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Abstract

The UCS family of proteins regulate cellular functions through their interactions with myosin.
Here we show that one member of this family, UNCA45A, is also a novel centrosomal protein.
UNCA45A is required for cellular proliferation of cancer cell in vitro and for tumor growth in vivo
through its ability to bind and regulate ChK1 nuclear-cytoplasmic localization in an Hsp90-
independent manner. Immunocytochemical and biochemical fractionation studies revealed that
UNC45A and ChK1 co-localize to the centrosome. Inhibition of UNC45A expression reduced
ChK1 activation and its tethering to the centrosome, events required for proper centrosome
function. Lack of UNC45A caused the accumulation of multi-nucleated cells, consistent with a
defect in Chk1 regulation of centrosomes. These findings identify a novel centrosomal function
for UNCA45A and its role in cell proliferation and tumorigenesis.
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1. Introduction

UNCA45 is a member of the UCS (UNC-45/Crol/She4p) family of myosin-interacting
proteins (1). Two isoforms of UNCA45 have been described. UNC45B is muscle specific and
its function has been well established in the proper folding and maturation of myosin and
myofibril organization (2-10). In contrast, UNC45A, which shares only 50% sequence
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identity (9, 10), is more generally expressed in all organs except muscles, and its function is
largely unknown. Both isoforms contain an N-terminal tetratricopeptide repeat (TPR) that
interacts with the chaperone heat shock protein (Hsp) 90 (4, 11, 12), repressing its ATPase
and slowing the Hsp90 chaperoning cycle to promote optimum chaperoning (12, 13). In
support of this idea, silencing UNC45A reduces the Hsp90-dependent transcriptional
activity of the progesterone receptor in vivo (12).

As suggested by their differential tissue specific-expression and their limited sequence
homology, UNC45A and UNC45B might have significant functional differences(8, 9, 14).
Accumulating evidence indicates that UNC45A contributes to tumorigenesis, with
overexpression in ovarian and breast carcinoma correlating with stage and grade of diseases
(15, 16). Previous studies using ovarian cancer cell lines have shown that UNC45A may
play a role in cell cycle progression through regulation of cytokinesis. Immunocytochemical
staining revealed that UNC45A co-localizes with myosin Il in the cleavage furrow (15).
This was in line with genetic and biochemical studies showing that orthologs of UNC45A in
yeast and nematodes chaperone myosin I, which culminates in furrow cleavage and drives
cytokinesis (17). Intriguingly, however, silencing UNC45A did not cause myosin Il protein
degradation (15) as it would be expected from a chaperone client protein, thus suggesting
that UNC45A regulates proliferation by another mechanism rather than insuring the stability
of Myosin 11

A key regulator of proliferation is the checkpoint kinase ChK1. ChK1 is best known for it
roles in coordinating responses to exogenous genotoxic stresses. However, recent reports
have shown that ChK1 has additional functions. It is required for the progression and mitotic
entry of unperturbed cells (18, 19) and it regulates the centrosome to maintain cell ploidy
(20). These studies showed that inhibition of ChK1 induces premature centrosome
separation through inhibition of cyclin-B1-Cdk1 activation (20) and that tethering ChK1 to
centrosomes causes endoreplication and the appearance of enlarged polyploid nuclei (20). In
this this report we show that UNC45A is a centrosome-associated protein that recruits ChK1
to the centrosome, thereby preventing the accumulation of multi-nucleated cells and cell
death.

2. Materials and Methods
2.1 Knockdown of UNC45A by transient transfection

HelLa cells were transfected with 100 nanomolar concentration of SiRNA against UNC45A
as previously described (12). Non-targeting siRNA #1 from DharmaFECT was used as a
negative control. Cells were harvested 96 hours after transient transfection.

2.2 Stable transfection of HelLa cells with UNC45A shRNA

HelLa cells were transfected with a lentivirus encoding the doxycycline-inducible UNC45A
KD shRNA or scrambled shRNA. UNC45A depletion was achieved by exposing cells that
stably harbored UNC45A shRNA cells to 1 pg/mL of doxycycline for 96-144 hours.
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2.3 Western blot

Lysates were made using 1 x RIPA buffer (150 mM NaCl, 0.1% Triton-X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris-HCI) and supplemented with 10 mM NaF, 2 mM -
glycerophosphate, 2 mM sodium pyrophosphate, 1 mM sodium orthovanadate, and a
protease inhibitor mixture (Roche Applied Science). Lysates were analyzed by Western blot
using the following antibodies: the monoclonal antibody for UNC45A (12), a polyclonal
antibody against the peptide DKAVEYGLIQPNQDGE at the C-terminus of UNC45A, the
antibody H90.10 for Hsp90B, B-actin from Santa Cruz Biotechnology (catalog no.
sc-477786), myosin I, PARP (a generous gift from Dr. Scott Kaufmann of Mayo Clinic,
MN), ChK1 (Cell Signaling, catalog no. 2345P) against a peptide surrounding serine 296,
ChK1 (Santa Cruz, catalog no. sc-8408) against amino acids 1-476, ChK2 (Cell Signaling,
catalog no. 2662P), pChK1(S345) (Cell Signaling, catalog no. 2348P), y-tubulin (Sigma-
Aldrich, catalog no. T6557), polyclonal antibody against nonmuscle myosin Il heavy chain
Isoform A (MHC-A, NMHC IIA, Myosin-9) (BioLegend, Catalog no: PRB-440P) and
pericentrin (Abcam, catalog no. ab28144).

2.4 Immunocytochemistry and Fluorescence Microscopy

HeL a cells were grown in 24-well plates on 22-mm diameter to 60% confluency. UNC45A
was silenced by transient transfection with UNC45A siRNA or by exposure to doxycycline.
Cells were partially fixed in a 3% para-formaldehyde solution for 2-3 minutes, washed
twice with PBS, permeabilized with 0.1% Triton-X-100 for 3 min, fixed for 10 minutes at
—20°C in methanol, and dried at room temperature. The coverslips were then blocked in
PBS containing 10% fetal bovine serum and 5% glycerol overnight at 4°C. Primary and
secondary antibodies were prepared in the blocking buffer. Coverslips were mounted using
Prolong Gold™ (Life Technologies, catalog no. P-36931). Cells were analyzed using the
Zeiss Axio Imager.M1 microscope. Deconvolution of Z-stack images was done using an
inverse filter algorithm with autolinear normalization. Counts of multi-nucleated and rosette-
shaped cells were done in triplicate on different slides by hand.

2.5 Nuclear Fractionation

Cells stably harboring scrambled or shRNA to UNC45A were grown and treated with 1
pg/mL of doxycycline for 144 hours. Cells were harvested and washed in PBS, spun down at
2000 rcf for 10 minutes at 4°C, and then resuspended in a hypotonic lysis buffer (10 mM
HEPES, pH 7.9, 1.5 mM MgCl,, 10 mM KCI, 1 mM, DTT, 10 mM NaF, 2 mM sodium
pyrophosphate, 2 mM f-glycerophosphate, 1 mM sodium orthovanadate, and protease
inhibitors (Roche)). The cells were incubated on ice for 10 minutes and then snap-frozen in
liquid nitrogen and thawed three times. The cell suspension was transferred to a Dounce
homogenizer and lysed with 15-25 strokes. The supernatant was recovered as the cytosolic
fraction and the pellet as the raw nuclei. The pellet was then washed twice with the
hypotonic buffer. The nuclear pellet was then resuspended in a hypertonic buffer (20 mM
HEPES, pH 7.9, 1.5 mM MgCl,, 0.5 M NaCl, 25% glycerol, 0.5 mM EDTA, 1 mM DTT,
10 mM NaF, 2 mM sodium pyrophosphate, 2 mM B-glycerophosphate, 1 mM sodium
orthovanadate, and protease inhibitors (Roche)) and placed in a rotor/shaker at 4°C for 30
minutes. The suspension was then spun down and the supernatant recovered.
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2.6 ChK1 Immunoprecipitation

3. Results

Cytosolic or nuclear extracts (300 ug protein) from HeLa cells with either scrambled or
UNC45A shRNA were incubated with ChK1 antibody (Cell Signaling) overnight 4°C with
gentle rotation. The next day, a 30-pL slurry of protein A/protein G agarose beads (Pierce®
Recombinant Protein A Agarose, catalog no. 20366 and Pierce® Protein G Agarose, catalog
no. 20399) was added to each sample, and the samples were incubated at 4°C with gentle
rotation for 2 hours. The samples were then washed three times with 20 mM Tris, pH 7.4,
150 mM KCI, 10 mM 1-thioglycerol, 0.03% NP40, 10% glycerol, protease inhibitors
(Roche), 10 mM NaF, 2 mM sodium pyrophosphate, 2 mM B-glycerophosphate, and 1 mM
sodium orthovanadate and prepared for Western blot.

3.1 UNC45A is essential for cancer cell proliferation in vitro and tumor growth in vivo

Previous studies showed that UNC45A is overexpressed in human tumors (15, 16) and is
essential for cancer cell proliferation and motility in vitro using ovarian and breast cancer
cell lines (15, 16). Consistent with this, we found that transiently silencing UNC45A
expression with an siRNA blocked HeLa cell proliferation (Fig 1A) and induced molecular
characteristics of apoptosis. These include cell membrane blebbing (Fig. S1A), DNA
fragmentation (Fig. 1B), and poly(ADP-ribose) polymerase (PARP) cleavage (Fig. 1C).
Similarly, we also observed that doxycycline-induced depletion of UNC45A from HelLa
cells (Fig. 1D) that stably harbor doxycycline-inducible UNC45A shRNA slowed growth
(Fig. 1E) and triggered apoptosis in vitro, as demonstrated by PARP cleavage (Fig. 1F) and
TUNEL analysis (Fig. S1B,C).

Because previous studies suggested that UNC45A played a role in cell proliferation through
co-localization with myosin Il at the cleavage furrow and regulation of cytokinesis (15), we
also assessed myosin Il levels in the UNC45A-depleted cells. As shown in Figure 1C, robust
UNCA45A depletion did not affect myosin 11 levels, thus indicating that UNC45A affects
proliferation independently of myosin Il depletion in these cells.

Although these in vitro findings indicated a role for UNC45A in proliferation, the relevance
of UNC45A for tumor growth in vivo has not been directly tested. To address this role,
athymic Nu/Nu mice were injected subcutaneously with 1 x 108 HeLa cells harboring
UNC45A shRNA or the control scramble shRNA. After tumors grew to about 100 mm3,
animals were administered doxycycline via daily intraperitoneal injections, and tumor
growth was monitored using calipers. As shown in Figure 1G and H, silencing UNC45A
drastically reduced tumor growth in mice. TUNEL analysis showed that tumors lacking
UNCA45A underwent extensive apoptotic cell death (Fig. 11,J). Taken together, these
findings demonstrate that UNC45A plays a critical role in cell proliferation and that lack of
UNCA45A triggers apoptosis of HeLa cells in vitro and in vivo.

3.2 UNC45A is a centrosomal protein

To gain insight into how UNC45A regulates cell proliferation, we performed
immunocytochemical staining using a polyclonal antibody recognizing the C-terminus of

Cancer Lett. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Jilani et al.

Page 5

UNCA45A (Fig. 2A, upper panel). These studies revealed that UNC45A was widely
distributed throughout HeL a cells, along with focal localization in structures that resembled
centrosomes (Fig. 2A). Indeed, co-staining with the centrosomal marker y-tubulin revealed
that UNC45A and y-tubulin co-localized (Fig. 2A and S2). The antibody we have used was
raised against the extreme C-terminus of UNC45A (DKAVEYGLIQPNQDGE), which has
has little identity with UNC45B (IKCMDY GFIKPVS). More importantly, this antibody
recognizes a single, 103-kDa band corresponding to the molecular weight of UNC45A.
Furthermore, as shown in Figures 1C,D, 3C, 4B and Fig. S7, the siRNA against UNC45A
causes near-complete depletion of this unique band, thus demonstrating that this antibody
specifically recognizes only UNC45A. UNC45A centrosomal localization was further
confirmed in U20S cells where UNC45A perfectly co-localized with pericentrin and vy-
tubulin (Fig. 2C and S3 upper panels). Consistent with these immunofluorescence data, we
also observed that UNC45A co-purified with centrosomes on sucrose gradients from HelLa
(Fig. 2B) and U20S (Fig. 2D) cells. Similarly, Hsp90 beta also co-purified with the
centrosome (Fig 2C and D), thus confirming a previous report indicating a key role for this
co-chaperone in centrosomal functions (21, 22). Interestingly, Myosin Il does not localize to
the centrosome (Fig. S7) suggesting that UNC45A function in the centrosome is
independent of myosin I1.

3.3 UNC45A co-purifies and interacts with ChK1

Previous studies showed that Chk1 associates with centrosomes and prevents premature
centrosome duplication during interphase in unperturbed cells. Consistent with these reports,
we observed that ChK1 localized to centrosomes in HeLa and U20S cells using
immunocytochemistry with multiple antibodies (Fig. 2A, lower panels, Fig. S3, S4 and S5).
We also found that ChK1 co-purified with UNC45A in centrosomes on sucrose gradients in
Hela (Fig. 2B) and U20S (Fig 2D) cells, and we observed that Chk1 co-
immunoprecipitated with UNC45A from HelLa cell cytosols (Fig. 3A, lane 5).

3.4 UNCA45A does not participate in Hsp90-mediated chaperoning of Chk1l

Given that 1) ChK1 co-precipitated with UNC45A (Fig. 3A), 2) ChK1 is an Hsp90 client
(23), and 3) UNC45A is an Hsp90 co-chaperone for some clients (12), we next asked
whether UNC45A participated in ChK1 chaperoning. Consistent with previous reports, the
Hsp90 inhibitor 17-AAG caused ChK1 loss (Fig. 3B). Surprisingly, however, depletion of
UNCA45A did not reduce ChK1 levels (Fig. 3C). Instead, we observed increased total ChK1
levels in the cytoplasmic fraction and a more pronounced ChK1 up-regulation in the nuclear
fraction of UNC45A knockdown cells (Fig. 3C). No significant and reproducible changes in
the expression or cellular localization of ChK2 were observed (Fig. 3C), indicating that
UNCA45A regulation is less global. Taken together, these findings show that UNC45A does
not participate in ChK1 chaperoning by the Hsp90 machine.

3.5 UNCA45A regulates ChK1 levels and phosphorylation

Increased accumulation of ChK1 in the nucleus has been linked to reduced ChK1
phosphorylation on multiple residues including S345 (24-28). Thus, we hypothesized that
UNCA45A depletion might affect S345 ChK1 phosphorylation. Western blot analysis showed
that ChK1 phosphorylation at S345 was dramatically reduced in the UNC45A knockdown
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cells, even though the total ChK1 protein level has increased (Fig. 3C). Taken together, our
findings suggest that UNC45A is essential for ChK1 phosphorylation on S345 in
unperturbed cells.

3.6 UNC45A is essential for ChK1 centrosomal localization and function

Given that 1) ChK1 localized to centrosomes (Figs. 1 and 2), and 2) centrosomal ChK1 was
phosphorylated on S345 (Fig. S3 and S4), and 3) UNC45A depletion reduced Chk1 S345
(Fig. 3C), an event that regulates centrosomes, we tested the hypothesis that UNC45A might
be important for ChK1 localization to centrosomes. Depletion of UNC45A (Fig. 4B)
reduced ChK1 centrosomal localization (Fig. 4A); indeed, it was difficult to find cells with
any significant co-localization in the knockdown samples. These findings were confirmed
by biochemical analysis comparing the centrosomal fractions purified from control and
UN45A-depleted HelLa cells (Fig. 4D). Although comparable amounts of proteins were
loaded, silencing UNC45A decreased ChK1 and vy-tubulin levels in the centrosomal
fractions (Fig. 4D). However, levels of Hsp90 and pericentrin in centrosomal fractions were
overall very similar in knockdown cells compared to controls.

Because UNC45A depletion disrupted Chk1 centrosomal localization, and because
centrosomal Chk1 regulates the activity of this organelle, we reasoned that depleting
UNC45A would disrupt centrosome function. Consistent with this hypothesis, depleting
UNCA45A caused a large fraction of cells to divide abnormally and become multinucleated
with rosette-shaped nuclei, indicating dysfunctional centrosomes (Fig. 4A, C). Taken
together, these results suggest that UNC45A regulates centrosome function by recruiting
Chk1 to centrosomes.

4. Discussion

In this report we confirm previous findings showing that UNC45A is essential for cancer
cell proliferation in vitro. We also established for the first time that UNC45A is essential for
tumor growth in vivo and that lack of UNC45A triggers apoptosis in vitro and in vivo.
Furthermore, our molecular studies demonstrate UNC45A is a centrosomal protein that is
required for ChK1 localization to centrosomes through regulation of ChK1 activation.
Because initial ChK1 centrosomal localization (20) was questioned in a recent report (29),
we verified that ChK1 localizes to centrosomes using several mono- and polyclonal
antibodies with various epitopes (Fig 2B and Fig. S3, S4 and S5), extending the list of
antibodies used by others for this purpose (19, 30-32). Furthermore, methods independent of
immunofluorescence, including stringent biochemical purifications, have also demonstrated
that ChK1 co-purifies with centrosomes in various cell lines (Fig. 2C,D) (33, 34). Taken
together, these multiple studies firmly establish that Chk1 localizes to centrosomes.

Pharmacological inhibition of Hsp90p reduces the level of total ChK1 through proteasomal
degradation (Fig 3B) (23, 35, 36). However, the stability of Chk1 is independent of the co-
chaperone UNC45A, thus demonstrating that UNC45A plays a different role in regulating
Chk1 at the centrosome. Importantly, activation of Chk1 requires UNC45A, because
knockdown of UNC45A abolishes key phosphorylations of ChK1(37), without reducing
Chk1 level. This indicates that UNC45A regulation of ChK1 phosphorylation is independent
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of the Hsp90 chaperoning activity required for ChK1 cellular stability. As our
immunofluorescence studies show, only a small portion of UNC45A is localized to
centrosomes. This is consistent with UNC45A having other centrosome-independent
functions in the cell including regulation of steroid receptor signaling (12) and myosin
functions (8-10, 14).

Taken together our results demonstrate that UNC45A is a new novel centrosomal protein
essential for ChK1 phosphorylation and centrosomal localization. This explains, at least in
part, the essential role of UNC45A in cancer cell proliferation, and further establishes the
key role of UNC45A in tumorigenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. UNC45A is essential for cancer cell proliferation in vitro and for tumor growth in vivo
(A) MTT assay assessing cell growth of HelLa cells transfected with 100 nM of siRNA

against UNC45A (red) or non-targeting siRNA control (blue). (B) Hoechst staining of DNA
from HeLa cells treated with non-targeting siRNA control (control siRNA) or UNC45A
siRNA. Yellow arrows indicate fragmented DNA. (C) Total cell lysates were made from
cells in (B) and Western blotted for UNC45A, Hsp90p, B-actin, Myosin II, full length PARP
(PARP), and cleaved PARP (cPARP). (D) Western blot analysis of cytosol from HeLa cells
stably harboring shRNA against UNC45A (sh) or non-targeting scramble shRNA (sc)
cultured in MEM media containing 1 ug/ml doxycycline. (E) MTT assay assessing growth
of HeL a cells stably harboring shRNA against UNC45A (red) or non-targeting scramble
shRNA (blue) cultured in MEM media containing 1 pug/ml doxycycline. Error bars in A and
E represents the standard deviation of mean of six wells. All experiments are repeated at
least three times. (F) Total cell lysates of HeLa cells cultured in doxycycline for indicated
time were used to assess full-length PARP (PARP) and cleaved PARP (cPARP) levels in
cytoplasmic and nuclear fractions. (G) HeLa cells (1 x 10%) harboring doxycycline-inducible
shRNA against UNC45A (red) or non-targeting ShRNA control (blue) were injected
subcutaneously into nude mice. Three weeks after injection, tumors grew to about 100 mm3.
Mice, six for each group, were then fed doxycycline in drinking water and injected
intraperitoneally; tumor volume was monitored using calipers. When tumors in the control
group reached about 4.5 cm3, animals were sacrificed and tumors were extracted for final
photograph (H, bottom panel). Parts of the tumors were used for Western blot (H) and for
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analysis by TUNEL (I and J). Average number of apoptotic cells found in three microscopic
fields comparing the TUNEL positivity in scrambled shRNA and UNC45A shRNA tumors.
All animals received doxycycline for 7 weeks. Data are presented as mean + SD. Statistical
significance was assessed using Student’s t-test considering P<0.05 as an indicator of
significance.
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Figure 2.

UNC45A and ChK1 co-localize to centrosomes in HelLa and U20S cell lines. Asynchronous
HeLa (A) or U20S (C) cells were stained with DAPI and the polyclonal antibody (red) to
UNCA45A. Centrosomes are visualized with monoclonal antibody against centrosomal
proteins y-tubulin (green) and pericentrin (green). Shown are representative images (more
images are shown in supplementary data). Yellow arrowheads indicate centrosomes. (B) and
(D) Western blot analysis of centrosomal fractions prepared from HelLa (B) and U20S (D)
cells as described in Material and Methods. UNC45A, ChK1, and Hsp90p were co-isolated
with centrosomes from both cell lines. y-tubulin and pericentrin were used as centrosome
markers.
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Figure 3.
(A) UNC45A, Hsp90p, and ChK1 are in complex in HeLa cells. Cytoplasmic and nuclear

fractions of HeLa cells were immunoprecipitated using polyclonal total ChK1 (tChK1)
antibody. Rabbit immunoglobulins (RIgG) were used as control. Immunoprecipitated
proteins were Western blotted for total ChK1 (tChK1), UNC45A, and Hsp90p. (B) HelLa
cells were treated with DMSO control or 1uM 17-AAG for 24h. Whole cell lysate were
analyzed for UNC45A, total ChK1 (tChk1) and Hsp70. GAPDH was used as loading
control. Overexpression of Hsp70 indicates inactivation of Hsp90. (C) Silencing UNC45A
causes overexpression of ChK1 and its localization in the nucleus. HeLa cells expressing
shRNA to UNC45A or control were treated with 1 uM doxycycline for 120-144 h.
Cytoplasmic and nuclear fractions (15 g protein/samples) were analyzed by Western blot
using indicated antibodies. The histone H2A-X was used as a nuclear marker. As expected,
Hsp90p is mostly cytoplasmic with a small fraction localized to the nucleus. The
experiments were repeated at least three times.
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Figure 4.
UNCA45 is important for ChK1 localization to centrosomes. HelL a cells were transfected with

non-targeting siRNA control (control siRNA) or with sSiRNA to UNC45A (UNC siRNA) for
72h. Cells were fixed, and immunocytochemistry was performed using polyclonal
antibodies to total ChK1 (tChK1) and with a monoclonal antibody to y-tubulin (green).
DAPI was used to stain DNA. (B) Cells surrounding the coverslips in A were Western
blotted for UNC45A. B-actin was used as a loading control. (C) Multinucleated and rosette-
shaped cells were counted in non-targeting control sSiRNA (control) and UNC45A siRNA
(UNC KD) samples. Statistical significance versus control by 2-tailed t-test are p = 0.000234
for multinucleated and p = 0.02811465 for the rosette-shaped nuclei. (D) In Western blot
analysis of centrosomal fractions from HelLa cells stably harboring doxycycline-inducible
scrambled shRNA control (sc shRNA) or ShRNA to UNC45A (UNC shRNA), membranes
were immunoblotted using antibodies against UNC45A, ChK1, and Hsp90p. B-tubulin and
pericentrin were used as centrosomal markers. All experiments were repeated at least three
times.
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