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Abstract (max 250)
UNC-45A is a ubiquitously expressed protein highly conserved throughout evolution.
Most of what we currently know about UNC-45A pertains to its role as a regulator of the
actomyosin system. However, emerging studies from both our and other laboratories support a role
of UNC-45A outside of actomyosin regulation. This includes studies showing that UNC-45A:
regulates gene transcription, co-localizes and biochemically co-fractionates with gamma tubulin
and regulates centrosomal positioning, is found in the same subcellular fractions where MTassociated proteins are, and is a mitotic spindle-associated protein with MT destabilizing activity
in absence of the actomyosin system.
Here, we extended our previous findings and show that UNC45A is variably expressed
across a spectrum of cell lines with the highest level being found in HeLa cells and in ovarian
cancer cells inherently paclitaxel-resistant. Furthermore, we show that UNC-45A is preferentially
expressed in epithelial cells, localizes to mitotic spindles in clinical tumor specimens of cancer and
co-localizes and co-fractionates with MTs in interphase cells independent of actin or myosin.
In sum, we report alteration of UNC45A localization in the setting of chemotherapeutic
treatment of cells with paclitaxel, and localization of UNC45A to MTs both in vitro and in vivo.
These findings will be important to ongoing and future studies in the field that further identify the
important role of UNC45A in cancer and other cellular processes.
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Introduction
The uncoordinated protein 45 (UNC-45) is ubiquitously expressed and highly conserved
throughout evolution[1, 2]. Vertebrates have two UNC45 isoforms: UNC45B which is expressed
only in muscle cells, and UNC45A which is expressed in all cells. While the conservation of UNC45 suggests its critical importance in cell and developmental biology, as well as pathophysiologic
processes such as cancer, UNC-45 functions are still largely unknown. Structurally, UNC-45 can
be divided in four domains: an N-terminal domain, which contains three tetratricopeptide repeat
(TPR) sequences and has been shown to bind to Hsp90; a central domain of largely unknown
function; a neck domain, which has been recently proposed to be required for UNC-45
oligomerization[3]; and a C-terminal, UCS domain which is the most well studied and that is
critical for interaction with the motor domain of myosin [2, 4]. Identifying spatial localization of
UNC45A in cells and also layout in the context of human tissue has potential strong implications
for pathophysiology of cancer cell development and development of chemotherapy resistance of
dividing cells. Thus, we hypothesized that UNC45A localizes to the microtubule complex and that
validated anti-UNC45A antibodies could effectively be utilized to stain regions of UNC45A
intensity for microscopic visual examination. Here, we report our findings that UNC45A is
preferentially expressed in cells of epithelial origin, and localizes to the MT complex in situ in
vivo in human tumor tissues as well as in vitro.

Results
Validation of anti-UNC45A antibody by Western blot analysis. Full membranes.
In our work to date, we have used several anti-UNC45A antibodies, from different source
companies. We identified the need to streamline use of anti-UNC45A antibodies testing for future
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studies, and thus sought to provide a biochemical validation of two of the most commonly used
commercially available UNC-45A antibodies: the rabbit polyclonal anti-UNC-45A from
Proteintech, which we have previously used to show that UNC-45A is a mitotic spindle-associated
protein [5], and the mouse polyclonal anti-UNC-45A from Abnova, which was used to show that
UNC-45A is required for stress fibers formation [6].
As shown in Figure 1A, full membrane Western blot, revealed that the Proteintech
antibody detects a single band corresponding to UNC-45A in lysates of HeLa (human cervical
cancer) and RFL-6 (rat lung fibroblast) cell lines. As show in Figure 1B, full membrane Western
blot using the Abnova antibody also detected a band corresponding to UNC-45A in lysates of
RFL-6 and HeLa cell lines, with a few other additional bands being visible, especially when using
long exposure times.
We then proceeded to confirm that the single band observed with the Proteintech antibody
was indeed corresponding to UNC-45A. To this end, UNC-45A was knocked down in HeLa cells
via lentiviral mediated delivery of either shRNA scramble or shRNA-UNC-45A and the specificity
of the rabbit polyclonal antibody was confirmed via Western blot analysis. As shown in Figure
1C, UNC-45A knockdown leads to an approximate 90% reduction in the band corresponding to
UNC-45A using the rabbit polyclonal antibody.
Because the Proteintech antibody was raised against the C-terminus of human UNC-45A
(as indicated by the manufacturer), we also tested its specificity on recombinant WT, deltaN and
deltaC UNC-45A. As shown in Figure 1D, the antibody failed to recognize the recombinant protein
lacking the C-terminal domain. Additionally, we tested this antibody in tissue lysates of mouse
lung tissue as recommended by the antibody manufacturer, to confirm that this specificity of the
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antibody was to the C-terminus portion of UNC45A. As shown in Figure 1E, the antibody
recognized a band corresponding to UNC-45A.
In sum, we found a high level of specificity of two commercially available antibodies to
UNC45A. Both antibodies tested were remarkably specific and suitable for further use in
experiments aimed at assessing localization of UNC45A in cells in vitro, in situ, and in vivo.
However, because the Proteintech antibody recognizes a single band on the Western blot analysis
of cellular lysates, we believe the Proteintech antibody is particularly suitable for UNC-45A in
cells and tissues.

Expression levels of UNC-45A across cell types and its co-fractionation with microtubules
(MTs) in cells.
Proteomic analysis of HeLa cells shows that not only is UNC-45A in the subcellular fractions
where other well-known MT-associated and destabilizing proteins are found, but that it is
approximately 20-fold more abundant (0.4 uM) than other MT destabilizing proteins [7]. In light
of our recent report that UNC-45A is a MT destabilizing protein [5], this suggests that UNC-45A
may have a dominant role in the regulation of cellular MTs and that UNC-45A levels may very
across multiple cell types. Here we set forth to determine endogenous UNC-45A protein levels by
Western blot analysis in commonly used cell lines including the cervical cancer cell line HeLa, the
ovarian cancer cell line SKOV-3, the rat fibroblast RFL-6 cell line and in a panel of ovarian cancer
cell lines: ES-2, TOV-21G, JHOC5, OVTOKO, RMGI and ES-2. HeLa, SKOV-3 and RFL-6 cells
where chosen because they are most commonly used to study MT destabilizing proteins owing to
their relatively flat and stable morphology and low MT density [7-9] This particular panel of
ovarian cancer cell lines was chosen because they are all derived from the paclitaxel resistant
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ovarian cancer histotype clear cell carcinoma [10]. As shown in Figure 2A and B, there was
variability in terms of UNC-45A expression levels in the different cell lines with HeLa expressing
the highest levels. Noteworthily, higher UNC-45A expression levels were found in the OVTOKO,
RMGI and ES-2 ovarian cancer cell lines which the ones characterized by the highest levels of
chemoresistance to paclitaxel [10, 11]. This is consistent with our recently published report
suggesting that UNC-45A could be a marker of chemoresistance [5].
We had previously shown that endogenous UNC-45A binds to polymerized MTs and not
to free tubulin in COV-362 ovarian cancer cells [5]. Here we used a standard co-sedimentation
assay, which is one of the most commonly used approaches for characterizing and quantifying the
ability of a protein to bind MTs [12], to determine whether endogenous UNC-45A cofractionates
with MTs in living cells. In this assay, cells are treated (or not, vehicle) with taxol so to increase
the fraction of MTs and microtubule-associated-proteins (MAPs) and the NP-40-resistant
cytoskeletal ghosts are separated from the soluble fraction via ultracentrifugation. The fraction of
each protein in supernatant and pellet fraction is then determined via Western blot analysis (Figure
2C). As shown in Figure 2D, in absence of taxol, most of the tubulin and of UNC-45A are found
in the supernatant. For tubulin, this is consistent with the fact that in living cells, MTs are both
dynamically unstable and quite sensitive to manipulation [13]. Taxol treatment however results in
an approximatively 5-fold increase in the amounts of tubulin and of UNC-45A found in the pellet
which correspond to an increase in MTs versus free tubulin (Figure 2E). We next performed the
same experiment and quantified the % of actin and myosin II in each fraction with or without taxol
treatment (Figure 2F). As shown in Figures 2G in absence of taxol (mock treatment), actin is
present in both the supernatant and pellet in similar proportions while almost 70% of the myosin
II is present in the pellet. Addition of taxol, results in a slight increase (25% after adjusting for
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total protein loading, which is slightly higher in the bottom last lane of Figure 2F) of actin and no
increase in the amount of myosin II in the pellet fractions (Figure 2H). Taken together, this
indicates that the increased UNC-45A in the pellet fraction following taxol-treatment is due to its
binding to MTs and not to actomyosin.

UNC45A is expressed in cytoplasm and mitotic spindles and is preferentially expressed in
epithelial cells
We and other have previously shown that UNC-45A is a mitotic spindle-associated protein
in a number of cell types including cancer cells and fibroblasts and that it has a predominantly
cytoplasmic subcellular localization [5, 14-16] . We and others have also previously shown that
UNC-45A is overexpressed in cancer versus benign tissue and in cancer cell lines versus normal
cells [14, 17]. Here we wanted to determine the localization pattern of UNC-45A in situ, using the
same anti-UNC-45A Proteintech antibody we had previously validated by performing IHC
staining in shRNA scramble versus shRNA knockdown cells (Supplementary Figure 1[5]). As
shown in Figure 3A, we found that in clinical specimens ovarian cancer, UNC-45A is present at
the mitotic spindle of metaphase ovarian cancer cells in situ. This is consistent with our previous
report of UNC-45A localization with MTs including with the mitotic spindle in multiple
synchronized cell lines including HeLa, COV-362 cancer cells and NIH3T3 fibroblasts [5]. We
also found that in interphase cells in situ UNC-45A has mostly cytoplasmic localization, and is
predominantly expressed in epithelial ovarian cancer cells versus stroma which is mostly
composed of fibroblasts (Figure 3B). Not only is this consistent with UNC-45A overexpression in
cancer versus normal cells, but also with the fact that the cell line RFL-6, which is of fibroblastic
origin, expressed the lowest levels of UNC-45A (Figure 2A and B). Next, we analyzed a single
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cell RNA sequencing (scRNAseq) dataset consisting of ~90,000 single cells from 45 ovarian
cancer tissue samples, to determine UNC-45A RNA expression levels in cell types present within
the tumor environment. Cells were clustered based on global RNA expression using a graph-based
clustering method [18] and assigned a cell type based on marker genes (Figure 3C left panel).
Based on analyses of these data, UNC45A is expressed at a higher level in epithelial cells
compared to stromal and immune cells (Figure 3C left panel and Figure 3D). Taken together, this
suggests that expression of UNC-45A is predominantly found in epithelia and cancer cells and
may be associated with their higher proliferative status.

UNC-45A colocalizes with interphase MTs in vivo.
We have shown that UNC-45A binds to purified MTs in vitro and to mitotic spindles in
cells with a punctated pattern [5]. This pattern is consistent with which is consistent with what has
been shown for other MT destabilizing proteins [5, 8]. Here we wanted to determine whether UNC45A co-localizes with MTs in interphase and whether its localization pattern resembles the
periodic pattern seen in vitro and in vivo. For these localization and co-localization studies, we used
the same Proteintech anti-UNC-45A antibody. This antibody we also we previously show to be

specific in IF, by performing IF staining in shRNA scramble versus shRNA knockdown metaphase
cells (Supplementary Figure 3[5]) stained with anti-UNC-45A antibody only (no alpha-tubulin
staining).
The first set of experiments was done with RFL-6 cells because they have a very distinct
MT network that facilitates analysis of MT and MT associated proteins. Here, cells were stained
with either anti-alpha-tubulin alone followed by secondary anti -Alexa Fluor 594 (Figure 4A, left
panel) or anti-UNC-45A alone followed by secondary anti-FITC (Figure 4A, right panel). We
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found that the pattern of UNC-45A subcellular localization was similar to the one of tubulin
suggesting that UNC-45A could be a MT localizing protein in interphase. Importantly, secondary
anti-FITC only or secondary anti -Alexa Fluor 594 only had little to no fluorescence when images
where taken with the same exposure time indicating that the staining is not due to secondary
antibody alone (Figure 4B).
Next, we used confocal microscopy to determine whether endogenous UNC-45A colocalizes with MTs in RFL-6 cells stained for anti-UNC-45A and anti-alpha-tubulin following
their relative conjugated antibodies. As shown in Figure 5A, we observed a clear co-localization
of UNC-45A with MTs. Importantly, we confirmed that the red laser does not emit any green
signal when the green laser is off and that the green laser does not emit any red signal when the
red laser is off (Figure 4B). This, in addition to the fact that FITC and Alexa Fluor 594 are far apart
in the excitation fluorescence spectra and that images were taken sequentially, indicates that UNC45A co-localizes with MTs.
To gain better visualization of the pattern of UNC-45A localization on MTs, we performed
the same experiment and took images using a 100X lense. As shown in Figure 5C, UNC-45A colocalizes with MTs in vivo, with a puntacted pattern similar to the one we have previously
described in vitro on purified MTs [5] (inset in the merged image) and with a Pearson’s correlation
coefficient (PCC) of 0.90. The same co-localization of UNC-45A and MTs with a punctated
pattern was investigated in interphase COV-362 cells. For these experiments, we used the same
primary antibodies as for RFL-6 cells (anti-UNC-45A, rabbit and anti-alpha-tubulin, mouse) and
swapped the fluorophores in the secondary antibodies. As show in Figure 5D we observed a similar
co-localization and pattern between UNC-45A and MTs in COV-362 cells with a Pearson’s
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correlation coefficient (PCC) of 0.76. As shown in Figure 5E, secondary antibodies alone had
minimal background.

Discussion
Most of the studies published so far on the mammalian isoform UNC-45A have focused
on its role as direct or indirect regulator of actomyosin contractility. This includes studies from our
laboratories showing that UNC-45A co-localizes with NMII in mammalian cells including cancer
cells, NK cells and neurons [17, 19, 20]. This also includes a study from Dr. Lappalainen’s group
showing that the UCS domain of UNC-45A co-localizes with stress fibers in the U2OS cell line
where it promotes myosin folding and stress fibers assembly [6].
More recently we and others have shown that UNC-45A has independent functions in
actomyosin and MT systems. This includes work published by Dr. Chadli’s group showing that in
addition to being a cytoplasmic protein, UNC-45A is also present in the nuclei of cancer cells
where it regulates the transcription of the mitotic kinase NEK7 [21]. This also includes: a) work
from the same Chadli’s group showing that UNC-45A, co-localizes and biochemically cofractionates with gamma tubulin and regulates centrosomal positioning [15], b) work from
Borner’s group on quantitative subcellular proteomic analysis of HeLa cells showing that UNC45A is in the subcellular fractions where other well know MT-associated and destabilizing proteins
are found, including katanin and MCAK [7], and c) work from our group showing that UNC-45A
is a MAP with MT-destabilizing activity that binds and destabilizes MT in absence of myosin II
[5].
Here we initially validated two of the most commonly used anti-UNC-45A antibodies and
show that while they are both remarkably clean, the rabbit polyclonal anti-UNC-45A from
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Proteintech seems to be more specific as compared to the mouse polyclonal anti-UNC-45A from
Abnova we tested. This is the same rabbit antibody we had previously used for IHC and IF studies
to show that UNC-45A is a mitotic spindle-associated protein [5]. We and other had previously
shown that UNC-45A is expressed differentially in cancer versus normal cells and that its
upregulation at both protein and RNA levels correlates with the severity of the disease in ovarian,
breast and melanoma patients [14, 17] and the Cancer Genome Atlas. Subcellular fractions studies
conducted in HeLa cells shows that UNC-45A is very abundant at 400nM [7]. Here we show that
of all the cell lines we tested, HeLa was indeed the one with the highest levels followed by the
ovarian cancer cell lines OVTOKO, RMGI and ES-2. Interestingly, the OVTOKO ovarian cancer
cell line is highly resistant to paclitaxel and can be sensitized to the drug by increasing MT stability
via inhibition of the MT stabilizing protein SCLIP [22]. The potential therapeutic applications of
this discovery include consideration of strategies such as sequential or concurrent use of such MT
stabilizing protein inhibitors with other drugs in patients with paclitaxel-resistant ovarian cancers.
This finding provides opportunity for further studies to investigate this potential novel avenue.
Consistent with the subcellular fractions studies [7] we had previously shown that UNC45A co-fractionated with MTs in the ovarian cancer cell line COV-362. Here we confirmed and
expanded our previous studies and showed that the increase in UNC-45A in the pellet fraction
following taxol-treatment is due to its binding to MTs and not to actin or myosin II. In this scenario,
binding of UNC-45A to both the actomyosin system and MTs is not mutually exclusive.
As far as UNC-45A subcellular localization, consistent with our previous studies
conducted in synchronized cell line UNC-45A was found to localize with mitotic spindle in clinical
specimens ovarian cancer, was predominantly expressed in cancer cells versus stromal cells and
had predominant cytoplasmic localization in situ in cancer cells. Interestingly, while we and others
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have previously shown that UNC-45A is mostly a cytoplasmic, perinuclear protein a new study
from Dr. Chadli’s laboratory shows that in clinical specimens, part of UNC-45A is found in the
nucleus where it regulates NEK7 activity [21]. Consistent with our previous studies of UNC-45A
co-localization with MTs in metaphase cells [5], here we show that UNC-45A co-localizes with
interphase MTs in a variety of cells including HeLa, RFL-6 and COV-362.
The fact that we and other have previously “missed” the localization of UNC-45A with
MTs is not surprising for a number of reasons. First, not all cells have a MT network suitable for
MT localization and co-localization studies, in fact, most mammalian cells do not. This is
particularly true if, like in the case of UNC-45A [5], the MAP of interest binds the MT lattice
rather than to the MT plus ends [23] . Second, while mitotic spindles are formed by bundles of MT
and therefore are relatively easy to detect, the percentage of mitotic and metaphase cells in an
unsynchronized population in generally less than 5% at any given time in vitro and in vivo [24].
Interphase MT on the other hand, are individual and more difficult to detect and do require
confocal microscopy for co-localization studies. Third, fixation methods other than cold methanol
(which we have used here and previously to show that UNC-45A is a MAP[5]) may not be suitable
for MT localization or co-localization studies because their either do not preserve MTs well, or
interfere with antigen binding. With regards to this point, our work on co-localization of UNC45A with NMII in NK cells and neurons [17, 19, 20] as well work from Drs. Lappalainen and
Chadli’s groups were all done using formaldehyde fixation because that is the preferred method
for studying the actomyosin system. Additionally, while our previous work on UNC-45A colocalization with myosin II in cancer cells was done using methanol as a fixation method,
oflocalization with MT was not evaluated and confocal microscopy was not used. Last but not
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least, no more than 61 papers to date are published on this highly conserved protein, clearly
indicating that we are just now uncovering its multiple functions in cells.
The fact that a protein can have a dual role in regulating actomyosin and MT stability is
not mutually exclusive and well documented in scientific literature. For instance, one of the most
well-known cell cycle regulators, the cyclin-dependent kinase inhibitor 1B (p27), is both a MTand a NMII-associated and co-localizing protein and has been show to regulate both NMII activity
and MTs stability in normal and cancer cells[25-31]. If fact, while the interactions between
actomyosin and MT systems are well known, the effects of actomyosin system on MT are generally
modest and in reverse direction given that of myosin II leads to modest increase in MT
stability[32].
Additionally, many MTs destabilizing proteins including katanin localize at the centrosomes, at
mitotic spindles, and at the actomyosin contractile ring where they participate in spatiotemporal
regulation of cytokinesis[33] [34].
Lastly, UNC-45A abundance, along with the duality of its functions within a cell
as both an MT- and actinomysoin- associated protein, suggest that the activity of UNC-45A must
be tightly regulated. Two large phosphoproteomic screens identified a phosphothreonine residue
at position 15 in UNC-45A [35, 36]. Given that phosphorylation is a well-documented mechanism
to regulate the activity of microtubule-associated proteins [37-39] it is likely that a complex system
of kinases and phosphatases cooperate to fine-tune the activity of UNC-45A in cells.
Taken together we believe that understanding the multiple roles of UNC-45A in regulating
cytoskeletal dynamics is key for broadening our understanding of cell biology in both the context
of health and disease.
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Materials and Methods

Cell culture
ES-2, TOV-21G, SKOV-3 and HeLa cells were purchased from the American Type Culture
Collection (ATCC) and cultured in DMEM (Thermo Fisher) supplemented with 10% FBS as
previously described [40]. RFL-6 cell were purchased from the American Type Culture Collection
(ATCC) Ham’s F-12K medium (Thermo Fisher) supplemented with 20% FBS. The ovarian cancer
cell line COV-362 was a generous gift from Dr. Panagiotis A. Kostantinopoulos (Dana-Farber
Cancer Institute, Boston, MA) and was cultured in DMEM (Thermo Fisher) supplemented with
10% FBS. The JHOC5 and OVISE cells were a generous gift from Dr. Tian-Li A. Wang (Johns
Hopkins Medical School, Baltimore, MD) and were cultured in RPMI supplemented with 10%
FBS. The OVTOKO ovarian cancer cell line was a generous gift of Dr. David Huntsman at the
University of British Columbia (Vancouver, Canada) and was cultured in DMEM (Thermo Fisher)
supplemented with 10% FBS. Cells routinely tested negative for mycoplasma.

Human subjects
Archival tissues were used with the Institutional Review Board approval.
Immunohistochemistry
Five-micron thick formalin-fixed, paraffin-embedded sections were deparaffinized and
rehydrated by sequential washing with xylene, 100% ethanol, 95% ethanol, 80% ethanol, and PBS.
For antigen retrieval, slides were immersed in Reveal Decloaker (Biocare Medical, Concord, CA)
and steamed for 30 min at 100 degrees C. Endogenous peroxidase activity was blocked with 3%
H2O2 for 10 min. After washing with PBS, slides were blocked with 10% normal goat serum in
PBS for 10 min at room temperature, followed by incubation with rabbit anti-human polyclonal
15
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UNC-45A antibody (Proteintech Group Inc) at a concentration of 1:200 in blocking solution
overnight at 4 degrees C. After washing twice with PBS, slides were incubated with a biotinylated
anti-rabbit secondary antibody conjugated (10 min) and streptavidin/horseradish peroxidase (10
min; Dako), followed by 3,3-diaminobenzidine (Phoenix Biotechnologies) substrate for 3 min.
Slides were lightly counterstained with Gill No. 3 hematoxylin (Sigma) for 60 s, dehydrated,
and coverslipped.

Single cell RNA sequencing
Patients were enrolled in the study upon diagnosis of ovarian cancer. The study was
approved by the University of Minnesota's IRB and all patients provided informed consent. Fresh
tumor samples were digested with an enzyme cocktail following standard protocols to produce a
single cell suspension (Miltenyi GentleMacs Dissociator Kit, Auburn, CA). Single cells were
processed for sequencing using Gel Emulsion Beads using the 10X Genomics Chromium Single
Cell 3' kit (10X Genomics, Pleasanton, CA). Sequencing was performed on an Illumina HiSeq
2500. Raw sequence processing, de-multiplexing and mapping was performed using CellRanger
software (10X Genomics, Pleasanton, CA). Quantification, cell type assignment and TSNE plot
visualization was done using the Seurat R package (Seurat v3.0.0.9000. Satija, et al., Nature
Biotechnology 2015)

Lentiviral-mediated UNC-45A knockdown in cells.
For UNC-45A silencing, scramble and UNC-45A shRNAs lentiviral supernatant were
prepared and used to infect HeLa, as we have previously described [5, 20].

Antibodies and chemicals
16
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Rabbit anti-UNC-45A raised against the C-terminus of the human UNC-45A (Protein Tech
1956-1-AP) was used for Western blot and immunofluorescence at the concentration
recommended by the manufacturer (1:1000 dilution for Western blot and 1:200 dilution for
immunofluorescence) and previously used in our laboratory [5] . Mouse polyclonal anti UNC-45A
raised against full length UNC-45A (Abnova) was used for Western blot at the at the concentration
recommended by the manufacturer (1:300 dilution) and as previously described[6]. Anti-NMII
(LC) (Sigma), anti-actin (Sigma), and anti-alpha-tubulin (Abcam) were used at the concentration
recommended by the manufacturers. Peroxidase-linked anti-mouse immunoglobulin G and
peroxidase-linked anti-rabbit immunoglobulin G (both GE Healthcare Bio-Sciences, Pittsburgh,
PA). Alexa Fluor 594-conjugated Donkey Anti-Mouse IgG (1:250) and FITC-conjugated Goat
Anti-Rabbit IgG (1:200; both Jackson ImmunoResearch Laboratories, West Grove, PA). TexasRed conjugated Goat Anti-Mouse IgG (1:250; both Jackson ImmunoResearch Laboratories, West
Grove, PA), and FITC-conjugated Goat Anti-Mouse IgG (1:250; both Jackson ImmunoResearch
Laboratories, West Grove, PA).

Western blot analysis
Total cellular protein (7–50 µg) from each sample was separated by SDS-PAGE,
transferred to PVDF membranes and subjected to Western blot analysis using the specified
antibodies. Amido black staining was performed to confirm equal protein loading.

Recombinant protein.
GFP-UNC-45A and its mutants, were cloned into pGEX-2TK to generate the GST-GFPUNC-45A protein. The protein was expressed in Rosetta (DE3) pLysS and following GST removal
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it was affinity purified and dialyzed as we have previously described[5] .

Microtubule cosedimentation assay in cells.
Cells were lysed using 1% NP-40 lysis buffer containing 150 mM NaCl, 50 mM Tris-HCl
pH 7.8, and protease inhibitor cocktail. The lysates were treated with either control DMSO or 1µM
of taxol and incubated at 37°C for an hour. Lysates were spun at 15,000rpm for 30 minutes at room
temperature and the supernatant and pellet fractions were separated by SDS-PAGE and analyzed
via Western blotting. Extent of UNC-45A, alpha-tubulin, actin and myosin II in the different cell
compartment (supernatant or pellet) with or without taxol treatment was determined by
densitometric analysis using imageJ software.

Immunofluorescence microscopy, image acquisition, and analysis.
For localization and co-localization analysis of UNC-45A and MTs cells were fixed in cold
methanol for 5 minutes at -20°C. After blocking with 5% BSA in PBST, cells were stained with
anti-UNC-45A (rabbit) and anti-α-tubulin (mouse) primary antibodies followed by FITC- (rabbit)
or Alexa Fluor 594- (mouse), or FITC- (mouse) or Texas red- (rabbit) conjugated secondary
antibodies and analyzed via confocal fluorescence microscopy. Images were taken with an
Olympus BX2 upright microscope equipped with a Fluoview 1000 confocal scan head. A
UPlanApo N 100X/1.42 NA objective was used. FITC was excited with a 488 nm laser and
emission collected between 505 and 525 nm. For Alexa Fluor a 594 nm laser was used for
excitation and emission collected between 560 and 660 nm. Images were taken with sequential
excitation. Co-localization analysis was done using the Fiji software Coloc 2 plugin and Pearson’s
correlation coefficient (PCC) and calculated as previously described [41].
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Images were obtained on an Axiovert 200 microscope (Zeiss, Thornwood, NY) equipped
with a high-resolution CCD camera.

All images were obtained using identical camera,

microscope, and imaging criteria such as gain, brightness, contrast, and exposure time.

Statistical analysis
Results are reported as mean ± Standard Deviation of three or more independent experiments.
Unless otherwise indicated, statistical significance of difference was assessed by two-tailed
Student’s t using Prism (V.4 Graphpad, San Diego, CA) and Excel. The level of significance was
set at p<0.05.
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FIGURE LEGENDS

Figure 1. Comparison between the anti-UNC45A rabbit polyclonal and the anti-UNC-45A
mouse polyclonal antibodies by Western blot. Full membranes. A. Full membrane probed with
the anti UNC-45A rabbit polyclonal antibody from Proteintech shows one band at the expected
molecular weight of UNC-45A (103 kDa) in lysates of RFL6 and HeLa cell lines. Amido black
for equal protein loading and three different exposures are shown. Original, non contrasted
images are shown. B. Full membrane probed with the anti UNC-45A mouse polyclonal antibody
from Abnova shows one band at the expected molecular weight of UNC-45A (103 kDa) and few
additional bands in lysates of both RFL6 and HeLa cell lines. Amido black for loading control
and three different exposures (same used for the Proteintech antibody) are shown. Original non
contrasted images are shown. For these experiments we overloaded the gels with 22.5 µg of total
protein to ensure detection of all bands. Same samples were used for both Western blots. C. Full
membranes probed with the anti UNC-45A rabbit polyclonal antibody from Proteintech in lysates
(12.5 µgs) of HeLa cells 48h after transduction with either shRNA-scramble (sc.) or shRNA
targeting UNC-45A (KD). Amido black was used as a loading control. Original non contrasted
images are shown. D. Recombinant full length (WT, aa 1-944) UNC-45A-GFP (MW 130 kDa),
deltaN (aa 125-944) UNC-45A-GFP (MW=114 kDa), and deltaC (aa 1-514) UNC-45A-GFP (83.5
kDa) were separated on a 4-15% SDS gel, transferred onto PVDF membrane and stained with
amido black (left) or blotted against the anti UNC-45A rabbit polyclonal antibody from
Proteintech. E. Full membrane probed with the anti UNC-45A rabbit polyclonal antibody from
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Proteintech in lysates (7.5 µgs) of adult mouse lung. Amido black is shown. To our knowledge,
this is the first report showing full membranes Western blot probed with anti-UNC-45A antibodies.

Figure 2. UNC-45A expression levels across cell types and its fractionation with MTs in
mammalian cells. A. Western blot analysis for levels of UNC-45A in the indicated cell lines. B.
Quantification of UNC-45A expression levels expressed as UNC-45A/total protein ratio. C. MTs
from SKOV-3 cell lines in presence or in absence (mock) of 1µM taxol for 1 hour prior
ultracentrifugation. Supernatant and pellet fractions were fractionated by SDS-PAGE and
subjected to Western blot analysis using anti-UNC-45A and anti-α-tubulin, antibodies. D.
Quantification of % of tubulin and UNC-45A in each fraction following mock treatment. E.
Quantification of % of tubulin and UNC-45A in each fraction following taxol treatment. Overall,
taxol treatment resulted in an approximately 5-fold increase in the amounts of tubulin and of UNC45A found in the pellet versus mock. F. Actin and myosin II from SKOV-3 cell lines in presence
or in absence (mock) of 1µM taxol for 1 hour prior ultracentrifugation. Supernatant and pellet
fractions were fractionated by SDS-PAGE and subjected to Western blot analysis using anti-actin
and anti-myosin II antibodies. Asterisk indicates an aspecific band using a monoclonal antibody
against myosin II LC. G. Quantification of % of actin and myosin II in each fraction following
mock treatment. H. Quantification of % of actin and myosin II in each fraction following taxol
treatment. Overall, taxol treatment resulted in a slight increase (25% after adjusting for total protein
loading, which is slightly higher in the bottom last lane of Figure 2F) of actin and no increase in
the amount of myosin II in the pellet fractions as compared to mock treatment.
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Figure 3. Pattern of UNC-45A expression in situ. A. Immunohistochemical staining of UNC45A in clinical specimens ovarian cancer shows UNC-45A localization on mitotic spindle in a
metaphase cancer cell in situ. B. Immunohistochemical staining of UNC-45A in clinical specimens
ovarian cancer shows that UNC-45A localization is mostly cytoplasmic in cancer cells and that its
levels are higher in cancer cells versus stromal cells. C. Clustering of 1,492 single cells from a
representative sample (Patient #101), colored by cell type (left panel) or by UNC45A expression
(right panel). D) Barplot of UNC45A expression in 90,000 epithelial, stromal and immune cells
from 45 ovarian tissue samples. UNC45A expression is measured based on unique molecular
identification (UMI) barcode counts.

Figure 4. UNC-45A has a localization pattern similar to the one of alpha tubulin in interphase
cells. A. Representative images of tubulin (red) and of UNC-45A (green) in RFL-6 cells. B.
Representative images of DAPI, and secondary anti-FITC or anti-Alexa Fluor 594 only. All images
were taken using the same exposure time. Cells were fixed and permeabilized with methanol.

Figure 5. UNC-45A has a punctated localization pattern on interphase MTs in vivo. A.
Representative images of UNC-45A (green) and tubulin (red) of in RFL-6 cells. Yellow is the
merged image. B. Representative images of “red laser on” that does not emit any green signal
when the green laser is off and that the “green laser on” does not emit any red signal when the red
laser is off. Images where taken using the same exposure time. Images were taken with 60X lens.
C. Representative images of UNC-45A (green) and tubulin (red) in interphase RFL-6 cells. Yellow
is the merged image. Inset in the merged image is example image of paclitaxel-stabilized MT (red)
and UNC-45A-GFP (green). Images were taken with 100X lens. Pearson’s correlation coefficient
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(PCC) of 0.90. D. Representative images of tubulin (green) and UNC-45A (red) in COV-362
interphase cells. Images were taken with 60X lens. Pearson’s correlation coefficient (PCC) of 0.76.
E. Representative images of DAPI, and secondary anti-FITC or Texas-red antibodies only.
For these co-localization studies cells were fixed and permeabilized with methanol which is the
fixative of choice to for visualizing MTs and their associated proteins. Other fixation methods
including formaldehyde and glutaraldehyde and are known to not preserve MTs well and/or
interfere with antigen binding (from “Fluorescence Procedures for the Actin and Tubulin
Cytoskeleton in Fixed Cells”- Louise Cramer and Arshad Desai and “Fluorescence Microscopy of
Microtubules in Cultured Cells”-Microtubules Protocols Methods in Molecular Medicine).

References

[1] W. Ni, O.O. Odunuga, UCS proteins: chaperones for myosin and co-chaperones for Hsp90,
Sub-cellular biochemistry, 78 (2015) 133-152.
[2] C.F. Lee, G.C. Melkani, S.I. Bernstein, The UNC-45 myosin chaperone: from worms to flies
to vertebrates, Int Rev Cell Mol Biol, 313 (2014) 103-144.
[3] L. Gazda, W. Pokrzywa, D. Hellerschmied, T. Lowe, I. Forne, F. Mueller-Planitz, T. Hoppe,
T. Clausen, The myosin chaperone UNC-45 is organized in tandem modules to support
myofilament formation in C. elegans, Cell, 152 (2013) 183-195.
[4] M.G. Price, M.L. Landsverk, J.M. Barral, H.F. Epstein, Two mammalian UNC-45 isoforms
are related to distinct cytoskeletal and muscle-specific functions, J Cell Sci, 115 (2002) 4013-4023.
[5] A. Mooneyham, Y. Iizuka, Q. Yang, C. Coombes, M. McClellan, V. Shridhar, E. Emmings,
M. Shetty, L. Chen, T. Ai, J. Meints, M.K. Lee, M. Gardner, M. Bazzaro, UNC-45A Is a Novel

24

bioRxiv preprint doi: https://doi.org/10.1101/615187; this version posted April 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Microtubule-Associated Protein and Regulator of Paclitaxel Sensitivity in Ovarian Cancer Cells,
Mol Cancer Res, 17 (2019) 370-383.
[6] J.I. Lehtimaki, A.M. Fenix, T.M. Kotila, G. Balistreri, L. Paavolainen, M. Varjosalo, D.T.
Burnette, P. Lappalainen, UNC-45a promotes myosin folding and stress fiber assembly, J Cell
Biol, 216 (2017) 4053-4072.
[7] D.N. Itzhak, S. Tyanova, J. Cox, G.H. Borner, Global, quantitative and dynamic mapping of
protein subcellular localization, Elife, 5 (2016).
[8] H. Sudo, P.W. Baas, Acetylation of microtubules influences their sensitivity to severing by
katanin in neurons and fibroblasts, J Neurosci, 30 (2010) 7215-7226.
[9] D.J. McGrail, N.N. Khambhati, M.X. Qi, K.S. Patel, N. Ravikumar, C.P. Brandenburg, M.R.
Dawson, Alterations in ovarian cancer cell adhesion drive taxol resistance by increasing
microtubule dynamics in a FAK-dependent manner, Sci Rep, 5 (2015) 9529.
[10] S. Domcke, R. Sinha, D.A. Levine, C. Sander, N. Schultz, Evaluating cell lines as tumour
models by comparison of genomic profiles, Nat Commun, 4 (2013) 2126.
[11] T.A. Ince, A.D. Sousa, M.A. Jones, J.C. Harrell, E.S. Agoston, M. Krohn, L.M. Selfors, W.
Liu, K. Chen, M. Yong, P. Buchwald, B. Wang, K.S. Hale, E. Cohick, P. Sergent, A. Witt, Z.
Kozhekbaeva, S. Gao, A.T. Agoston, M.A. Merritt, R. Foster, B.R. Rueda, C.P. Crum, J.S. Brugge,
G.B. Mills, Characterization of twenty-five ovarian tumour cell lines that phenocopy primary
tumours, Nat Commun, 6 (2015) 7419.
[12] E.O. Alberico, A.R. Duan, H.V. Goodson, Measuring Tau-microtubule affinity through
cosedimentation assays, Methods Cell Biol, 141 (2017) 115-134.
[13] A. Desai, T.J. Mitchison, Microtubule polymerization dynamics, Annu Rev Cell Dev Biol, 13
(1997) 83-117.

25

bioRxiv preprint doi: https://doi.org/10.1101/615187; this version posted April 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[14] W. Guo, D. Chen, Z. Fan, H.F. Epstein, Differential turnover of myosin chaperone UNC-45A
isoforms increases in metastatic human breast cancer, J Mol Biol, 412 (2011) 365-378.
[15] A. Chadli, J.D. Graham, M.G. Abel, T.A. Jackson, D.F. Gordon, W.M. Wood, S.J. Felts, K.B.
Horwitz, D. Toft, GCUNC-45 is a novel regulator for the progesterone receptor/hsp90 chaperoning
pathway, Mol Cell Biol, 26 (2006) 1722-1730.
[16] Y. Jilani, S. Lu, H. Lei, L.M. Karnitz, A. Chadli, UNC45A localizes to centrosomes and
regulates cancer cell proliferation through ChK1 activation, Cancer Lett, 357 (2015) 114-120.
[17] M. Bazzaro, A. Santillan, Z. Lin, T. Tang, M.K. Lee, R.E. Bristow, M. Shih Ie, R.B. Roden,
Myosin II co-chaperone general cell UNC-45 overexpression is associated with ovarian cancer,
rapid proliferation, and motility, Am J Pathol, 171 (2007) 1640-1649.
[18] R. Satija, J.A. Farrell, D. Gennert, A.F. Schier, A. Regev, Spatial reconstruction of single-cell
gene expression data, Nat Biotechnol, 33 (2015) 495-502.
[19] Y. Iizuka, A. Mooneyham, A. Sieben, K. Chen, M. Maile, R. Hellweg, F. Schutz, K. Teckle,
T. Starr, V. Thayanithy, R.I. Vogel, E. Lou, M.K. Lee, M. Bazzaro, UNC-45A is required for
neurite extension via controlling NMII activation, Mol Biol Cell, 28 (2017) 1337-1346.
[20] Y. Iizuka, F. Cichocki, A. Sieben, F. Sforza, R. Karim, K. Coughlin, R. Isaksson Vogel, R.
Gavioli, V. McCullar, T. Lenvik, M. Lee, J. Miller, M. Bazzaro, UNC-45A Is a Nonmuscle Myosin
IIA Chaperone Required for NK Cell Cytotoxicity via Control of Lytic Granule Secretion, J
Immunol, 195 (2015) 4760-4770.
[21] N.H. Eisa, Y. Jilani, K. Kainth, P. Redd, S. Lu, O. Bougrine, H. Abdul Sater, C.A.
Patwardhan, A. Shull, H. Shi, K. Liu, N.M. Elsherbiny, L.A. Eissa, M.M. El-Shishtawy, A.
Horuzsko, R. Bollag, N. Maihle, J. Roig, H. Korkaya, J.K. Cowell, A. Chadli, The co-chaperone

26

bioRxiv preprint doi: https://doi.org/10.1101/615187; this version posted April 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

UNC45A is essential for the expression of mitotic kinase NEK7 and tumorigenesis, J Biol Chem,
294 (2019) 5246-5260.
[22] X. Xie, C. Bartholomeusz, A.A. Ahmed, A. Kazansky, L. Diao, K.A. Baggerly, G.N.
Hortobagyi, N.T. Ueno, Bisphosphorylated PEA-15 sensitizes ovarian cancer cells to paclitaxel
by impairing the microtubule-destabilizing effect of SCLIP, Mol Cancer Ther, 12 (2013) 10991111.
[23] A. Aher, A. Akhmanova, Tipping microtubule dynamics, one protofilament at a time, Curr
Opin Cell Biol, 50 (2018) 86-93.
[24] E. Komlodi-Pasztor, D.L. Sackett, A.T. Fojo, Inhibitors targeting mitosis: tales of how great
drugs against a promising target were brought down by a flawed rationale, Clin Cancer Res, 18
(2012) 51-63.
[25] L. Fabris, S. Berton, I. Pellizzari, I. Segatto, S. D'Andrea, J. Armenia, R. Bomben, M.
Schiappacassi, V. Gattei, M.R. Philips, A. Vecchione, B. Belletti, G. Baldassarre, p27kip1 controls
H-Ras/MAPK activation and cell cycle entry via modulation of MT stability, Proceedings of the
National Academy of Sciences of the United States of America, 112 (2015) 13916-13921.
[26] J.D. Godin, N. Thomas, S. Laguesse, L. Malinouskaya, P. Close, O. Malaise, A. Purnelle, O.
Raineteau, K. Campbell, M. Fero, G. Moonen, B. Malgrange, A. Chariot, C. Metin, A. Besson, L.
Nguyen, p27(Kip1) is a microtubule-associated protein that promotes microtubule polymerization
during neuron migration, Developmental cell, 23 (2012) 729-744.
[27] G. Baldassarre, B. Belletti, M.S. Nicoloso, M. Schiappacassi, A. Vecchione, P. Spessotto, A.
Morrione, V. Canzonieri, A. Colombatti, p27(Kip1)-stathmin interaction influences sarcoma cell
migration and invasion, Cancer cell, 7 (2005) 51-63.

27

bioRxiv preprint doi: https://doi.org/10.1101/615187; this version posted April 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[28] K. Murthy, P. Wadsworth, Myosin-II-dependent localization and dynamics of F-actin during
cytokinesis, Current biology : CB, 15 (2005) 724-731.
[29] M. Bezanilla, J.M. Wilson, T.D. Pollard, Fission yeast myosin-II isoforms assemble into
contractile rings at distinct times during mitosis, Current biology : CB, 10 (2000) 397-400.
[30] A. Besson, M. Gurian-West, A. Schmidt, A. Hall, J.M. Roberts, p27Kip1 modulates cell
migration through the regulation of RhoA activation, Genes & development, 18 (2004) 862-876.
[31] M.P. Serres, U. Kossatz, Y. Chi, J.M. Roberts, N.P. Malek, A. Besson, p27(Kip1) controls
cytokinesis via the regulation of citron kinase activation, The Journal of clinical investigation, 122
(2012) 844-858.
[32] S. Kadir, J.W. Astin, L. Tahtamouni, P. Martin, C.D. Nobes, Microtubule remodelling is
required for the front-rear polarity switch during contact inhibition of locomotion, J Cell Sci, 124
(2011) 2642-2653.
[33] M. Matsuo, T. Shimodaira, T. Kasama, Y. Hata, A. Echigo, M. Okabe, K. Arai, Y. Makino,
S. Niwa, H. Saya, T. Kishimoto, Katanin p60 contributes to microtubule instability around the
midbody and facilitates cytokinesis in rat cells, PloS one, 8 (2013) e80392.
[34] F.J. McNally, K. Okawa, A. Iwamatsu, R.D. Vale, Katanin, the microtubule-severing ATPase,
is concentrated at centrosomes, J Cell Sci, 109 ( Pt 3) (1996) 561-567.
[35] H. Daub, J.V. Olsen, M. Bairlein, F. Gnad, F.S. Oppermann, R. Korner, Z. Greff, G. Keri, O.
Stemmann, M. Mann, Kinase-selective enrichment enables quantitative phosphoproteomics of the
kinome across the cell cycle, Mol Cell, 31 (2008) 438-448.
[36] J.V. Olsen, M. Vermeulen, A. Santamaria, C. Kumar, M.L. Miller, L.J. Jensen, F. Gnad, J.
Cox, T.S. Jensen, E.A. Nigg, S. Brunak, M. Mann, Quantitative phosphoproteomics reveals
widespread full phosphorylation site occupancy during mitosis, Sci Signal, 3 (2010) ra3.

28

bioRxiv preprint doi: https://doi.org/10.1101/615187; this version posted April 21, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[37] P.D. Andrews, Y. Ovechkina, N. Morrice, M. Wagenbach, K. Duncan, L. Wordeman, J.R.
Swedlow, Aurora B regulates MCAK at the mitotic centromere, Dev Cell, 6 (2004) 253-268.
[38] R. Ohi, T. Sapra, J. Howard, T.J. Mitchison, Differentiation of cytoplasmic and meiotic
spindle assembly MCAK functions by Aurora B-dependent phosphorylation, Mol Biol Cell, 15
(2004) 2895-2906.
[39] W. Lan, X. Zhang, S.L. Kline-Smith, S.E. Rosasco, G.A. Barrett-Wilt, J. Shabanowitz, D.F.
Hunt, C.E. Walczak, P.T. Stukenberg, Aurora B phosphorylates centromeric MCAK and regulates
its localization and microtubule depolymerization activity, Curr Biol, 14 (2004) 273-286.
[40] L. Qiang, W. Yu, A. Andreadis, M. Luo, P.W. Baas, Tau protects microtubules in the axon
from severing by katanin, J Neurosci, 26 (2006) 3120-3129.
[41] K.W. Dunn, M.M. Kamocka, J.H. McDonald, A practical guide to evaluating colocalization
in biological microscopy, Am J Physiol Cell Physiol, 300 (2011) C723-742.

29

5
0μm

