated the isolated
midbodies and overlapped with that of α-Tubulin. Scale bar = 5 μm. B
Detection of SRCAP by Western blotting on protein extracts from
isolated midbodies. Three high-molecular weight bands were detected
(over 270 kD). These bands may be compatible with the three
predicted SRCAP isoforms of 343, 337, and 327 kD. In fact, although
proteins with minimal size differences should not be separated at high
molecular weights, it is well known that the predicted molecular
weight of a given protein not always corresponds to that found
experimentally by SDS-PAGE. In the case of SRCAP isoforms, post-
translational modifications may occur which could affect migration
differences. Aurora B was used as a positive control. The ISWI
remodeler (negative control) was not detected
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PLK1, CEP55, Anillin, Alix, and Spastin, ten well-known
proteins that localize to the midbody and are required
for cytokinesis [29–34]. The results of three independent
replicates shows that the midbody localization pattern of
these factors was impaired in SRCAP depleted HeLa
cells, with the exception of Cit-K (Fig. 5 and Table 2).
For example, the midbody localization of Aurora B and
Anillin was severely affected, while that of PLK1 became
more widely distributed. These results suggested that

SRCAP activity plays a role in the recruitment of a num-
ber of cytokinesis regulators to the midbody.

SRCAP interacts in telophase with cytokinesis regulators
The aforementioned results are also suggestive of pos-
sible interactions between SRCAP and cytokinesis regu-
lators during telophase. To test this hypothesis, we
carried out co-immunoprecipitation (co-IP) assays using
an antibody previously validated by Ruhl et al. [9]

Fig. 3 Depletion of SRCAP affects cell division in HeLa cells. RNAi knockdown was performed by transfecting HeLa cells with specific siRNAs (see the
“Methods” section). Cells were stained with DAPI (blue) and anti-α-Tubulin (green). Left panels (mock), right panels (RNAi). Scale bar = 10 μm. Six
classes of defects were categorized: A Histograms showing the quantitative analysis of cell division defects; mocks (white histograms), scramble (light
gray histograms), SRCAP A (dark gray histograms), and SRCAP B (black histograms). B Multipolar spindles (MS). C Chromosome misalignments (CM)
and abnormal spindle morphology (ASM). D Chromatin bridges (CB). E Long intercellular bridges (LIB); no DAPI-stained trapped chromatin was
observed. F Multinucleated cells (MC). G Intercellular distance. The quantitative analysis of defects scored in RNAi-treated and control cells (Table 1) is
based on the following numbers: at least 100 prometaphases and metaphases for MS, 70 metaphases for CM and ASM, 300 telophases for LIB and CB,
and 5500 for MS. Three independent experiments were performed. *P < 0.05; **P < 0.005; and ***P < 0.0005 compared with the controls group (mock
and scramble) by Fisher’s exact test
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(Additional file 5: Fig. S4, Additional file 8: Table S2) on
protein extracts from the cytoplasmic fraction of
telophase-synchronized HeLa cells (Fig. 6A, B; the
“Methods” section). Synchronization was followed by
subcellular fractionation assays to recover the cytoplas-
mic component (S2 fraction) and segregate away the
chromatin-associated components. As shown in Fig. 6C,
Cit-K, MKLP2, Aurora B, PLK1, CEP55, Anillin, Alix,
and Spastin, together with α-Tubulin, were found in the
IP sample immunoprecipitated with SRCAP antibody,
but not in the negative control. Notably, the interaction
between SRCAP and Anillin at midbody was highlighted
by Capalbo et al. [35]. By contrast, MKLP1 and INCENP
were not found in the IP (not shown). These results

suggested that SRCAP interacts at midbody in telophase
with essential cytokinesis regulators and with α-Tubulin,
the main structural component of the midbody.

Localization and RNAi-mediated depletion of DOM-A in
Drosophila S2 cells
Lastly, we investigated whether the association of
SRCAP with the mitotic apparatus and defects in cell
division observed after its depletion are unique to hu-
man cells or are evolutionarily conserved. First, we used
IFM to study the localization of DOM-A, the Drosophila
ortholog of human SRCAP, in Drosophila melanogaster
S2 cells. In addition to the interphase nuclei, a DOM-A
antibody [23] decorated centrosomes and the midbody

Table 1 Cell division defects found in SRCAP depleted HeLa cells

Control RNAi

Mock (%) Scramble (%) SRCAP A (%) SRCAP B (%)

Metaphase MS 4.38 ± 2.58 0 6.21 ± 4.43
***(scramble)

0

CM 15.31 ± 14.45 3.30 ± 5.80 57.36 ± 16.78*** 47.90 ± 5.90***

ASM 2.25 ± 0.45 0 29.93 ± 2.80*** 20.8 ± 5.90***

Telophase CB 6.00 ± 1.97 1.00 ± 1.70 8.45 ± 4.96
*(mock), ***(scramble)

38.20 ± 3.60***

LIB 1.87 ± 0.67 8.10 ± 1.10 28.69 ± 9.21** 23.80 ± 3.60***

MC 2.16 ± 0.49 1.90 ± 1.70 14.21 ± 3.74*** 9.30 ± 2.30***

CB, chromatin bridges; CM, chromosome misalignments; LIB, long intercellular bridges; MC, multinucleated cells; MS, multipolar Spindles
The results are expressed as mean ± SD values from three independent replicate experiments: *P < 0.05; **P < 0.005; and ***P < 0.0005 compared with the
controls group by Fisher’s exact test
Notably, MS found in cells treated with SRCAP A are statistically significant (***) compared to scramble, but not to mock. CB show different statistically significant
levels depending on comparison between SRCAP A and scramble (***) or mock (*)

Fig. 4 Abnormal microtubules re-polymerization in SRCAP depleted HeLa cells. From top to bottom: DAPI (blue), EGFP::α-Tubulin (green) and
merge. Hela cells were incubated in ice (1 h) to stimulate microtubules depolymerization (T0). Compared to the non-treated samples (NT),
microtubule re-polymerization after 5 min (T5) of rewarming give rise to properly shaped asters in control metaphases (mock), while in SRCAP
depleted metaphases (RNAi), aster reformation is clearly aberrant with EGFP::α-Tubulin fluorescence marking only one pole spot, together with
sparse and disorganized fibers. The results are based on a total of three experiments; at least 300 cells were scored from both RNAi-treated and
control cells. Scale bar = 10 μm
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Fig. 5 (See legend on next page.)
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(Fig. 7). Next, we examined the phenotypes of S2 cells
after RNAi against DOM-A. The RNAi efficiency was
tested by sqRT-PCR and immunofluorescent assays
(Additional file 6: Fig. S5), since the DOM-A antibody
did not work properly for Western blotting under our
conditions. Depletion of DOM-A resulted in mitotic
phenotypes comparable to those observed in SRCAP-
depleted HeLa cells (Fig. 8 and Table 3). Five categories
of significant defects were observed: MS (46%), CM
(21%), CB (4%), LIB (19%), and MC (12%). Importantly,
these defects are consistent with the localization of
DOM-A to centrosomes and the midbody in S2 cells.
Next, we stained DOM-A-depleted S2 cells with an

antibody against Spd2, a Drosophila centriole protein
used as a centrosome marker [36]. We observed a high
percentage of metaphase with multiple centrosomes
exhibiting MT-nucleation ability, which gives rise to MS
(Additional file 7: Fig. S6). Multiple centrosomes may
arise from aberrant centriole disengagement/amplifica-
tion, which in turn leads to the formation of MS and
chromosome mis-segregation [37]. Alternatively, abnor-
mal numbers of centrosomes can be a consequence of
cytokinesis failure that results in the formation of MC.

Discussion
Here, we showed that during cell cycle progression the
ATPase SRCAP relocates to centrosomes and the spin-
dle, and midbody, with its depletion yielding an array of
aberrant outcomes of mitosis and cytokinesis (Figs. 1, 2,

and 3). Similarly, DOM-A is found at centrosomes and
the midbody in Drosophila S2 cells, and its depletion af-
fects both mitosis and cytokinesis (Figs. 7 and 8). More-
over, SRCAP was found to interact at telophase with a
number of cytokinesis regulators, positively controlling
their recruitment to the midbody.
At least two alternative hypotheses can be considered

to explain the defects found after SRCAP and DOM-A
depletion: (1) the lack SRCAP or DOM-A may give rise
to aberrant chromatin changes that alter the expression
of genes involved in cell division and/or to perturbations
in kinetochore and spindle organization and function.
According to this hypothesis, the cell division defects
caused by SRCAP and DOM-A depletion in HeLa and
Drosophila S2 cells, respectively, are indirect and their
recruitment to the mitotic apparatus only reflects a pas-
sive accumulation of disposable factors. (2) SRCAP and
DOM-A proteins are essential components of the mi-
totic apparatus and participate in the control of cell div-
ision. Thus, their depletion is expected to directly affects
mitosis and cytokinesis.
Several lines of evidence support the second hypoth-

esis. Firstly, the recruitment of SRCAP and DOM-A to
the mitotic apparatus, together with the disruption of
specific steps of cell division caused by their depletion
were observed in two distantly related species (common
ancestor dates back to more than 700 million years ago).
Such evolutionary conservation strongly suggests that
SRCAP and DOM-A are essential components of mitotic
apparatus.
Secondly, the observed defects do not appear to simply

be a chaotic disruption of cell division, as one would ex-
pect by simultaneous upregulation or downregulation of
genes encoding cell division regulators caused by chro-
matin perturbations. In contrast, SRCAP and DOM-A
depletion leads to specific categories of mitosis and cyto-
kinesis alterations. Notably, such alterations are consist-
ent with the localization of SRCAP and DOM-A to the
mitotic apparatus and also occur after the loss of crucial
regulators of cell division [29–34].
Finally, and most importantly, a direct role of SRCAP

in cytokinesis is supported by results indicating that it
interacts with cytokinesis regulators in co-IP assays of
chromatin-free protein extracts from telophase-
synchronized HeLa cells (Fig. 6), with the midbody re-
cruitment of the same regulators depending on SRCAP
activity (Fig. 5 and Table 2). Notably, the interaction

Table 2 Cytokinesis regulators mislocalization in SRCAP
depleted HeLa cells

Mock (%) RNAi (%)

Cit-K 2.04 ± 2.65 4.80 ± 0.75

MKLP2 3.03 ± 2.90 39.84 ± 15.78***

Aurora B 4.81 ± 5.90 56.5 ± 26.16***

INCENP 9.28 ± 3.40 60.90 ± 11.93***

MKLP1 0.37 ± 0.57 36.78 ± 1.52***

PLK1 3.86 ± 6.06 36.91 ± 27***

Cep55 3.33 ± 1.15 8.27 ± 1.61**

Anillin 11.26 ± 5.66 31.38 ± .,67***

Alix 5.83 ± 1.06 29.15 ± 6.48***

Spastin 12.4 ± 3.18 29.90 ± 13.43***

The results are expressed as mean ± SD values from three independent
replicate experiments: *P < 0.05; **P < 0.005; and ***P < 0.0005 compared with
the mock group by Fisher’s exact test

(See figure on previous page.)
Fig. 5 SRCAP depletion affects midbody localization of cytokinesis regulators. A Examples of cytokinesis regulators recruitment at midbody in
mock and SRCAP depleted HeLa cells (RNAi). From left to the right: DAPI (blue), anti-α-Tubulin (green), cytokinesis regulators (red) and merge.
B Histograms showing the quantitative analysis of mis-localizations (see also Table 2); mock (white histograms), SRCAP depleted cells (black
histograms). Scale bar = 10 μm. Three independent experiments were performed and at least 300 telophases were scored in both RNAi-treated
and control cells. *P < 0.05; **P < 0.005; and ***P < 0.0005 compared with the mock group by Fisher’s exact test
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between SRCAP and Anillin has also been highlighted in
a recent study on the midbody interactome [35]. Among
the identified SRCAP interactors, Cit-K was not deloca-
lized after SRCAP depletion (Fig. 5 and Table 2), sug-
gesting that Cit-K may act in telophase upstream of
SRCAP.
All of the proteins identified here as SRCAP interac-

tors in telophase (Fig. 6) are midbody components es-
sential for successful cell division in different organisms,
as their depletion results in aberrant cytokinesis. Cit-K is
the main abscission regulator capable of physically and
functionally interacting with the actin-binding protein
Anillin, a crucial component of the contractile ring and
midbody [29, 38, 39]. MKLP2 is a motor kinesin that
binds microtubules and is required for Aurora B recruit-
ment to the central spindle [29, 40]. CEP55 recruits Alix
at the midbody. Notably, in the absence of CEP55, a
series of late-acting abscission factors fail to concentrate
at the midbody, including Aurora B, MKLP2, PLK1,
PRC1, and ECT2 [41], and the ESCRT machinery. Spas-
tin is a key player in microtubule severing, ensuring the

final cut at the midbody, whereas α-Tubulin is a major
component of spindle and midbody microtubules.

Unexpected roles of SRCAP in cell division
Our results suggest that SRCAP and DOM-A, similarly
to other chromatin remodelers [42–50] are multifaceted
proteins that, in addition to their canonical functions in
interphase, play direct roles in mitosis and cytokinesis.
In particular, cell division alterations (Fig. 3), spindle ref-
ormation defects (Fig. 4), and mis-localization of cyto-
kinesis regulators at the midbody (Fig. 5) found in
SRCAP-depleted cells, together with specific interactions
detected in telophase-synchronized cells (Fig. 6) provides
evidence that SRCAP participates in two different steps
of cell division: (i) it may ensure proper chromosome
segregation, regulating microtubule organization and mi-
totic spindle assembly, and (ii) it may be required for
midbody function during abscission, acting as a platform
for the recruitment of cytokinesis regulators and ensur-
ing the final cut essential for proper abscission. In this
context, we speculate that the ATPase activity of SRCAP

Fig. 6 SRCAP interacts with cytokinesis regulators in co-IP assays. For immunoprecipitation assays, we used a SRCAP antibody previously validated by
Ruhl et al. [9] (Additional file 5: Fig. S4 and Additional file 7: Table S1). A Telophase synchronization in HeLa cells. The scheme summarizes the protocol
used for telophase synchronization and subcellular fractionation assay (see the “Methods” section). B Chromatin fractionation of HeLa cells
synchronized in telophase. WCE, whole cell extract. P3, nuclear fraction. S2, cytoplasmatic fraction. H3 and α-Tubulin are markers of nuclear and
cytoplasmic fraction, respectively. MKLP1 is expressed in late stages of mitosis (telophase synchronization control). C Immunoprecipitation of protein
extracts from cytoplasmic fraction of telophase synchronized HeLa cells (S2 fraction). IP sample immunoprecipitated with SRCAP antibody (+ anti-SRCA
P) were compared to negative control (- anti-SRCAP). Three independent IP experiments were performed. IN = input, IP = immunoprecipitation
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could be required for its function in cell division. Indeed,
several ATPases, such as Katanin, Cdc48/p97, ISWI,
VPS4, and Spastin, interact with microtubules and play
direct roles in mitosis and cytokinesis [51–53]. Intri-
guingly, depletion of Spastin at midbody results in cyto-
kinesis failure phenotypes similar to those found in
SRCAP-depleted cells [54].

Conclusions
In conclusion, our results reveal the existence of a previ-
ously undetected and evolutionarily conserved
phenomenon, whereby SRCAP is recruited to the mitotic
apparatus during cell cycle progression in human cell
lines (Fig. 1, Fig. 2, Additional file 3: Fig. S2) and has
functional relevance in cell division preventing genetic
instability. Therefore, we propose that mitosis and cyto-
kinesis failure may contribute to the onset of develop-
mental defects characteristic of FHS.
It is well known that defective mitosis or cytokinesis

can cause chromosomal instability leading to genetically
unstable states, hence activating tumorigenic transform-
ation [55, 56]. A first case of a tumor associated with
FHS has indeed been reported in 2009 [57]. Thus, it
might be possible that FHS patients also exhibit some
predisposition for tumor development. If this was true,
then FHS patients should be subjected to clinical trials
for cancer prevention.
HeLa cells are a system of election to study cell div-

ision due to a number of characteristics which have

enabled very powerful, extensive genome-wide screening
for mitotic genes [29, 55, 58]. However, it will be im-
portant to reassess in the future the findings herein ob-
tained and validate the results switching to other cell
types such as fibroblasts or lymphoblastoid cell lines
from FHS patients.

Methods
Cytology and immunostaining
Cytology and immunostaining of human cell lines and
Drosophila melanogaster S2 cells were performed ac-
cording to Messina et al. [15] and Somma et al. [59],
respectively.

Cell cultures, transfections, and RNAi treatments
HeLa cells (ATTC company) were cultured in 6-well
plates in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS (Corning) and a penicillin/
streptomycin solution (Gibco, 15140122). RNAi-
mediated depletion of SRCAP was performed by double
transfection (24 h + 48 h after seeding) with (i) a specific
siRNA mix called SRCAP A (CCAGUUCCCUGACU
UAAGATT + GGAUGGAUCUACUAGAGUUTT) tar-
geting SRCAP transcripts at sequences CCAGTTCC
CTGACTTAAGA and GGATGGATCTACTAGAGTT
(sc-93293, Santa Cruz Biotechnology) and (ii) a single
siRNA called SRCAP B (GCGUGAUGUUGAACUGGG
AGAUGGA) targeting SRCAP transcript at sequence
GCGTGATGTTGAACTGGGAGATGGA, already

Fig. 7 DOM-A localizes to interphase nuclei, centrosomes and midbody in Drosophila S2 cells. From left to the right: DAPI (blue), anti-α-Tubulin
(green), anti-DOM-A (red) and merge. In addition to interphase nuclei, the anti-DOM-A staining was found on centrosomes (metaphase) and midbody
(telophase) pointed by an arrow. Scale bar = 5 μm. *P < 0.05; **P < 0.005; and ***P < 0.0005 compared with the mock group by Fisher’s exact test
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validated by Moreno-Andres et al. [60]. As negative con-
trol, samples were processed in the same way, excluding
the addition of siRNA. As additional control, we used a
scrambled siRNA (CAUCGAGACGCUAGCAGAUCCU
GCG), already validated by Moreno-Andres et al. [60].

The Lipofectamine RNAi-MAX reagent (Thermo Scien-
tific) was used for transfections, according to the manu-
facturer’s protocol; 24 h after the second transfection,
cells were harvested for cytological and immunoblotting
analysis.
Drosophila melanogaster S2 cells were cultured at

25 °C in Schneider’s Drosophila Medium (Biowest).
RNAi treatments were carried out according to Somma
et al. [59]. To perform DOM-A depletion, each culture
was inoculated with 15 μg of specific siRNA targeting
the domino gene. Control samples were treated in the
same way without addition of dsRNA. Both dsRNA-
treated and control cells were grown for 96 h at 25 °C
and then processed for either immunofluorescence or
blotting analysis. To prepare dsRNA, individual gene se-
quences were amplified by PCR from genomic DNA ob-
tained from first-instar larvae of a wild type D.
melanogaster strain. The primers used in the PCR reac-
tions were 48 nt base long and all contained a 5′ T7
RNA polymerase binding site (5′-GAATTAATACGA

Table 3 Cell division defects found in DOM-A depleted S2 cells

DomA

Mock (%) RNAi (%)

Metaphase MS 11.01 ± 2.48 46.33 ± 20.14***

CM 4.22 ± 4.58 20.9 ± 8.6***

Telophase CB 0 3.81 ± 0.50**

LIB 1.57 ± 0.6 18.54 ± 13***

MC 1.16 ± 0.5 12.21 ± 3.84***

CB, chromatin bridges; CM, chromosome misalignments; LIB, long intercellular
bridges; MC, multinucleated cells; MS, multipolar spindles
The results are expressed as mean ± SD values from three independent
replicate experiments: *P < 0.05; **P < 0.005; and ***P < 0.0005 compared with
the mock group by Fisher’s exact test

Fig. 8 RNAi-mediated depletion of DOM-A affects mitosis and cytokinesis in Drosophila S2 cells. DAPI staining is shown in blue, α-Tubulin in
green. A Quantitative analysis of defects; mock (white histograms), DOM-A depleted cells (black histograms). B From left to right: normal
metaphase (mock), multipolar spindle (RNAi), and chromosome misalignments (RNAi). C Left panel: normal telophase (mock); right panel:
chromatin bridge (RNAi). D left panel: normal telophase (mock); right panel: long intercellular bridge (RNAi). E Left panel: mononucleated cell
(mock); right panel: binucleated cell (RNAi). Scale bar = 5 μm. The quantitative analysis of defects scored in RNAi-treated and mock treated cells is
based on about 300 metaphases, telophases, or interphases, scored in at least three independent experiments (Table 3). *P < 0.05; **P < 0.005;
and ***P < 0.0005 compared with the mock group by Fisher’s exact test
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CTCACTATAGGGAGAC-3′) joined to a DOM-A spe-
cific sequence. The sense and antisense gene-specific
DOM-A primers were as follows: for-TCTGGTGC
TCAGATCGTGTC; rev-GTTGTCTGCAGCACCTTC
AA.

sq-RT PCR
Total RNA was extracted from DOM-A-depleted Dros-
ophila S2 cells and control, using Trizol reagent and
retro-transcribed with Sensi-FAST cDNA synthesis kit
(BioLine), according to manufacturer instructions.
DOM-A specific bands were amplified with Hi-Fi Taq
polymerase, normalized by housekeeping RpL32 levels
and compared to the control. Primers used were: DOM-
A (for – TAAAGCCGTCAGACCACGTC; rev – ATCG
CTCATGGCTGCAAAAC) and RpL32 (for – GCCCAA
GGGTATCGACAACA; rev – CTTGCGCTTCTTGG
AGGAGA).

Western blotting and immunoprecipitation
Western blotting was performed according to Messina
et al. [15]. SRCAP protein immunoprecipitation was per-
formed according to Messina et al. [15], using a rabbit
polyclonal antibody against SRCAP (Kerafast company)
validated by Ruhl et al. [9]. Cytosolic fraction (2 mg/ml)
from subcellular fractionation assay (see the next para-
graph) was used as input (IN). As negative control, no
antibody was added to a same amount of IN and beads
(Santa Cruz Biotechnology).

Cell cycle synchronization and subcellular fractionation
assay
For immunoprecipitation experiments, HeLa cells were
synchronized in telophase using thymidine/nocodazole
blocks. Cells were treated with 2mM thymidine (Sigma,
T9250) for 19 h, released from G1/S block in fresh
media for 5 h, incubated with 40 nM nocodazole (Sigma,
M1403) for 13 h, and harvested by mitotic shake-off. Mi-
totic cells were washed three times with PBS and re-
leased in fresh medium for 70′ before harvesting and
freezing in liquid nitrogen. Telophase cells (2 × 107)
were prepared by resuspending in 1 mL of Buffer A for
subcellular fractionation according to Messina et al. [14].

Midbody isolation
The midbody association of SRCAP was also evaluated
on isolated midbodies. Midbody isolation was performed
according to McKenzie et al. [61]. IFM and Western
blotting were performed by using the SRCAP T15 anti-
bodies (Additional file 1: Table S1, Additional file 8:
Table S2) as described in the above paragraphs.

Microtubules re-polymerization assays
HeLa Kyoto EGFP-α-Tubulin/H2B-mCherry cell line
(EMBL, Germany) were cultured and transfected accord-
ing to the above section; 24 h after last transfection, cells
were assayed for microtubules re-polymerization. Con-
trol (mock) and SRCAP RNAi-depleted cells (RNAi)
were incubated 1 h in ice (T0) and then supplemented
with complete medium for 5′ (T5) to resume microtu-
bules polymerization at 37 °C. Asters length was evalu-
ated for analysis using the ImageJ software.

Antibodies
Primary antibodies and HRP-conjugated secondary anti-
bodies used for IFM, WB, and IP experiments were de-
scribed in Additional file 1: Table S1 and Additional file
8: Table S2, respectively.

Microscope image acquisition
Both human and Drosophila melanogaster slides were
analyzed using a computer-controlled Nikon Eclipse 50i
epifluorescence microscope equipped with UV-1A EX
365/10 DM 400 BA 400, FITC EX 465-495 DM 505 BA
515-555 and TRITC EX 540/25 DM 565 BA 605/55 fil-
ters using Plan Achromat Microscope Objective 100XA/
1.25 Oil OFN22 WD 0.2 objective and QImaging QICA
M Fast 1394 Digital Camera, 12-bit, Mono. Images were
imported into ImageJ software (http://rsbweb.nih.gov/ij/)
and adjusted for brightness and contrast uniformly
across entire fields where appropriate. The figures were
constructed in Adobe Photoshop. Fluorescence intensity
of SRCAP was assessed using the ImageJ software.

Statistical analysis
Data analyses were performed using the GraphPad Prism
software (GraphPad Software, Inc., La Jolla, CA, USA).
All results are expressed as mean ± SD values from three
independent replicate experiments. P value lower than
0.05 (*P < 0.05) was considered to be statistically signifi-
cant, using two-tailed Fisher’s exact test.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12915-021-01109-x.

Additional file 1: Table S1. List of primary antibodies (30 kb .xls)

Additional file 2: Fig. S1. Validation of SRCAP antibody (T15) by IFM
and WB in SRCAP depleted cells. A) and B) The anti-SRCAP staining of nu-
clei, spindles and midbodies was strongly decreased (from 75% up to
90%) in SRCAP depleted cells (black histograms) compared to the mock
(white histograms). Fluorescence intensity was measured using the Ima-
geJ software. Scale bar = 10 μm. ***P < 0.0005, compared with the mock
group by Fisher’s exact test. C) By WB, the T15 antibody detected three
high-MW bands (over 270kD), the intermediate one is faint and can be
appreciated at higher expositions (middle panel). These bands are com-
patible with the predicted SRCAP isoforms of about 343, 337 and 327kD
(see also legend to Figure 2). The intensity of the two higher MW bands
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was decreased in SRCAP depleted cells (SRCAP RNAi) compared to the
mock. The apparent lack of effect on the lower band could be due to a
secondary structure assumed by the shorter SRCAP gene transcript affect-
ing the siRNA binding, as already shown for other gene transcripts
(Bohula et al., 2003; Luo and Chang., 2004). The ISWI chromatin remodeler
was used as negative control. (300 kb .jpg)

Additional file 3: Fig. S2. Subcellular localization of endogenous
SRCAP in HuH7 and MRC5 cell lines. Fixed HuH7 (A) and MRC5 (B) cells
were stained with DAPI (blue), anti-α-Tubulin (green) and anti-SRCAP
(red). At interphase, the SRCAP staining decorates the nuclei, while during
metaphase and telophase it is found at centrosomes/spindle and mid-
body, respectively. Scale bar = 10 μm. (1,00 Mb .jpg)

Additional file 4: Fig. S3. IFM assays with CREST antibodies
(kinetochore marker) on mock and SRCAP depleted metaphases. From
top to bottom, DAPI (blue), anti-α-Tubulin (green), CREST (red) and
merge. The analysis of 300 metaphases scored in three independent ex-
periments showed that all misaligned chromosomes detected carry the
centromere. Scale bar = 10 μm. (228 kb .jpg)

Additional file 5: Fig. S4. Validation of SRCAP antibody used for IP
assays. The SRCAP polyclonal antibody (from Kerafast company;
Additional file 1: Table S1) was already validated in IP assays by Ruhl
et al., 2006. The antibody was tested by Western blotting on whole
protein extracts from HeLa cells transfected with SRCAP B siRNA (see the
“Methods” section), compared to control samples (100%, 50% or 25%).
High-molecular weight bands were detected over 270 kD, most of which
are decreased in SRCAP depleted cells (SRCAP RNAi). The vinculin was
used as negative control. (131 kb .jpg)

Additional file 6: Fig. S5. Efficiency of RNAi-mediated depletion of
DOM-A protein in Drosophila S2 cells. After RNAi treatments with specific
DOM-A siRNAs, the decrease of DOM-A transcripts (A) and DOM-A pro-
tein at centrosomes (CS) and midbody (B) was measured by RT-PCR and
IFM, respectively, and compared to control samples. Mock (white histo-
grams), SRCAP depleted cells (black histograms). Fluorescence intensity
on centrosomes (CS) and midbodies (MB) was assessed using the ImageJ
software. The anti-DOM-A signal intensity is clearly decreased after DOM-
A depletion compared to the mock. The results are based on three exper-
iments; the sqRT-PCR product band of RNAi treated-cells was 66,14 ± 19
SD. *P < 0.05; **P < 0.005 and ***P < 0.0005, compared with the mock
group by Fisher’s exact test. (150 kb .jpg)

Additional file 7: Fig. S6. Anti-Spd2 staining of DOM-A depleted and
control cells. S2 cells were stained with DAPI (blue), anti-α-Tubulin (green)
and anti-Spd2 (red). In DOM-A proficient cells (Mock), the anti-Spd2 stain-
ing is found on the two centrosomes at metaphase. In DOM-A depleted
cells (RNAi), multiple Spd2 signals were found at multiple centrosomes,
which nucleate microtubules of multipolar spindles. Scale bar = 5 μm.
(368 kb .jpg)

Additional file 8: Table S2. Secondary antibodies list (20 kb .xls)

Additional file 9: Raw data for Table 1.

Additional file 10: Raw data for Table 2.

Additional file 11: Raw data for Table 3.
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