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Cumulative evidence suggests that the heat shock protein 90
(Hsp90) co-chaperone UNC-45 myosin chaperone A (UNC45A)
contributes to tumorigenesis and that its expression in cancer
cells correlates with proliferation and metastasis of solid
tumors. However, the molecular mechanism by which UNC45A
regulates cancer cell proliferation remains largely unknown.
Here, using siRNA-mediated gene silencing and various human
cells, we report that UNC45A is essential for breast cancer cell
growth, but is dispensable for normal cell proliferation. Immu-
nofluorescence microscopy, along with gene microarray and
RT-quantitative PCR analyses, revealed that UNC45A localizes
to the cancer cell nucleus, where it up-regulates the transcrip-
tional activity of the glucocorticoid receptor and thereby pro-
motes expression of the mitotic kinase NIMA-related kinase
7 (NEK7). We observed that UNC45A-deficient cancer cells
exhibit extensive pericentrosomal material disorganization, as
well as defects in centrosomal separation and mitotic chromo-
some alignment. Consequently, these cells stalled in metaphase
and cytokinesis and ultimately underwent mitotic catastrophe,
phenotypes that were rescued by heterologous NEK7 expres-
sion. Our results identify a key role for the co-chaperone
UNC45A in cell proliferation and provide insight into the regu-
latory mechanism. We propose that UNC45A represents a
promising new therapeutic target to inhibit cancer cell growth
in solid tumor types.

UNC453 (UNCoordinated (1)) is a member of the UCS
(UNC-45/Cro1/She4p) family of myosin-interacting proteins.

In vertebrates, two genes encode two UNC45 isoforms that
share �55% sequence identity (2). Isoform A is ubiquitous,
whereas isoform B is restricted to skeletal and cardiac muscle
expression. The UCS domain of UNC45B is organized in helical
armadillo repeats (3, 4), which cooperate with the N-terminal
tetratricopeptide domain to recruit the heat shock protein 90
(Hsp90) for myosin folding (5–10). Mutations in UNC45B
result in cardiomyopathies and defects in skeletal muscle (11,
12). Although in vitro studies suggest that UNC45 isoforms
share overlapping functions (e.g. myosin folding), zebrafish
studies show that UNC45A is not required for myogenesis (13).
A recent study using the U2OS osteosarcoma cell line has
shown that UNC45A promotes myosin folding and stress fibers
assembly (14). Biochemically, both isoforms interact with
Hsp90 (5, 15), but UNC45A showed higher specificity toward
Hsp90� (16).

Cumulative evidence suggests that UNC45A contributes to
tumorigenesis (15, 17–19); its expression in cancer cells is cor-
related with the stage and the grade of the disease (17, 18).
UNC45A co-localizes with nonmuscle myosin II (NMII) in the
cleavage furrow during cytokinesis (17) and to centrosomes, to
which it helps recruit checkpoint kinase 1 (ChK1) (20). Recent
work from Bazzaro’s group (21) showed that UNC45A is a
microtubule-associated protein that modulates the sensitivity
of ovarian cancer cells to paclitaxel. UNC45A expression in
reporter gene systems (chloramphenicol acetyltransferase and
luciferase) has shown that UNC45A can regulate transcription
of the progesterone (PR) (15), retinoic acid �, and peroxisome
proliferator-activated receptor-� and -� (19). The molecular
mechanisms underlying the function and localization of
UNC45A in cancer cells, however, has not been well studied.

Here, we report that UNC45A is largely dispensable for the
proliferation of immortalized, nontransformed mammary cell
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lines, but is essential for breast cancer cell proliferation in vitro
and in vivo. In cancer cells, UNC45A localizes to the cell
nucleus, where it promotes glucocorticoid receptor (GR) tran-
scription of the mitotic kinase gene NEK7. Previous research
established that NEK7 is required for cell cycle progression
because of its ability to regulate aspects of mitotic spindle for-
mation and cytokinesis (22–28). Cancer cells lacking UNC45A
expression exhibit a strikingly similar phenotype to NEK7
knockout cells, suggesting that UNC45A control of the cell
cycle in cancer cells is mediated by NEK7 signaling.

Results

UNC45A is essential for breast cancer cell proliferation in vitro
and in vivo

We investigated the role of UNC45A in the proliferation of
breast cancer cell lines in vitro. Microscopic analysis indicates
that silencing UNC45A using siRNA causes cell proliferation
arrest and ultimately cell death in Hs578T cells (Fig. 1, A and B).
In contrast, loss of UNC45A expression had no noticeable

effect on the shape or proliferation of Hs578Bst cells; these
results were confirmed using an MTT cell proliferation assay.
Fig. 1C shows that silencing UNC45A did not affect the prolif-
eration of any nontransformed cell line tested, including the
Hs578Bst, HME, and MCF-10A mammary epithelial lines. In
contrast, loss of UNC45A significantly reduced the prolifera-
tion of all transformed cell lines tested, including Hs578T and
MDA-MB-231 (both triple negative), (MCF-7 (ER/PR-posi-
tive), and the metastatic ZR-75-1, further supporting the con-
cept that UNC45A expression may be required for the growth
of various breast cancer subtypes.

To investigate the specific role of UNC45A in cancer cell
proliferation in vivo, we used the non-obese diabetic/severe
combined immunodeficiency (NOD-SCID) mouse model (Fig.
1, E–G), surgically implanted with 105 MDA-MB-231 cells sta-
bly harboring lentivirus-based doxycycline-inducible UNC45A
shRNA (or nontargeting shRNA control) into the mammary fat
pads. Two days later, mice were fed doxycycline-containing
food for 6 weeks. UNC45A was efficiently silenced in tumors

Figure 1. UNC45A is essential for proliferation of cancer, but is dispensable for normal cell proliferation. A, bright light microscopic images of Hs587T
and Hs587Bst cells transfected with 75 nM nontargeting siRNA (NT si) or UNC45A siRNA (UNC si). Scale bar represents 100 �m. B, Western blot analysis of lysates
from cells in A at 96 h post-transfection. C, MTT assay monitoring cell proliferation of the indicated breast cell lines transfected with nontargeting siRNA (blue)
or UNC45A siRNA (red). The experiment was repeated twice. All data points are done sextuplicates. Error bars represent mean � S.D. D, Western blot analysis
of lysates from HME and MCF-7 cells at 96 h after transfection with 50 or 75 nM UNC45A siRNA. 75 nM NT siRNA was used as control. Images in A–D are
representative of 3 independent experiments. E–G, groups of female NOD/SCID mice (n � 6) were implanted with 105 MDA-MB-231 cells harboring UNC45A
shRNA (UNC sh) or nontargeting shRNA (NT sh) into the mammary fat pad. Forty-eight hours after implantation, mice were fed doxycycline-containing food for
6 weeks. Mice were sacrificed, tumor images were taken (E), and tumors were extracted, weighed (F), and used for Western blot analysis (G). Error bars represent
mean � S.D. Unpaired two-tailed t test was used for significance. ***, p � 0.001. �-Actin (�-act) and Hsp90� were used as loading controls.
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harboring UNC45A versus control shRNA (Fig. 1G). Loss of
UNC45A expression inhibited tumor growth, as illustrated by
ex vivo images of tumors in control versus knockdown animals
(Fig. 1E, left and right panels, respectively), as well as by the
average tumor weights (Fig. 1F). Together, these findings dem-
onstrate that UNC45A is essential for cancer cell proliferation
in vitro and in vivo.

UNC45A is required for NEK7 gene expression in cancer cells

To better understand how UNC45A might regulate cancer
cell proliferation, we performed microarray analysis using
mRNAs from Hs578T cells treated with either UNC45A siRNA
or control nontargeting siRNA. As predicted, UNC45A mRNA
was significantly reduced in UNC45A siRNA-treated Hs578T
cells, which correlated with changes in the expression of 121
other genes, of which 62 exhibit at least a 1.64-fold or greater
change (Fig. 2A, Table S1). Ingenuity Pathway Analysis indi-
cates that these differentially expressed genes are involved in
different pathologies, including: cancer, endocrine disorders,
and inflammatory and cardiovascular diseases (Fig. 2B). Fur-
ther analysis indicated that these genes are also connected to
molecular networks involved in: cell-to-cell signaling and pro-
liferation, cellular movement, molecular transport, and lipid
metabolism (Fig. 2C). Some of the genes identified are also asso-
ciated with control of cell cycle, cell morphology, multicellular
organization, and development of the nervous system and its
function (Fig. S1A). Based on its relevance to cell division, we

noted that loss of UNC45A was associated with a 2-fold
decrease in the mRNA encoding the mitotic kinase NEK7 (Fig.
2A, Table S1).

Loss of NEK7 was validated by RT-qPCR and immunoblot
analyses of a panel of cancer-derived cell lines. Silencing
UNC45A drastically reduced mRNA and protein expression of
NEK7 in Hsp578T, MDA-MB-453, MCF-7, and T47D breast
cancer cells (Fig. 2D). Loss of NEK7 was also observed in HeLa
cells and MDA-MB-231 (Fig. S1, C and E). Remarkably,
whereas loss of UNC45A in nontransformed, immortalized
breast epithelial cells (Hs578Bst and HME) significantly
reduced NEK7 mRNA expression, this resulted in only a
50 –70% decrease in NEK7 protein expression (Fig. 2D), sug-
gesting that in normal cells, NEK7 expression is not totally
dependent on UNC45A, whereas in cancer cells, UNC45A
appears to be required for NEK7 expression. Indeed, the
remaining NEK7 protein (30 –50%) observed in normal cells
might contribute to the relative insensitivity of these cells to the
requirement of UNC45A for cell proliferation that we observed
in cancer cells (Fig. 1C).

UNC45A selectively regulates NEK7 expression

Although NEK7 is one of 11 NEK family members (29), our
microarray data showed that only NEK7 expression is altered
when UNC45A is silenced (Fig. 2A, Table S1). Loss of UNC45A
did not significantly affect the transcription of other key com-
ponents of the NEK signaling axis. This was validated by RT-

Figure 2. NEK7 expression requires UNC45A. A, microarray analysis of mRNA isolated from Hs578T 96 h post-transfection with 75 nM UNc45A siRNA (UNC si)
or nontargeting siRNA (NT si). Experiments were done in two biological duplicates. The heat map shows the top 62 genes with 1.64-fold change or higher in
their expression. B and C, functional annotation using the database for annotation, visualization, and integrated discovery (DAVID) version 6.8 using the genes
listed in A. B shows the potential pathologies in which UNC45A could be involved, and C shows cellular functions and molecular networks that could be affected
by loss of UNC45A. D, RT-qPCR (upper) and Western blotting (lower) analyses of UNC45A and NEK7 in the indicated breast cell lines. Images are representative
of 3 independent experiments. Error bars represent mean � S.D. Unpaired two-tailed t test was used for significance. ****, p � 0.0001; ***, p � 0.001; **, p � 0.01.
�-Actin was used as a control. Images are representative of 2 independent experiments.
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qPCR showing that silencing UNC45A did not alter NEK6
mRNA levels in Hs578T, MCF-7, or MDA-MB-453 cells (Fig.
3A). Similarly, NEK9 patterns of expression were unchanged
after UNC45A silencing in both MCF-7 and MDA-MB-453
cells. In Hs578T cells, however, loss of UNC45A significantly
increased NEK9 mRNA expression, but it did not alter NEK9
protein expression (Fig. 3B). Similar results were obtained
when HeLa cells were used (Fig. 3B).

We next examined the impact of UNC45A loss on NEK7
signaling. We tested whether loss of UNC45A alters the phos-
phorylation/activation of the mitotic kinesin Eg5, an estab-
lished downstream target of NEK6 and NEK7. Eg5 is a member
of molecular motor proteins that play essential roles in mitosis
through regulation of spindle assembly and function. Eg5 con-
tributes to the establishment and balance of forces in the
mitotic spindles and drives the sliding of microtubules (30, 31).
NEK6/7 phosphorylation of Eg5 at Ser-1033 is essential for Eg5
accumulation at the centrosomes, which is necessary for cen-
trosomal separation and normal mitotic spindle formation
(27, 32).

As expected, UNC45A deletion drastically reduced NEK7
protein expression in Hs578T and HeLa cells (Fig. 3B). Accord-
ingly, we also observed a drastic loss of phosphorylation as
determined by the only available phosphospecific antibody rec-
ognizing active forms of both NEK7 and -6 (Fig. 3B). The loss of
NEK7 translates into a significant decrease in phosphorylation
of Eg5 at Ser-1033, previously shown to be the target site of
NEK6/7 kinases (27). These findings suggest that UNC45A’s
function lies upstream of NEK7 and the signaling pathway con-
trolling Eg5. Supporting this conclusion, knocking down NEK7
in Hs578T and HeLa cells did not affect UNC45A protein levels

(Fig. S2A), and had no noticeable decrease in total Eg5 or NEK9
protein levels (Fig. 3C).

To test the hypothesis that NEK7 might play a key role in
UNC45A function during cell proliferation, we assessed
whether expression of heterologous NEK7 could rescue the
growth of cancer cells lacking UNC45A. pcDNA3 vector
expressing mouse HA-tagged NEK7 (HA-mNEK7) was trans-
fected into HeLa and MDA-MB-23 cells harboring doxycy-
cline-inducible UNC45A shRNA. We initially treated cells with
doxycycline for 5 days to completely silence endogenous
UNC45A expression before transfecting them with the heter-
ologous HA-mNEK7 construct. As shown in Fig. S1, B–E),
transient expression of HA-mNEK7 in HeLa and MDA-MB-
231 cells treated with doxycycline resulted in a significant res-
cue of cell proliferative capacity. In fact, when heterologous
HA-mNEK7 is introduced earlier (48 h), before complete loss of
UNC45A and NEK7 has occurred, cell proliferation capacity is
even further enhanced (Fig. 3, D–G). These results strongly
suggest that NEK7 is a major mediator of the cancer cell prolif-
eration defect we observed in UNC45A-silenced cells.

Loss of UNC45A generates similar phenotype as NEK7 deletion

Because silencing UNC45A results in a significant decrease
in NEK7 mRNA and protein levels selectively in cancer cells, as
well as reduced phosphorylation of NEK7’s downstream target
Eg5 in cancer cells, we reasoned that lack of UNC45A might
lead to centrosomal separation defects and mitotic abnormali-
ties, two phenotypes previously associated with NEK7 deletion
in various cell lines (22–27). To test this hypothesis, we used a
pericentrin antibody and immunofluorescence microscopy to
examine the number and pattern of centrosomes in cells lack-

Figure 3. UNC45A selectively regulates NEK7 expression. A, RT-qPCR analysis of NEK6 and NEK9 in cells treated with 100 nM nontargeting siRNA (NT si) or
UNC45A siRNA (UNC si) for 96 h (n � 3). B, Western blot analysis of lysates from Hs578T and HeLa cells treated for 96 h with nontargeting siRNA and UNC45A
siRNA. NEK9, total NEK9; Eg5, total Eg5; pEg5, phosphor-EG5-S1033; low expo, low exposure of the film; high expo, high exposure of the film. C, Western blot
analysis of lysates from Hs578T and HeLa cells treated 72 h with nontargeting siRNA and NEK siRNA (NEK7 si). �-Actin was used as a loading control. Images of
B and C are representative of 2 independent experiments. D–G, expression of HA-mNEK7 rescues HeLa (D and E) and MDA-MB-231 (F and G) cell growth. Cells
stably expressing doxycycline-inducible UNC45A shRNA (UNC sh) or nontargeting shRNA (NT sh) were treated for 48 h with doxycycline and then transfected
with HA-mNEK7-expressing vector (HA-NEK7) or empty vector (EV). E and G, cells were counted at 24 and 48 h after transfection and used for Western blot
analysis (D and F). Red dotted lines indicate a removal of a protein standard lane between 24- and 48-h samples on the same gel.

UNC45A controls cancer cell mitosis through NEK7 expression

J. Biol. Chem. (2019) 294(14) 5246 –5260 5249

http://www.jbc.org/cgi/content/full/RA118.006597/DC1
http://www.jbc.org/cgi/content/full/RA118.006597/DC1


ing UNC45A expression. As illustrated in Fig. 4A (lower pan-
els), loss of UNC45A expression results in centrosome amplifi-
cation (cells with more than 2 centrosomes), as well as defects
in centrosome separation in Hs578T cells compared with con-
trol cells (Fig. 4A, upper panels). The overall average distance
between centrosomes is significantly smaller in Hs578T,
MCF-7, and HeLa cells lacking UNC45A (Fig. 4B). In contrast,
centrosome number and separation in the nontransformed
Hs578Bst cells is not significantly affected (Fig. 4B), consistent
with the hypothesis that “residual” NEK7 expression in
UNC45A-silenced normal cells might be protective (Fig. 1C).

Further immunofluorescence analysis showed a strikingly
disorganized pattern of pericentrosomal material in Hs578T
cells lacking UNC45A compared with control cells (Fig. 4,
C–E). The observed centrosomal abnormalities in UNC45A-
deficient cancer cells correlated with loss of mitotic activity and
an accumulation of polynucleated cells (Fig. 4C). As expected,
silencing NEK7 in Hs578T (Fig. S2B) also induced accumula-

tion of polynucleated cells (Fig. S2C, white arrowheads, and D)
with micronuclei (Fig. S2C, red arrowheads). Further analysis
showed that loss of NEK7 caused a drastic disorganization of
centrosomal material in Hs578T cells (Fig. S2, E and F).

Importantly, the abnormal centrosome phenotype induced
by loss of UNC45A was significantly rescued when exogenous
HA-mNEK7 was overexpressed in Hs578T cells lacking
UNC45A (Fig. 4, F and G, and Fig. S3). Together, these findings
suggest that UNC45A is essential for normal centrosome
homeostasis, and provide further support for the notion that
these functions are mediated by NEK7, a known centrosome
regulator, in cancer cells.

Similar results were obtained when HeLa cells were used.
Indeed, loss of UNC45A causes drastic centrosomal abnormal-
ities in HeLa cells leading to accumulation of multinucleated
cells (Fig. 5, A–C). Additional insight into the specific role that
UNC45A might play during cell division was obtained by time-
lapse microscopy using HeLa cells expressing the fusion protein

Figure 4. Silencing UNC45A causes centrosomal abnormalities and generates polynucleated Hs578T cells. A, immunocytochemistry analysis of centro-
somes using pericentrin antibody in Hs578T cells treated with UNC45A siRNA or nontargeting siRNA for 96 h. Images are representative of 3 independent
experiments. B, the overall distance between centrosomes in the indicated unsynchronized cell lines. In each case, 300 cells were counted. The experiment was
repeated three times. Error bars represent mean � S.D. Unpaired two-tailed t test was used for significance. ****, p � 0.0001; **, p � 0.01. C, immunocytochem-
istry analysis of Hs578T cells treated with nontargeting siRNA (NT si) or UNC45A siRNA (UNC si) for 96 h using pericentrin (red) and �-tubulin (green) antibodies.
DAPI (blue) was used to visualize nuclei. The bottom panels correspond to enlargement of the yellow squared areas. Scale bar represent 20 �m. D, Western blot
analysis extracts from cells in C. Images are representative of 3 independent experiments. E, statistical analysis of abnormal centrosomes in NT si- and UNC
si-treated Hs587T cells in C. From each sample, 40 cells were counted in triplicate. Experiments were repeated more than three times. F, immunocytochemistry
analysis of Hs578T cells lacking UNC45A transfected with empty pcDNA3 or expressing HA-mNEK7. G, statistical analysis of cells (n � 20) lacking UNC45A and
transfected with empty vector or pcDNA3 expressing HA-mNEK7 from F, in addition to Hs578T cell transfected with NT siRNA and Empty vector or HA-NEK7
vector (Fig. S3).
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histone H2B-GFP (33). HeLa cells were transiently transfected
with UNC45A siRNA (or nontargeting siRNA control), fol-
lowed by time-lapse fluorescence microscopy after 72 h post-
transfection (Movies S1 and S2). Cells treated with control
siRNA progress to anaphase within 20 –30 min of initiating
metaphase, completing mitosis within 60 –90 min (Movie S1,
Fig. 5D, upper panel, and E, Fig. S4). In contrast, cells lacking
UNC45A are delayed in mitosis and form multinucleated cells,
which frequently undergo apoptosis (Movie S2, Fig. 5D, middle
panels, and E, Fig. S4). During this aberrant, prolonged meta-
phase (�120 min), chromosomes failed to align (Fig. 5D, mid-
dle panels, 30 –165 min). In some cases, cells were unable to
enter anaphase and instead retrogress to form an early meta-
phase-like state trying unsuccessfully to align their chromo-
somes. Ultimately, a few chromosomes remained lagging (Fig.
5D, middle panel, 105–165 min) and formed extra micronuclei
(Fig. 5D, middle panel, 175–375 min). After cycles of failed
attempts to partition chromosomes, these cells ultimately
entered cytokinesis, where they stalled for �105 min. Most of
them did not complete cytokinesis, forming multinucleated
cells (see Movie S2, and images from 105 to 375 min in Fig. 5D,
middle panel) before ultimately undergoing apoptosis. These
observations are nearly identical to time-lapse results demon-
strating significant mitotic abnormalities in cells lacking NEK7

(26), further supporting the hypothesis that the role of
UNC45A during cancer cell division is mainly mediated by
NEK7. This conclusion is strengthened by the fact that overex-
pression of HA-mNEK7 in H2B-GFP HeLa cells lacking
UNC45A rescued cell proliferation and reduced cell death
(Movies S3 and S4). Exogenous HA-mNEK7 significantly
improved the rate of successful mitosis, reduced the time spent
in mitosis as a whole, and reduced the time of metaphase and
cytokinesis (Fig. 5D, lower panel, and F, and Fig. S5). Together,
these results established that UNC45A is required for normal
mitotic progression through regulation of NEK7 expression in
cancer cells; specifically, silencing of UNC45A in cancer cells
results in mitotic catastrophe.

UNC45A controls NEK7 transcription by activating GR
transcriptional activity

Next, we sought to determine how UNC45A regulates NEK7
expression. The observed loss of NEK7 mRNA upon UNC45A
silencing (Fig. 2, A and D) suggested that UNC45A might medi-
ate NEK7 gene transcription. This hypothesis was supported by
ChIP data showing that UNC45A binds to the NEK7 promoter
in Hs578T cells (Fig. 6A). UNC45A is not a transcription factor,
but it is known to regulate the transcriptional activity of nuclear
receptors such as PR, retinoic acid �, and peroxisome prolifera-

Figure 5. Time course analysis of HeLa cells lacking UNC45A. A, immunocytochemistry analysis of HeLa cells transfected with nontargeting siRNA (NT si) or
UNC45A siRNA (UNC si) for 96 h using pericentrin (red) and �-tubulin (green) antibodies. B, Western blot analysis of cells from A. C, statistical analysis of cells (n �
20) from A. D, HeLa cells expressing the histone H2B-GFP fusion protein were transfected with UNC45A si or NT si for 72 h and analyzed by time-lapse
microscopy for 16 h using overlay of green fluorescence and phase-contrast channels. Images were extracted from Movie S1 (upper panels) and Movie S2
(middle panels). Images represent prometaphase onwards. Images are representative of 2 independent experiments. Lower panels show images of H2B-GFP
HeLa cells expressing HA-mNEK7 extracted from Movie S4. E, statistical analysis of 25 control and 18 UNC45A si-treated cells from Movies S1 and S2, respec-
tively. F, statistical analysis of cells (n � 20) lacking UNC45A and transfected with empty vector or pcDNA3 expressing HA-mNEK7. Images are from Movies S3
and S4, respectively. Error bars represent mean � S.E. One-way ANOVA or unpaired two-tailed t test were used for significance. ****, p � 0.0001; **, p � 0.01;
*, p � 0.05.
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tor-activated receptor-� and -� (15, 19). Thus, we investigated
whether NEK7 transcription could be regulated by any of these.
Computational analysis using Qiagen and the University of Cal-
ifornia Santa Cruz genome browser, Gateway, identified two
novel glucocorticoid response elements (GREs), i.e. GR-bind-
ing consensus sequences, upstream of the NEK7 transcription
start site (TSS) (Fig. 6B). We named these two putative GR-
binding sites GRE-1 and GRE-2, located at positions 3094 and
5495 bp, respectively, upstream of the NEK7 TSS. The potential
significance of these response elements is suggested by a posi-
tive correlation between NEK7 and GR (NR3C1) expression in
the TCGA breast invasive carcinoma RNA-seq data set (Fig.
S6A). The possibility that these two GREs might regulate NEK7
expression downstream of UNC45A is also supported by a clear
nuclear co-localization of UNC45A and GR (Fig. S6B). This
hypothesis was also tested by performing ChIP-qPCR experi-
ments using a GR antibody and NEK7 promoter primers that
included either GRE-1 or GRE-2 (Fig. 6C). Our results demon-
strated that GR binds to both GREs in the NEK7 regulatory
regions upstream of the TSS in Hs578T cells, but GR may have
greater affinity for GRE-1 compared with GRE-2 (Fig. 6C,
notice the scale). We further tested the functionality of these

binding sites using an electrophoretic mobility shift assay
(EMSA). As shown in Fig. 6D, 32P radiolabeled GRE-1 and
GRE-2 both bind to GR from nuclear extracts (NE) of Hs587T
cells and yield DNA:protein complex bands with the expected
electrophoretic mobility (Fig. 6D, lanes 1, 6, and 11, arrow-
head). This binding is sequence-specific because: 1) it appears
when the GRE consensus sequence is used as a positive control
(Fig. 6D, left panel); 2) it is absent when the mutated consensus
sequence is used as a negative control (Fig. S6C, left panel); and
3) this band is competed off with cold GRE sequence probes
(Fig. S6C, right panel). Furthermore, addition of a rabbit poly-
clonal antibody against GR (anti-GR) induced a complete
supershift of GR:Consensus GRE (lane 4), GR:GRE-1 (lane 9),
and GR:GRE-2 (lane 14) bands (Fig. 6D). However, a rabbit
nonimmune antibody control (rIgG) did not affect the electro-
phoretic mobility of GR:GRE complexes (Fig. 6D, lanes 2, 7, and
12). Importantly, addition of anti-UNC45A antibody to the
nuclear extract also caused a supershift of GR:GRE complexes
(lanes 5, 10, and 15), but a mouse nonimmune antibody control
(mIgG) had no effect on the electrophoretic mobility of
GR:GRE complexes (lanes 3, 8, and 13). The band’s total shift
with individual specific antibodies suggests that UNC45A and

Figure 6. UNC45A and glucocorticoid receptor bind to NEK7 gene promoter. A, ChIP RT-qPCR showing that UNC45A occupies the NEK7 gene promoter in
Hs578T cells. The experiment was repeated twice. B, NEK7 promoter map generated based on information in UCSC Genome Browser, showing the localizations
of GRE1 and GRE2. ChIP-PCR product 2 (Chr1: 198,120,583–198,120,765); GRE-2 (Chr: 198,120,604 –198,120,619); ChIP-PCR product 1 (Chr1: 198,122,941–
198,123,063); GRE-1 (Chr: 198,123,999 –198,123,014); TSS (Chr1: 198,126,108). C, ChIP RT-qPCR showing that GR occupies NEK7 gene promoter in Hs578T cells.
Two pairs of primers covering GRE-1 and GRE-2 upstream of the NEK7 TSS were used (n � 3). D, EMSA experiment showing GRE1 and GRE2 interact with GR in
the nuclear extract of Hs578T cells. The GRE consensus sequence was used as a positive control. Arrowhead indicates the specific band of GR and UNC45A in
complex with 32P-labeled GREs. �GR or �UNC caused this specific band to be supershifted, which indicates that UNC45A and GR simultaneously exist
in complex with both of these GREs. NS indicates nonspecific band. Images are representative of 3 independent experiments.
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GR simultaneously exist in complex with both GRE-1 and
GRE-2, as well as with the consensus GRE sequence. Our results
do suggest that the GR:UNC45A complex may have greater
affinity for GRE-1 than for GRE-2 (Fig. 6C, notice the scale). In
addition, silencing GR using siRNA caused a significant reduc-
tion in NEK7 mRNA (Fig. 7A) and protein levels (Fig. 7B),
which is translated into a significant reduction in tumor cell
proliferation (Fig. S6, D and E).

We then verified whether loss of UNC45 affects GR protein
levels (Fig. 7C). A time course experiment shows that, as
expected, NEK7 protein levels are reduced over time with
UNC45A knockdown, but GR protein levels remain unchanged
(Fig. 7C). This was confirmed in a double knockdown experi-
ment where GR and UNC45A are silenced individually or in
combination (Fig. S6F). Loss of both UNC45A and GR causes a
more efficient reduction of NEK7 protein level (Fig. S6F).
Together these findings strongly suggest that, in cancer cells,
UNC45A might function as a GR-positive regulator to promote
NEK7 gene transcription, which correlates with changes in the
expression of several known GR target genes identified in our
microarray analysis (Fig. 2A and Fig. S6G). Additional experi-
mental support for this hypothesis is provided by testing the
impact of activating the transcriptional activity of GR using its
agonist dexamethasone. As shown in Fig. 7, D and E, dexam-
ethasone increased the NEK7 protein level in a concentration-
dependent manner in Hs578T and MCF-7 cell lines. Finally,
immunoprecipitation experiments using an UNC45A antibody
showed that UNC45A is a component of the GR endogenous
complex in Hs578T cells (Fig. 7F). Furthermore, purified
UNC45A can physically interact with GR isolated from T47D
cells (Fig. 7G).

NEK7 transcriptional regulation by UNC45A is consistent with
UNC45A nuclear localization in breast tumor tissues and
cellular models

The question then becomes whether the subcellular localiza-
tion of UNC45A is consistent with the nuclear GR transcrip-
tional regulation in cancer cells. UNC45A overexpression has
been previously shown to positively correlate with grade and
stage in ovarian and breast cancers (17, 18). Immunohisto-
chemistry analysis using a mAb against UNC45A confirmed
that UNC45A is highly overexpressed in human breast-infil-
trating ductal carcinomas compared with normal breast tissues
(Fig. 8A). Furthermore, in breast ductal carcinoma cells,
UNC45A also exhibits highly increased nuclear localization
compared with normal breast cells (Fig. 8A). Statistical analysis
showed that this increase in nuclear localization is highly sig-
nificant (Fig. 8B). This observation was confirmed by Western
blot analysis of cytoplasmic and nuclear fractions of normal and
cancerous human breast tissues (Fig. 8, C and D). Similar dis-
tribution was also observed in vitro using breast cancer cell lines
compared with nontransformed breast cells. Indeed, immuno-
blot analyses demonstrate that UNC45A is significantly more
nuclear in cancer Hs578T, HMLER, MCF-7 and MDA-MB-231
cell lines compared with nontransformed Hs578Bst, HME, and
MCF-10A, MCF-12A mammary epithelial cells (Fig. 8, E and F).
Interestingly, Hsp90� nuclear localization correlates with that
of UNC45A (Fig. 8E), which was also observed in breast cancer
patients (Fig. 8C). In contrast, another co-chaperone protein,
the Hsp70/Hsp90 organizing protein (HOP), is overexpressed
in cancer cells, but remain characteristically cytoplasmic in all
cell lines tested, except in MCF-7 (Fig. 8E). Together, these

Figure 7. The glucocorticoid receptor regulates NEK7 gene transcription. Silencing GR significantly reduces NEK7 mRNA (A) and protein (B) levels in a
time-dependent manner. Images are representative of 2 independent experiments. C, time course analysis of UNC45A silencing with siRNA and its impact on
NEK7 and GR protein levels. Images are representative of 2 independent experiments. D and E, Western blot analysis of cell extracts from Hs578T and MCF-7
cells treated with dexamethasone for 24 h. Red dotted line in D indicates that lane 0 nM Dex was moved from the right to the left of the same gel. Graph bars are
densitometry analysis of Western blots images from 3 independent experiments. Error bars represent mean � S.D. Data were tested for significance by one-way
ANOVA or unpaired two-tailed t test. ****, p � 0.0001; **, p � 0.01. F, immunoprecipitation analysis showing that UNC45A and GR form endogenous complexes
in Hs578T cells. G, UNC45A interacts physically with GR. GR was immunoprecipitated from T47D cell lysates using anti-GR bound to protein A-Sepharose. GR
was then stripped from its associated proteins and incubated with 5 �g of purified UNC45A. Mouse Igs (mIgG) were used as a negative control.
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findings support the premise that UNC45A controls cancer
cell proliferation and centrosomal separation by acting as a pos-
itive regulator of GR in the nucleus to promote NEK7 gene
transcription.

Discussion

In this report, we describe a molecular mechanism underly-
ing UNC45A regulation of cancer growth. UNC45A has been
shown to be overexpressed in breast (18) and ovarian (17) can-
cers. Consistent with these reports, we show that UNC45A is
selectively required for cancer cell proliferation in various
breast cancer-derived cell lines in vitro, as well as for tumor
growth in vivo using a NOD-SCID xenograft mouse model and
the triple-negative breast cancer MDA-MB231 cell line. Fur-
thermore, these data corroborate the results of recent studies in
HeLa cells, showing that loss of UNC45A expression results in
reduced cell proliferation in vitro and tumor growth in vivo
(20). Together these findings consolidate UNC45A as an
important driver of tumorigenesis in various malignant tumors

including breast (18), ovarian (17), cervical (20), and neuroblas-
toma (19).

It was, therefore, somewhat surprising to observe that
UNC45A expression is dispensable for normal epithelial cell
proliferation (Fig. 1, A–D); yet this observation is consistent
with studies showing that UNC45A silencing does not affect
natural killer (NK) cell proliferation, but does regulate exocy-
tosis of their lytic granules (34). UNC45A is also dispensable for
neuron survival but required for neurite elongation by control-
ling NMII activation (35). Together, these studies suggest that
during oncogenic transformation, UNC45A assumes novel
function(s) that are essential for cancer cell proliferation and
survival. Supporting this hypothesis, here we show that, like
some other oncogenic proteins (e.g. Rel) (36), the cellular local-
ization of UNC45A become more nuclear in malignant versus
normal cells. In transformed epithelial cells, the UNC45A pro-
tein assumes a nuclear localization, whereas in normal epithe-
lial cells and tissues, this protein mostly resides in the cytoplasm
(Fig. 8). Interestingly, Hsp90� also shows a higher nuclear local-

Figure 8. UNC45A becomes more nuclear in human breast cancer. A, immunohistochemical analysis of human breast tissue sections counterstained with
hematoxylin. UNC45A is overexpressed in human breast-infiltrating ductal carcinomas (right panel) as compared with normal breast tissues (left panel). Yellow
arrowheads indicate a significant increase in UNC45A nuclear localization in human breast-infiltrating ductal carcinomas as compared with normal breast
tissues (blue arrowheads). B, quantification of UNC45A in the nucleus of normal versus cancer tissues used in A. C, UNC45A nuclear localization in normal versus
cancer breast tissues (n � 10). Representative Western blot analysis of breast tissue cytoplasmic (Cyt) and nuclear (Nucl) fractions of two normal patients (N1
and N2) and cancer patients (C1 and C2) tissues. D, quantification of UNC45A in the nucleus of normal versus cancer cells in patient breast tissues relative to
H2AX. E, Western blot analysis of cytoplasmic and nuclear fractions from normal (Hs578Bst, HME, and MCF-12A) and cancer (Hs578T, HMLER, MCF-7, and
MDA-MB-231) breast cell lines stained for UNC45A (UNC), Hsp90�, and HOP. The histone H2AX was used as a nuclear marker. F, quantification of nuclear
UNC45A in normal versus cancer in E relative to H2AX in the indicated breast cancer cell lines. Results are expressed as average of three experiments. G, model
for UNC45A:GR regulation of NEK7 gene transcription, centrosomal separation, and cell proliferation.
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ization in breast cancer cells lines, which is consistent with a
previous observation that UNC45A has higher affinity for
Hsp90� over Hsp90� (16).

Although additional studies are needed to fully understand
the putative nuclear function(s) of UNC45A in cancer cells, and
to elucidate the role of the Hsp90�/Un45A interaction in these
processes, our results further suggest that at least one selective
function of nuclear UNC45A in cancer cells is regulating tran-
scription of endogenous genes via nuclear receptors, such as
GR. This is consistent with the known function of UNC45A as
a positive factor for PR activity (15). Here we show that
UNC45A is essential for GR-mediated transcription of the
mitotic kinase gene, NEK7. Rescue experiments suggest that
loss of NEK7 expression, as a consequence of UNC45A dele-
tion, causes the observed reduction in cancer cell proliferation
and survival. Specifically, we show that HeLa cells lacking
UNC45A are stalled in metaphase and cytokinesis, form multi-
nucleated cells, and ultimately undergo mitotic catastrophe,
phenotypes identical to those displayed by HeLa cells either
lacking NEK7 or expressing kinase-inactive NEK7 mutants (26,
28). Importantly, these phenotypes are significantly reversed by
overexpression of exogenous HA-mNEK7 in Hs578T and HeLa
cells lacking UNC45A (Figs. 4, F and G, and Fig. 5, D and F).

Although the contributions of the centrosome to the trans-
formed phenotype are complex (37), both structure and func-
tion of this organelle are regulated by the NEK family of protein
kinases, including control of pericentriolar material accumula-
tion and centriole assembly, duplication, and separation (29, 38,
39). Here we show that UNC45A regulates centrosome struc-
ture/function via NEK7 in multiple ways, which is consistent
with a previous report showing that UNC45A is a component of
the centrosome complex and regulates ChK1 recruitment into
the centrosome (20). In this study, we demonstrate that
UNC45A also functions as a key regulator of NEK7 expression,
which itself is a key regulator of centrosome function. Interest-
ingly, NEK7 has been shown to accelerate the microtubule
dynamic instability (40), which is consistent with the newly
described role for UNC45A as mitotic spindle-associated pro-
tein that destabilizes microtubules (21). UNC45A also plays a
direct role in the later phases of mitosis; specifically, it co-local-
izes with NMII in the cleavage furrow during cytokinesis (17).

Interestingly, the effect of UNC45A on NEK7 transcription is
apparently selective for NEK7, even though NEK7 and NEK6
share a high degree of sequence identity (29). The notion that
these two proteins share overlapping (41) but distinct regula-
tory functions is supported by the observations that NEK7 and
NEK6 exhibit distinct tissue-specific patterns of localization
during embryogenesis (42), their activities are differentially reg-
ulated by serum deprivation (43), and they do not substitute for
each other functionally in cell (26, 27) or animal models (25).
Our results provide further support for the hypothesis that
these two kinases have distinct regulatory functions; indeed,
NEK6 transcription is independent of UNC45A (Fig. 3A),
whereas NEK7 requires UNC45A for transcriptional activation
of GR (Fig. 7).

In conclusion, Fig. 8G depicts a simplified model integrating
our observations from UNC45A-deficient cells, demonstrating
UNC45A’s ability to selectively regulate NEK7 transcription in

cancer cells, resulting in selective promotion of cancer cell sur-
vival and proliferation. This selective function of NEK7 in can-
cer cells involves differential subcellular localization of NEK7 in
normal versus malignant epithelial cells. This difference in
localization results in profound functional differences for
UN45A in normal versus malignant cells. In malignant cells,
UNC45A has the capacity to regulate NEK7 expression indi-
rectly, via transcriptional regulation of GR transcription. This
novel mechanism of NEK7 regulation by UNC45A in cancer
cells is just one example of an important gene that becomes
differentially expressed when UNC45A is silenced, as deter-
mined by microarray analysis. Future studies will determine the
contribution of other UNC45A-regulated pathways (Fig. 2A)
and to determine the mechanism by which UNC45A selectively
localizes to the nucleus in cancer cells. Our findings reveal a
new dimension of complexity for the role of co-chaperone pro-
teins in the regulation of cancer cell proliferation, and suggest
that molecular targets that transcend cancer types without
being required for normal cell proliferation not only exist, but
may be attractive targets for therapeutic intervention in dis-
eases such as cancer. This concept is supported by recent find-
ings showing a selective cooperation between Hsp72 and NEK6
to regulate centrosome clustering in cancer cells (44). Yet our
study suggests a potential therapeutic advantage in targeting
UNC45A to block cancer cell proliferation while preserving
NEK7 expression and function (cell proliferation) in normal
cells.

Experimental procedures

The primers used were: NEK7.1.F, GCCTTACGACCGG-
ATATGGG; NEK7.1.R, CACTAAATTGTCCGCGACCAA;
NEK6.F, CATCCCAACACGCTGTCTTTT; NEK6.R, TACA-
CCTCGCTGAACTGTCCT; NEK9.F, TACGAGCGACACT-
GCGATTC; NEK9.R, ACGCGGATGGGGATGTAGT; GR.F,
ACAGCATCCCTTTCTCAACAG; GR.R, AGATCCTTGGC-
ACCTATTCCAAT; Actin.F, TCCCTGGAGAAGAGCTA-
CGA; Actin.R, AGCACTGTGTTGGCGTACAG; Eg5.F, TCC-
CTTGGCTGGTATAATTCCA; Eg5.R, GTTACGGGGA-
TCATCAAACATCT; UNC45A.F, GCAAAAGGCTTCTCA-
GAACCTG; and UNC45A.R, AACGTTGCAAGAGCTGA-
ACC.

Antibodies

Rabbit polyclonal antibody against GR was obtained from Dr.
Michael Garabedian (New York University School of Medicine,
New York). Monoclonal anti-rat GR (BuGR2, ab2768, Abcam);
Eg5 (BD Biosciences, 611187); phosphor-EG5-S1033 (45);
phopho-NEK6/7 (41); NEK7 (Cell Signaling, 3057S); NEK9
(46); HA tag (C29F4, rabbit mAb number 3724S, Cell signaling);
�-actin (Santa Cruz, sc-47778); Hop (F5); Hsp90� (H90.10);
anti-pericentrin (ab4448) and anti-�-tubulin for immunofluo-
rescence were obtained as indicated. Monoclonal UNC45A
antibody (ADI-SRA-1800-F, Enzo) was used for Western blot-
ting and ChIP experiments. Rabbit polyclonal anti-UNC45A
provided by Dr. Kathryn B. Horwitz (University of Colorado,
Denver, CO) was used for immunofluorescence. Histone H2AX
antibody was from GenScript (Ab-139).
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Cell lines

HeLa, MDA-MB-231, MDA-MB-453, Hs578T, Hs578Bst,
HME, T47D MCF7, ZR-75–1, MCF12A, MCF10A, RWPE1,
LNCaP, DU145, and PC3 cell lines were obtained from ATCC
within the last 5 years. Large stocks were made and stored in
liquid nitrogen. For the cells that are less frequently used, we are
still using cells from the original stocks. H2B-GFP HeLa cells
were provided by Dr. Geoffrey M. Wahl (The Salk Institute for
Biological Studies, La Jolla, CA). DU145 and PC3 cell lines were
provided by Dr. Balakrishna Lokeshwar (Augusta University).
MCF10A and MCF12A were provided by Dr. Muthusamy
Thangaraju (Augusta University). All cell lines were authenti-
cated twice by morphologic and isoenzyme analysis during the
study period. All cell lines are regularly tested at least quarterly
for mycoplasma using the Genetica Inc. mycoplasma test and
MycoAlert PLUS Mycoplasma Detection Kits. The latest myco-
plasma testing was performed in May 2018. Cancer cells were
discarded after 10 to 12 passages. Normal cells were discarded
after 4 – 6 passages.

Silencing UNC45A, NEK7, and GR

Normal and cancer cell lines were transfected with 75–100
nM concentration of siRNA against UNC45A (15). Nontarget-
ing siRNA#1 (Dharmacon/GE) was used as a negative control.
Cells were harvested 96 h after transient transfection. Stable
transfection of cancer cells with UNC45A shRNA or nontarget-
ing shRNA control were performed using lentivirus system
(pHR-H1-EF-tetO-Puro). pHR-H1-EF-tetO-Puro with nontar-
geting shRNA was used as control. UNC45A depletion was
achieved by exposing cells stably harboring UNC45A shRNA to
2 �g/ml of doxycycline for 96 –144 h. The following siRNA
sequence was used for GR: sense sequence, GCAUGUACGA-
CCAAUGUAATT; antisense sequence, UUACAUUGGUCG-
UACAUGCAG. The following siRNA sequence was used to
silence NEK7: sense sequence, CCAGAAUGAUCAAGCAU-
UUTT; antisense sequence, AAAUGCUUGAUCAUUCUG-
GAT.

Nuclear fractionation

Hs578Bst, Hs578T, HME, HMLER, MCF-12A, MCF-7,
MDA-MB-231, RWPE-1, and LNCaP cells were grown on
100 � 20-mm tissue culture dishes (Corning number 353003)
to 70 – 80% confluence. Cells were harvested and washed in
cold PBS, and spun down at 2000 rpm for 10 min at 4 °C.
Nuclear extraction was carried out following EpiQuickTM

Nuclear Extraction Kit standard protocol (EPIGENTEK num-
ber OP-00021). Both cytoplasmic and nuclear extract fractions
were collected, assayed for protein concentration following the
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, num-
ber 23225) standard protocol, and stored in �80 °C for further
Western blotting analyses.

Immunoprecipitation

Cell extracts (300 �g of protein) from Hs578T or T47D cells
were incubated with homemade UNC45A antibody or the
anti-GR antibody (BuGR2, Abcam ab2768) overnight 4 °C with
gentle rotation. The next day, a 30-�l slurry of protein A/pro-

tein G-agarose beads (Pierce� Recombinant Protein A-agarose,
catalogue number 20366 and Pierce� Protein G-agarose, cata-
logue number 20399) was added to each sample, and the sam-
ples were incubated at 4 °C with gentle rotation for 2 h. The
samples were then washed three times with 20 mM Tris, pH 7.4,
150 mM KCl, 10 mM 1-thioglycerol, 0.03% Nonidet P-40, 10%
glycerol, protease inhibitors (Roche Applied Science), 10 mM

NaF, 2 mM sodium pyrophosphate, 2 mM �-glycerophosphate,
and 1 mM sodium orthovanadate. To strip GR from its endog-
enous protein complexes, immunoprecipitated GR was incu-
bated with the above buffer supplemented with 300 mM KCl for
30 min at 4 °C. The resin was then washed 3 times before incu-
bation with purified UNC45A for 30 min at 30 °C. Protein com-
plexes were then washed and prepared for Western blotting.

Immunofluorescence microscopy

Cells were grown in 24-well plates (Corning number 3337)
on microcover glasses (Electron Microscopy Sciences) to about
50% confluence in MEM, 1� (Cellgro number 10-010-CV)
medium supplemented with 10% fetal bovine serum. Hs578T
or HeLa cells were treated with 100 nM control siRNA or siRNA
against UNC45A for 96 h. For rescue experiments, Hs578T
cells were treated with 100 nM control siRNA or UNC45A
siRNA for 48 h, transfected with empty pcDNA3 or pcDNA3
expressing HA-mNEK7, and then collected 48 h post-transfec-
tion. Cells were washed with microtubule stabilizing buffer (3
mM EGTA, 50 mM Pipes buffer, 1 mM MgSO4, 25 mM KCl) and
fixed in methanol for 10 min. Cells were then allowed to dry,
were blocked with 10% goat serum with 5% glycerol for 1 h, and
stored at 4 °C. Primary and secondary antibodies were prepared
in the blocking buffer. Cells were visualized using Zeiss Imager
1.1 and Keyence BZ-X710 microscopes.

Immunohistochemistry and tissue analysis

Commercial tissue microarrays (TMAs) and patient tissues
obtained from Georgia Cancer Center Biorepository (Augusta
University) were stained with anti-UNC45A (1/100) antibodies
with chromogenic signal amplification (DAB) and hematoxylin
counterstain following standard immunohistochemistry pro-
tocols. Slides were incubated for 30 min at 37 °C for UNC45A.
Representative regions of interest (ROIs) were selected from
TMA for semi-quantitative analysis of DAB percent staining
using inform 2.4 (PerkinElmer Life Sciences) software as fol-
lows. 1) Optical density conversion from RGB images depicting
a white area as a background; 2) reference library built from
images expressing only DAB or hematoxylin; 3) algorithm
(built in inForm) based unmixing of colors with pseudocolor
formation and normalization; 4) segmentation of nuclei based
on hematoxylin pseudocolor using a training algorithm; 5)
scoring of expression based on intensity (unit: normalized
counts) correlating with visually identified threshold (super-
vised by research pathologist); and 6) few cases were removed
from final analysis due to inadequate image quality or absence
of representative tissue. Expression of UNC45A was quantified
after color un-mixing and nuclear/cytoplasmic segmentation
was performed using inForm 2.4 based. Unpaired t test was
performed to compare the means of different groups. For breast
tissues, we used TMA T8235714D-5 (BioChain). UNC45A
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expression was evaluated in 12 breast cancer cases (12 ROIs; 85
cells/ROI) and compared with 9 normal breast cases (9 ROIs; 64
cells/ROI). Percentage of cells expressing nuclear UNC45A in
both normal and cancer cases is represented. Percentage of cells
expressing UNC45A in both normal and cancer cases is
represented.

Cell proliferation assay

To monitor proliferation, cells were grown to 10 –20% con-
fluence on 96-well tissue culture plates (Corning number 3599)
followed by transient transfection with 75 nM UNC45 siRNA or
nontargeting siRNA control. Cell proliferation was measured
using The CellTiter 96� AQueous One Solution Cell Prolifera-
tion Assay reagent (Promega number G3580).

Human tumor cell implantation

Six-week-old female NOD-SCID immunocompromised
mice were purchased from The Jackson Laboratory. MDA-MB-
231 triple negative human cells (105) harboring nontargeting
shRNA or UNC45A shRNA were implanted into the fat pads of
animals. Two days later, mice were fed doxycycline-containing
food throughout the time of the experiment. Six animals per
condition were used. All mouse procedures were conducted in
accordance with the University Committee on the Use and
Care of Animals at Augusta University.

RNA extraction and real-time RT-qPCR

Total RNA was extracted using QIAzol lysis reagent (Qia-
gen). The RNA extracts were analyzed by a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA).
RNA quality was determined by the ratios of A260/A280 (close
to 2) and A260/A230 (close to 2). RNA (1–5 �g) was used for
making cDNA using RNA to cDNA EcoDryTM Premix (Double
Primed) (Clontech Laboratories, Inc., a Takara Bio Company).
cDNA was analyzed in triplicate using iQTM SYBR Green
Supermix (Bio-Rad) in a Bio-Rad CFX96 system. Eurofins
genomics primers were used for the following genes: UNC45A,
NEK7, NEK6, NEK9, Eg5, and GR. mRNA expression was nor-
malized against that of �-actin (internal control) (�Ct � Ct
(target gene) � Ct (internal control gene)). The relative fold-
change was measured by the 2���Ct formula compared with
the control cells. Means and differences of the means with
95% confidence intervals were obtained using GraphPad Prism
(GraphPad Software Inc.). Two-tailed Student’s t test was
used for unpaired analysis comparing average expression
between conditions. p values �0.05 were considered statisti-
cally significant.

Gene expression analysis

RNA extracts were first analyzed by a Nanodrop 2000 spec-
trophotometer. RNA quality was determined as described
above. Qualified RNAs were further tested using an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), and
samples with RIN 	7 were selected for microarray analysis
using the Affymetrix MTA 1.0 (Affymetrix). The labeling,
hybridization, scanning, and data extraction of the microarray
analysis were performed according to the recommended
Affymetrix protocols. Briefly, the fluorescence signals of the

microarray were scanned and saved as DAT image files. The
AGCC software (Affymetrix GeneChip Command Console)
transformed DAT files into CEL files to change image signals
into digital signals, which recorded the fluorescence density of
probes. Next, we used Affymetrix Expression Console software
to pretreat CEL files through the Robust Multichip Analysis
algorithm, including background correction, probeset signal
integration, and quantile normalization. After pretreatment,
the obtained chp files were analyzed by Affymetrix Transcrip-
tome Analysis Console software to detect differentially
expressed genes. The microarray data have been submitted to
NCBI’s Gene Expression Omnibus (GEO) (accession number
GSE108258).

ChIP RT-qPCR assay

Chromatin immunoprecipitation (ChIP) assay was carried
out according to protocols from the EMD Millipore ChIP Assay
Kit (catalogue number 17-295). Sheared chromatin was immu-
noprecipitated using homemade GR and UNC45A (ADI-SRA-
1800-F, Enzo) antibodies and a slurry of Protein A/Protein
G-agarose beads (Pierce� Recombinant Protein A-agarose,
number 20366, and Pierce� Protein G-agarose, number 20399).
Mouse and rabbit nonimmune Igs (mIgG and rIgG) were used
as controls. The protein:DNA complexes were eluted from
beads, and the cross-linking was reversed. The DNA was puri-
fied from the eluted solution using Thermo Scientific GeneJet
Genomic DNA purification kit (catalogue number K0721) and
used for RT-qPCR with forward primer 5
-TTCATGAAGCC-
AAACAAGCA-3
 and reverse primer 5
-CAGAAAAACCTG-
GCCAAAGA-3
 for GRE-1 and forward primer 5
-TGTTTG-
CCTTCTACCCCTTG-3
 and reverse primer 5
-TTGATAA-
CCTGTGGGGGAAA-3
 for GRE-2. For UNC45A, forward
primer (Promo.NEK7.1) 5
-CATACTGCCTCCTAGCCGT-
CTC-3
 and reverse primer 5
-GTAAACTCCCTGGTGTGG-
TACG-3
 were used. �-Actin was used as control.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared from Hs578T tumor cells as
previously described (47). The following double-stranded oligo-
nucleotides (Santa Cruz Biotechnology, sc-2545) were used as
probes in the gel shift assay: GRE probe corresponds to the
consensus binding site for glucocorticoid receptor 5
-GACCC-
TAGAGGATCTGTACAGGATGTTCTAGAT-3
 and reverse
complement, 3
-CTGGGATCTCCTAGACATGTCCTACA-
AGATCTA-5
; GRE NEK7 probe 1 (GRE 1), which is 3094
upstream of the transcription starting site: sense, 5
-CTAGA-
TTCTGTTCTAAAGAT-3
, and antisense, 5
-ATCTTTAGA-
ACAGAATCTAG-3
; and GRE NEK7 probe 2 (GRE 2) is
located 5495 upstream of the transcription starting site: sense,
5
-CTTGAAAGAACAGATTATCCCATAAG-3
, antisense,
5
-CTTATGGGATAATCTGTTCTTTCAAG-3
. The probes
(50 ng) were end-labeled with [�-32P]ATP using T4 DNA poly-
nucleotide kinase (Promega) and purified with Micro G-25 spin
columns (Santa Cruz). The end-labeled probes were incubated
with nuclear extracts (25 �g) in protein-DNA binding buffer
(10 mM Tris-HCl, pH 7.5, 1 mM MgCl2, 0.5 mM EDTA, 0.5 mM

DTT, 50 mM NaCl, 4% glycerol, and 0.05 mg/ml of poly(dI-dC))
for 20 min at room temperature. For specificity controls, the GR
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mutant oligonucleotide (catalogue number sc-2546, Santa
Cruz) identical to (sc-2545) with the exception of two “GT”3
“CA” substitutions in the GR binding motif was used: 5
-GAC-
CCTAGAGGATCTCAACAGGATCATCTAGAT-3
; 3
-
CTGGGATCTCCTAGAGTTGTCCTAGTAGATCTA-5
. We
also used either �100 cold GR-WT or cold GRE-1 to compete
the radioactive probes. For the supershift assay, 1 �l of home-
made anti-GR, anti-UNC45A, mIgG, and rIgG were preincu-
bated with nuclear extracts for 14 –16 h at 4 °C prior to addition
of the labeled probe, and the same procedure as described
above was followed. DNA:protein complexes were separated by
electrophoresis in 6% polyacrylamide gels in 45 mM Tris borate,
1 mM EDTA, pH 8.3. The gels were dried and exposed to a
phosphorimaging screen (Molecular Dynamics) for 2 days; the
resulting images were acquired using a Personal Molecular
Imager (Bio-Rad).

Dexamethasone treatment experiments

MCF-7 and Hs578T cells were grown to 50 –70% confluence
in minimal essential medium (MEM) supplemented with regu-
lar 10% fetal bovine serum. Medium was switched for MEM
supplemented with 10% charcoal:dextran-stripped fetal bovine
serum (catalog number 100 –119, GEMINI) for 24 h. Cells were
treated for 24 h with increasing concentrations of dexametha-
sone (10, 100, and 1000 nM). Cells were then harvested follow-
ing the 24-h treatment and stored at �80 °C for further West-
ern blot analysis. B-Hs578T cells were seeded at 30 –50%
confluence in MEM supplemented with regular 10% fetal
bovine serum. The next day, cells were treated with 100 nM

control siRNA or siRNA against UNC45A. 24 h later, the
medium was switched for MEM supplemented with 10% char-
coal:dextran-stripped fetal bovine serum (catalog number
100 –119, GEMINI). 72 h post-transfection, cells were treated
for an additional 24 h with dexamethasone (1000 nM) before
collecting and storing them at �80 °C for further Western blot
analysis.

NEK7 overexpression cell growth rescue experiment

MDA-MB-231 or HeLa cells harboring either doxycycline-
inducible UNC45A shRNA or nontargeting shRNA control
were gown in 12-well plates (Falcon, number 351143). Cells
were treated with 2 �g/ml of doxycycline for 120 h, and then
transfected with either pcDNA3 vector expressing mouse HA-
tagged NEK7 (HA-mNEK7) or pcDNA3 empty vector as con-
trol following the LipofectamineTM 3000 Transfection Reagent
(Thermo Fisher Scientific, number L3000008) standard pro-
tocol. Cells were collected 48 h post-transfection, counted
using HyCloneTM Trypan Blue Solution, 0.4% phosphate-
buffered saline exclusion method (GE Healthcare Life Sci-
ences, number SV30084.01), and then pelleted for further
Western blot analysis.

To test the impact of overexpressing NEK7 at early time on
cell proliferation, cells were treated with 2 �g/ml of doxycycline
for 48 h, and then the cells were transfected with either
pcDNA3 vector expressing mouse HA-mNEK7 or pcDNA3
empty vector as indicated above. Cells were collected 24 and
48 h post-transfection, counted, and then pelleted for further
Western blot analysis.

Statistics

All statistical analyses were performed using GraphPad
Prism 6. Data were expressed as the mean � S.D. as indicated.
Data were analyzed by unpaired two-tailed Student’s t test or
one-way ANOVA, as indicated. p values of statistical signifi-
cance are represented as: ****, p � 0.0001; ***, p � 0.001; **, p �
0.01; and *, p � 0.05.

Data availability

Data presented in this manuscript have been deposited in
NCBI’s Gene expression Omnibus under the GEO Series acces-
sion code GSE108258. The TCGA data referenced in this paper
are based upon the data generated by the TCGA Research Net-
work and are available in a public repository from the cBiopor-
tal for Cancer Genomics website (http://www.cbioportal.org/)
(48, 49).4 All the other data are available within the article and
the supplementary files.
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