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Abstract

Idiopathic pulmonary fibrosis is a progressive lung disease with
limited therapeutic options that is characterized by pathological
fibroblast activation and aberrant lung remodeling with scar
formation. YAP (Yes-associated protein) is a transcriptional
coactivator that mediates mechanical and biochemical signals
controlling fibroblast activation. We previously identified HMG-
CoA (3-hydroxy-3-methylglutaryl coenzyme A) reductase
inhibitors (statins) as YAP inhibitors based on a high-throughput
small-molecule screen in primary human lung fibroblasts. Here
we report that several Aurora kinase inhibitors were also
identified from the top hits of this screen. MK-5108, a highly
selective inhibitor for AURKA (Aurora kinase A), induced YAP
phosphorylation and cytoplasmic retention and significantly
reduced profibrotic gene expression in human lung fibroblasts.

The inhibitory effect on YAP nuclear translocation and
profibrotic gene expression is specific to inhibition of AURKA,
but not Aurora kinase B or C, and is independent of the Hippo
pathway kinases LATS1 and LATS2 (Large Tumor Suppressor
1 and 2). Further characterization of the effects of MK-5108
demonstrate that it inhibits YAP nuclear localization indirectly
via effects on actin polymerization and TGFb (Transforming
Growth Factor b) signaling. In addition, MK-5108 treatment
reduced lung collagen deposition in the bleomycin mouse model
of pulmonary fibrosis. Our results reveal a novel role for AURKA
in YAP-mediated profibrotic activity in fibroblasts and highlight
the potential of small-molecule screens for YAP inhibitors for
identification of novel agents with antifibrotic activity.
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Idiopathic pulmonary fibrosis (IPF) is a
debilitating lung disease with an average time
to respiratory failure and death of 3–5 years
from the time of diagnosis. IPF is
characterized by the progressive loss of
pulmonary function due to progressive
scarring of the lungs (1, 2). In 2014, two
medications, nintedanib and pirfenidone,
received U.S. Food and Drug Administration
approval for patients with IPF after clinical
trials demonstrated that these drugs slowed
the rate of lung function decline (3, 4).
However, there remains a great need for
additional therapies that can stop and
ultimately reverse established fibrosis.

IPF is believed to result from
dysregulated wound repair after lung injury
(2). Studies over the last decade have shown
that the pathophysiology is highly complex,
involving nearly all cell types in the lung,
with multiple factors contributing to the
development of the disease, including the
environment, sex, aging, and genetics (5–8).
Central to the process is the activation and
recruitment of lung fibroblasts to the alveolar
structures, which then secrete extracellular
matrix molecules like collagen, forming a
scar and stiffening the lung parenchyma.
Although this is part of the normal
mechanism of wound repair, in IPF lungs
this process is persistent, leading to
progressive loss of lung function (9). The
exact mechanisms of fibroblast activation
and persistence in IPF are unclear, and a
better understanding of these processes may
help identify novel therapeutic targets for
IPF.

It is known that fibroblasts sense and
respond to the stiffness of the tissue
microenvironment, leading to their
activation and further extracellular matrix
production (10, 11). The transcription
coactivators YAP (Yes-associated Protein)
and TAZ (Transcription coactivator with
PDZ-binding motif) are important effectors
of mechanosignaling in fibroblasts. In
response to high stiffness, YAP and TAZ
translocate to the nucleus, where they help
upregulate profibrotic gene expression
(12–14). First discovered inDrosophila, YAP
and TAZ are regulated by the Hippo
pathway kinases LATS1 and LATS2 (Large
Tumor Suppressor 1 and 2) through
phosphorylation on multiple serine residues
(15). When the Hippo pathway is active,
YAP and TAZ are phosphorylated and are
sequestered in the cytoplasm, where they
bind with 14-3-3 proteins and are targeted
for degradation (16–18). When the Hippo

pathway is inactive, YAP and TAZ are
dephosphorylated and can translocate into
the nucleus and bind to TEAD
(transcriptional enhanced associate domain)
to promote target gene expression. The
targets of YAP and TAZ include genes
promoting cell survival, growth, and
proliferation. CTGF (connective tissue
growth factor) and CYR61 (cysteine rich
angiogenic inducer 61) are both direct target
genes for YAP and are also upregulated in
TGFb-induced fibrosis (19–21). Consistent
with this, YAP and TAZ are required for
increased CTGF, CYR61,ACTA2 (a-smooth
muscle actin), and COL1A1 (collagen type I
a 1 chain) expression by TGFb-activated
myofibroblasts (22). In addition, previous
studies have found that YAP and TAZ are
enriched in the nuclei of fibroblasts in
fibrotic areas of the IPF lung (23).
Furthermore, adoptive transfer of fibroblasts
overexpressing nonphosphorylatable forms
of YAP and TAZ into mouse lungs confer
them with fibrogenic capability and lead to
the development of lung fibrosis (23). These
data suggest that inhibiting YAP/TAZ
activity could be a potential therapeutic
target in IPF.

We performed a small-molecule screen
to identify compounds that can induce YAP
nuclear exclusion, using high-throughput
fluorescent imaging. Using this screen, we
previously identified HMG-CoA reductase
inhibitors (statins) as potent inhibitors of
YAP nuclear translocation and demonstrated
their antifibrotic effects in primary human
lung fibroblasts (HLFs) and in a bleomycin
mouse model of pulmonary fibrosis (24).

A number of the compounds in the top
hits from the screen have previously been
reported to have effects on fibroblasts or in
clinical trials on IPF (25–30), validating that
our screen design is effective. Here we report
that several Aurora kinase inhibitors were
identified in the top hits, includingMK-5108,
a highly selective inhibitor for AURKA
(Aurora kinase A). The Aurora kinases are
important regulators of mitosis and are
overexpressed in a number of tumors
(31–42). AURKA and AURKB inhibitors
have been developed and tested in clinical
trials for solid tumors and hematological
malignancies (43, 44), but the therapeutic
potential for treating fibrosis by inhibiting
Aurora kinases has not been well studied. In
this study, we characterize the antifibrotic
effect of inhibiting AURKAwithMK-5108
through actin cytoskeleton–mediated YAP
regulation and report its efficacy in

preventing bleomycin-induced lung fibrosis
in a mouse model of IPF. Our study also
demonstrates the potential of small-molecule
screens for YAP inhibitors for identification
of novel agents with antifibrotic activity.

Some of the results of these studies have
been previously reported in the form of an
abstract (45).

Methods

HLFs Culture
Primary HLFs from patients with IPF or
healthy control donors were collected
through the Massachusetts General Hospital
Fibrosis Translational Research program
from deidentified discarded excess tissue
from clinically indicated surgical lung
resections or lung transplant explants. Cells
were routinely grown in Dulbecco’s modified
Eagle medium (Lonza) supplemented with
10% FBS (Lonza), 2 mM L-glutamine
(Lonza), 100 U/ml penicillin, and 100 μg/ml
streptomycin (Lonza) in a humidified
incubator with 5% CO2 at 37�C. Unless
otherwise stated, experiments were
conducted using fibroblasts from a healthy
control donor with patient ID number 699.

High-Throughput Drug
Screening Analysis
A small-molecule screen for YAP inhibitors
using primary HLFs was previously
conducted at the ICCB-Longwood Screening
Facility at HarvardMedical School (24). A
total of 13,232 small molecules were screened
in duplicate and assigned a score based on
their ability to displace YAP from the
nucleus into the cytoplasm with minimum
toxicity. Here we defined high hits and low
hits as compounds with a score higher than
55 and 45, respectively. These cutoffs were
determined by visual inspection of multiple
random images and qualitatively correlating
score values to cell phenotypes. Out of the
13,232 small molecules tested, 386 were
considered high hits and 443 were
considered low hits. Compounds with the
same simplified molecular-input line-entry
system (SMILES) were grouped together,
resulting in 227 high hits and 328 low hits.

Consolidation of Screening Library
Chemical structures of the screening library
have been consolidated using the data
science workflow software BIOVIA Pipeline
Pilot. Protonation states of the structures
have been standardized, and counter ions
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have been eliminated.We used canonical
SMILES as a unique linear textual
representation of the chemical structure. This
way, the initial 13,232 structures could be
mapped onto 7,696 unique canonical
SMILES, of which 4,329 are represented by a
single well in the library and 3,367 occur in
up to 19 wells. Multiple occurrences of
individual canonical SMILES could be traced
to multiple vendors and/or multiple molar
concentrations of the individual probes.

Library Annotation and Target
Enrichment Analysis
The condensed library of 7,656
compounds tested in the primary screen was
annotated with known targets based on
information from ChEMBL, considering a
threshold of activity,100 nM. The target
signatures of the primary screen hits

(high and low) and the nonhits were
compared with identify targets that are
significantly enriched in the hit population.
These data were used to filter the 118
compounds with a good dose–response
profile down to 46 compounds with targets
enriched in the hit population. Target
enrichment determination has been
performed in two ways. Given the following
contingency table per target x:

we calculated the enrichment E as the
ratio between the hit rate among all
compounds annotated with a specific
target and the hit rate of the entire dataset
given by:

E5
aða1b1c1dÞ
ða1bÞða1bÞ :

In addition, we used the statistics
package R to estimate the statistical
significance of the target-specific contingency
table by Fisher exact test. P values, derived by
Fisher exact test, have been corrected using
the Bonferroni-Holmmethod.

Compound Quality Control
Forty-four compounds with targets enriched
in the hit population were obtained from
independent sources. Compounds at 10 mM
in DMSO solution were analyzed by HPLC/
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Figure 1. High-throughput small-molecule screen for inhibitors of YAP (Yes-associated protein) nuclear localization identifies Aurora A inhibitors
as novel hits. (A) Scheme of small-molecule screen. (B) Dose–response curve of 14 top hits of the screen generated on plastic or 25 kPa
Matrigel. (C) Western blots and (D) quantifications showing effects of pan-Aurora inhibitors danusertib and PHA-680632 in YAP/TAZ
(Transcription coactivator with PDZ-binding motif) phosphorylation and degradation. Phosphorylated YAP/TAZ and total YAP/TAZ were both
normalized to the corresponding GAPDH, and the ratio of phosphorylated YAP/TAZ to total YAP/TAZ was normalized to DMSO control. Data
represent mean6SD, n=3. *P,0.05, ***P, 0.001, and ****P,0.0001, unpaired t test. (E) Quantitative PCR (qPCR) results showing that
pan-Aurora inhibitors danusertib and PHA-680632 significantly reduced expression of profibrotic genes CTGF (connective tissue growth factor),
CYR61 (cysteine rich angiogenic inducer 61), COL1A1 (collagen type I a 1 chain), and ACTA2 (a-smooth muscle actin). Data represent
mean6SD, n=2. ****P,0.0001, two-way ANOVA with Sidak’s multiple comparisons test. QC=quality control.
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mass spectrometry. Purity was assessed by
peak area, and authenticity was determined
by mass spectrometry.

Additional Methods
Additional experimental details and
methods are provided in the online data
supplement.

Results

A High-Throughput Small-Molecule
Screen Identifies Aurora Kinase
Inhibitors as High-Efficacy
YAP Inhibitors
We previously reported initial results using a
high-throughput phenotypic screen for YAP
inhibitors in primary HLFs (24). In our
primary screen, 13,232 compounds were
tested in duplicate from the known
bioactives collection and the academic
collection at the ICCB-Longwood Screening
Facility at HarvardMedical School
(https://iccb.med.harvard.edu/compound-

libraries). Compounds were assigned a score
between 0 and 100 based on their ability to
displace YAP from the nucleus into the
cytoplasm with minimal toxicity (24).
Because of library redundancy, some
molecules were screened multiple times. We
grouped together compounds with the same
simplified molecular-input line-entry system,
yielding 7,656 unique compounds
(Figure 1A). Out of these, 227 compounds
were classified as high-potency hits (score
.55), and 328 were classified as low-
potency hits (scores between 45 and 54)
(Figure 1A).

We performed a dose–response analysis
of YAP localization (nuclear/cytoplasmic
ratio) and cell number on the 227 high-
potency hits. The dose–response curves were
rated by four independent investigators as
described in theMETHODS section, and 118 of
the compounds were further selected based
on the effectiveness of the inhibition of YAP
nuclear translocation.We also annotated the
condensed library of 7,656 screened
compounds with their known targets based

on information from public databases. We
then compared the target signatures of the
hits and the nonhits to identify targets
enriched in the hit population.We cross-
referenced this list with the selective list of
118 compounds and further selected 46
compounds with enriched targets in the
high-potency hit population. Next, we
obtained 44 of the 46 compounds and
confirmed compound purity. We performed
dose–response experiments with these 44
compounds on primary HLFs plated on
plastic and on 25 kPa hydrogels coated with
collagen (which mimics the conditions of a
fibrotic lung). Fourteen top hits were
identified according to the following criteria:
1) first effective concentration,4 μM in
both plastic and 25 kPa; and 2) reduction of
nuclear YAP of>30% compared with
DMSO control values in either plastic or
25 kPa (Figure 1B and Table 1). Notably, the
two hits with the highest reduction from
baseline were danusertib (81% and 78% for
plastic and 25 kPa hydrogel, respectively)
and PHA-680632 (76% and 68% for plastic
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and 25 kPa hydrogel, respectively), both pan-
Aurora kinase inhibitors. The list of top hits
also includedMK-5108, a highly selective
AURKA inhibitor.

Aurora Kinase Inhibitors Promote
YAP Sequestration and Degradation
We further investigated the effects of Aurora
kinase inhibitors on YAP.Western blot
analysis of HLFs treated 16–20 hours with
danusertib or PHA-680632 revealed a
decrease in total amount of YAP and an
increase in serine 397 (S397)
phosphorylation, which promotes YAP
proteasomal degradation. There was also an
increase in the ratio of serine 127
phosphorylation (S127) to total YAP protein
amount, which promotes cytoplasmic
sequestration. TAZ, a YAP paralogue, was
similarly regulated (Figures 1C and 1D).
HLFs treatment with either danusertib or
PHA-680632 reduced total TAZ amount and
increased the ratio of serine 89 (S89)
phosphorylation (equivalent to S127
phosphorylation in YAP).

We next tested whether Aurora kinase
inhibition modulates YAP activity and
profibrotic HLF activation. Treatment of
HLFs with the profibrotic cytokine TGFb for
48 hours increased the expression of CTGF,
CYR61, and other fibrotic markers such as
ACTA2 and COL1A1. Expression of these
genes was inhibited by either danusertib or
PHA-680632 (Figure 1E). Aurora kinase
inhibitors also inhibited baseline expression

of CTGF and CYR61, indicating effects
independent of TGFb stimulation.

AURKA-Specific Inhibition Decreased
YAP Nuclear Localization and
TGFb-induced Fibroblast Activation
Because both pan-Aurora inhibitors and the
AURKA-specific inhibitor MK-5108 were
among the top hits, we wanted to determine
which Aurora kinase is the key to this
regulation. HLFs were plated in 96-well
plates. After 48 hours, cells were treated with
DMSO or specific Aurora kinase inhibitors
with or without TGFb. Barasertib, a specific
inhibitor for AURKB, did not alter nuclear
YAP localization, whereas 10 μMMK-5108
significantly reduced nuclear YAP
localization in both the presence and absence
of TGFb (Figures 2A and 2B). Similar results
were confirmed using human primary lung
fibroblasts frommultiple normal donors or
patients with IPF (see Figure E1 in the online
supplement). MK-5108 alone or together
with barasertib decreased expression of
CTGF, CYR61, COL1A1, andACTA2, but
barasertib alone did not (Figure 2C). Given
that pharmacological kinase inhibitors can
have off-target effects, we wanted to
confirm the effects using siRNAs. HLFs
were transfected with siRNAs against
AURKA, AURKB, AURKC, or a
combination of the three. The specificity
and efficiency of siRNA knockdown were
confirmed using quantitative PCR and
Western blot (Figure E2). AURKA

knockdown resulted in a slight decrease in
AURKB expression and vice versa.
Interestingly, knocking down AURKC
resulted in a compensatory increase in
AURKA and AURKB expression. We also
observed an increase in AURKA expression
after siAURKB at earlier time points
(data not shown). Consistent with the
pharmacological compound treatments,
siAURKA decreased nuclear YAP
localization (Figure E2C) and expression of
TGFb-induced profibrotic genes
(Figure 2D). At baseline, siAURKA also
resulted in decreased CTGF, CYR61, and
COLA1 expression. Interestingly, there were
small increases in CTGF, CYR61, COL1A1,
and ACTA2 expression when AURKB or
AURKC are knocked down, which may be
due to compensatory changes in AURKA
expression. In summary, these results
indicate that AURKA-specific inhibition
reduces YAP nuclear localization and
TGFb-induced profibrotic gene expression
in HLFs.

MK-5108 Inhibits AURKA
Autophosphorylation on T-288 in
HLFs and Induces YAP Inactivation
Independent of Effects on Mitosis
To demonstrate target engagement of
MK-5108 in HLFs, we examined amount of
AURKAwith phosphorylation at T-288,
which is an autophosphorylation site that
reflects its kinase activity (46). Within 1 hour
of 10 μMMK-5108 addition, there was a

Table 1. Validated Top Hits from Phenotypic Screen for YAP Inhibitors in Human Lung Fibroblasts

Compound

Maximum
Reduction (%)

First Effective
Concentration (μM) IC50 (μM)

Compound Targets25 kPa Plastic 25 kPa Plastic 25 kPa Plastic

Danusertib 78 81 1.20 1.20 6.42 6.04 Aurora A/B/C
PHA-680632 68 76 3.67 1.20 �3.13 4.29 Aurora A/B/C
GSK2126458 64 70 1.20 0.40 1.49 0.78 PI3K (a/b/d/g) and mTORC1/2
Vandetanib 63 60 1.20 1.20 N/A 1.14 VEGFR2, VEGFR3, and EGFR
Dasatinib 61 59 0.016 0.016 1.73 0.28 Abl, Src, and c-Kit
NVP-TAE684 58 63 0.14 0.14 0.10 0.21 ALK
ALW-II-49-7 56 43 3.67 1.20 �3.36 1.41 EPHB2, DDR1, EPHA2, PDGFRA,

EPHA5, EPHA4, EPHA3, EPHA8, KIT,
PDGFRB, EPHB4, EPHB3, DDR2

TWS119 52 51 0.40 0.40 0.41 0.74 GSK-3b
MK-5108 49 59 3.67 3.67 3.08 4.23 Aurora A
Saracatinib 47 43 0.14 0.14 0.15 0.17 Src, c-Yes, Fyn, Lyn, Blk, Fgr, and Lck
PF-477736 46 69 3.67 3.67 4.67 �3.24 Chk1, VEGFR2, Aurora A, FGFR3, Flt3,

Fms (CSF1R), Ret, and Yes
SB 216763 43 52 0.14 0.14 1.73 0.28 GSK-3 inhibitor
XL019 32 50 3.67 1.20 5.23 3.16 JAK2
PF-04691502 31 59 3.67 3.67 �3.26 �3.60 PI3K (a/b/d/g) and mTOR

Definition of abbreviations: IC50 =Half Maximal Inhibition Concentration; N/A=Not Available; YAP = Yes-associated protein.

ORIGINAL RESEARCH

40 American Journal of Respiratory Cell and Molecular Biology Volume 67 Number 1 | July 2022



–

TGF�

DMSO MK-5108 Barasertib

DM
SO

M
K51

08

Bar
as

er
tib

DM
SO+T

GF�

M
K51

08
+T

GF�

Bar
as

er
tib

+T
GF�

0

20

40

60

80

100

P
er

ce
nt

 o
f c

el
ls

 w
ith

 p
os

iti
ve

nu
cl

ea
r 

Y
A

P
 s

ta
in

in
g

*** ***

A B

C

D

Control

TGF�

0.0

0.1

0.2

0.3

0.4

0.5

*** *
****

****

****

0.0

0.1

0.2

0.3

0.4

C
Y

R
61

 e
xp

re
ss

io
n

(v
s 

B
2M

)

*
****

****

**

siN
T2

siA
URKA

siA
URKB

siA
URKC

siA
URKA/B

/C
siN

T2

siA
URKA

siA
URKB

siA
URKC

siA
URKA/B

/C

0

2

4

6

8

***

****

****

****

0.0

0.1

0.2

0.3

0.4

0.5

A
C

T
A

2 
ex

pr
es

si
on

(v
s 

B
2M

)

** ** ** ********

****

****

**

0

1

2

3

4

C
T

G
F

 e
xp

re
ss

io
n

(v
s 

B
2M

)

**** ****
0.0

0.2

0.4

0.6

0.8

C
Y

R
61

 e
xp

re
ss

io
n

(v
s 

B
2M

)

**** ******** ****

***

M
K+B

ar
a

0.0

0.5

1.0

1.5

C
O

L1
A

1 
ex

pr
es

si
on

(v
s 

B
2M

)

**** ****
** **

**

0.0

0.2

0.4

0.6

0.8

A
C

T
A

2 
ex

pr
es

si
on

(v
s 

B
2M

)

**** *****

Control

TGF�

Control

TGF�

DM
SO

M
K-5

10
8

Bar
as

er
tib

M
K+B

ar
a

DM
SO

M
K-5

10
8

Bar
as

er
tib

C
T

G
F

 e
xp

re
ss

io
n

(v
s 

B
2M

)
C

O
L1

A
1 

ex
pr

es
si

on
(v

s 
B

2M
)

Figure 2. Inhibiting Aurora A, but not Aurora B, significantly decreased YAP nuclear localization and TGFb-induced fibroblast activation.
(A) Representative images and (B) quantification of YAP staining in human lung fibroblasts (HLFs) treated with MK-5108 or barasertib, in the
presence or absence of TGFb. Data represent mean6SD, n=3. ***P,0.001, unpaired t test. Scale bar, 10 mm. (C) qPCR results showing the
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dramatic reduction of p-T288 AURKA–to–
total AURKA ratio compared with DMSO
control, confirming that MK-5108 efficiently
inhibited the kinase activity of AURKA in
HLFs (Figure 3A).

AURKA’s role in regulating mitosis has
been well studied. Inhibition of AURKA
delays mitosis by inhibiting centrosome
maturation and causes mitotic arrest because
of abnormal spindle formation, which then

leads to cellular apoptosis (31). To determine
if AURKA regulates YAP through its mitotic
function, we synchronized the cells by double
thymidine block and release. Samples were
collected every 4 hours for 12 hours for
immunostaining to determine YAP
localization. After thymidine release, YAP
was localized in the nucleus. Addition of
MK-5108 induced YAP cytoplasmic
translocation within 4 hours, when most of

the cells had not yet entered mitosis
(Figure 3B). Cell numbers decreased in the
MK-5108–treated wells consistent with the
known induction of apoptosis with AURKA
inhibition (47). Moreover, when the HLFs
were prestarved in serum-free medium
overnight, MK-5108 similarly diminished
YAP nuclear localization, while having
comparable total cell numbers to the
DMSO-control group (Figures 3C and 3D).

Figure 2. (Continued). expression of profibrotic genes in HLFs after MK-5108, barasertib, or both, in the presence or absence of TGFb. Data
represent mean6SD, n=2. *P,0.05, **P, 0.01, and ****P, 0.0001, two-way ANOVA with Sidak’s multiple comparisons test. (D) qPCR results
showing that only siRNAs against Aurora A kinase, but not Aurora B or Aurora C, significantly reduced expression of profibrotic genes in HLFs.
Data represent mean6SD, n=3. *P, 0.05, **P,0.01, ***P, 0.001, and ****P,0.0001, two-way ANOVA with Sidak’s multiple comparisons
test.
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Figure 4. YAP inactivation and antifibrotic effect of Aurora A inhibition is not dependent on canonical Hippo pathway kinases LATS1 and
LATS2 (Large Tumor Suppressor 1 and 2). (A) Western blot images and (B) quantification showing the amount of total and phosphorylated
YAP. Phosphorylated YAP/TAZ and total YAP/TAZ were both normalized to the corresponding GAPDH, and the ratio of phosphorylated-to-total
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These results suggest that AURKA inhibition
byMK-5108 inactivates YAP independent of
its effects on the cell cycle.

AURKA-Specific Inhibition Leads to
YAP Translocation Independent of the
Canonical Hippo Pathway Kinases
LATS1 and LATS2
In canonical Hippo signaling, YAP and TAZ
are phosphorylated and inhibited by the
Hippo pathway kinases LATS1 and LATS2
(16–18, 48), which are activated byMST1
andMST2 (Mammalian Ste20-like kinases
1 and 2) phosphorylation (49, 50). When
phosphorylated, YAP binds with 14-3-3
protein in the cytoplasm and is targeted for
degradation (17, 18). In noncanonical Hippo
signaling, YAP and TAZ can also be
phosphorylated by other kinases, including
AURKA (51–55). To determine if MK-5108
inhibits YAP through canonical Hippo
pathway regulators, we tested if depleting
LATS1/2 or inhibitingMST1/2 can prevent
YAP inactivation byMK-5108. siLATS1 and
siLATS2 reduced the baseline amount of
YAP phosphorylation on S397 and S127,
indicating the depletion of LATS1 and
LATS2 have the expected effects of
reducing YAP phosphorylation at these sites
(Figure 4A). When LATS1 and LATS2 were
depleted, MK-5108 induced more YAP
phosphorylation on S397 than DMSO-
treated control HLF, albeit to a lesser degree
than a nontargeting control siRNA.
MK-5108 also induced YAP phosphorylation
on S127 when LATS1 and LATS2 were
depleted (Figures 4A and 4B). These results
indicate that inhibiting AURKA causes YAP
cytoplasm sequestration independent of the
canonical Hippo pathway kinases LATS1
and LATS2; however, it may partially
depend on LATS1 and LATS2 to induce
phosphorylation on YAP S397
(Figures 4A and 4B). Consistent with this,
YAP total protein amount was maintained
when LATS1 and LATS2 were depleted after
addingMK-5108 (Figure 4B), but the
amount of YAP cytoplasmic localization was
not changed (Figure 4C). As expected, YAP
target genes CTGF, CYR61, and COL1A1
were reduced after MK-5108 treatment, even

with LATS1 and LATS2 depletion
(Figure 4E). The MST1/2 inhibitor XMU-
MP-1 also did not restore YAP nuclear
localization when combined withMK-5108
treatment (Figure 4D). These results suggest
that AURKA-specific inhibition byMK-5108
causes YAP phosphorylation and
cytoplasmic localization primarily through a
mechanism independent of the canonical
Hippo pathway.

MK-5108 Displaces Nuclear YAP and
Inhibits Fibroblast Activation through
Disruption of Actin Polymerization
and Focal Adhesion
YAP and TAZ act asmechanosensors and
mechanotransducers (56–59). Specifically,
F-actin polymerization and stress fiber
formation can activate YAP and TAZ,
whereas disruption of the actin cytoskeleton
sequesters YAP and TAZ in the cytoplasm
(14). It has been shown that lysophosphatidic
acid (LPA) and sphingosine 1-phosphophate
(S1P) can act throughG12/13-coupled
receptors to inhibit LATS1 and LATS2,
therefore activating YAP. LPA and S1P have
also been shown to induce YAP nuclear
localization and activation through Rho
GTPase activation and F-actin
polymerization, independent of the canonical
Hippo pathway (60).WhenHLFs were
treated withMK-5108, actin fibers were
dramatically disrupted, and the cells changed
from a spindle shape to amore rounded
shape (Figure 5A). Thus, we wanted to
determine if modulating actin cytoskeleton
dynamics inMK-5108–treatedHLFs with
Rho activator II, LPA, or S1P, can restore
YAP nuclear localization and profibrotic
gene expression. Although all these
treatments increased actin fiber
polymerization inMK-5108–treatedHLFs
both with andwithout TGFb stimulation,
only LPA restored nuclear YAP localization
at 4 hours to an amount comparable to
control cells treated with DMSO
(Figures 5A and 5B). Rho activator II also
increased stress fiber formation and partially
restored YAP nuclear localization, but to a
lesser extent than LPA (Figures 5A and 5B).
LPA and Rho activator II were not as

effective at 16 hours compared with 4 hours
but were still able to restore some YAP
nuclear localization (Figure 5B). S1Pmainly
increased F-actin cortical ring staining of the
cells and only restored YAP nuclear
localization at 4 hours, but not at 16 hours
(Figures 5A and 5B). Interestingly, gene
expression ofCTGF andCYR61 could not be
restored to control amounts after adding Rho
activator II, LPA, or S1P. LPAwas able to
partially restoreCYR61 expression at 4 hours,
but not at 16 hours (Figures 5C and 5D).

We reasoned that a high concentration
of MK-5108 may have a strong and long-
lasting effect that may be difficult to
counteract with short-lived mediators such
as LPA and S1P. Therefore, we tried using a
lower concentration of MK-5108 (3 μM) in
these assays. YAP nuclear localization was
reduced by 3 μMMK-5108 at 4 hours and
16 hours. Rho activator II, LPA, or S1P all
restored nuclear YAP localization to that of
DMSO-treated control cells at 4 hours, but
only Rho activator II and LPA could
maintain nuclear YAP localization at
16 hours (Figure E3A). Furthermore, only
LPA increased CTGF and CYR61 expression
at 4 hours when added together with
MK-5108. At 16 hours, LPA restored higher
expression of CTGF and CYR61 than Rho
activator II or S1P (Figures E3B and E3C).
Interestingly, TGFb could not increase YAP
nuclear localization or profibrotic gene
expression inMK-5108–treated HLFs, and
MK-5108 treatment leads to lower SMAD2
phosphorylation after TGFb treatment than
control cells (Figure E3F).

It has been reported that AURKA
promotes actin polymerization through
inhibitory phosphorylation on Cofilin, an
actin depolymerization factor (61).
Consistent with this, we also observed a
decrease in Cofilin phosphorylation in
HLFs after MK-5108 treatment. In addition,
siRNA knockdown of Cofilin partially
increased YAP nuclear localization
(Figures E3D and E3E). It is also notable that
HLF cell morphology changed dramatically
after MK-5108 treatment, which may reflect
a change in cell–matrix adhesion. Therefore,
we checked FAK (Focal Adhesion Kinase)

Figure 4. (Continued). YAP/TAZ was normalized to DMSO control. Data represent mean6SD, n=2. *P,0.01, unpaired t test. (C) quantification
of the YAP staining in HLFs after MK-5108 treatment combined with siNT2 or siLATS112, in the presence or absence of TGFb. Data represent
mean6SD, n=3. ***P,0.001 and ****P,0.0001, unpaired t test. (D) Quantification of the YAP staining after treating HLFs with a dose curve of
MK-5108 combined with MST (Mammalian Ste20-like kinase) inhibitor XMU-MP-1. (E) qPCR results showing the effect of MK-5108 on CTGF,
CYR61, and COL1A1 expression with control and LATS1 and LATS2 siRNA, in the presence or absence of TGFb. Data represent mean6SD.
ns=non-significant. **P, 0.01, ***P,0.001, and ****P, 0.0001, unpaired t test.
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Figure 5. Aurora A inhibition inactivates YAP and decreases fibrotic gene expression partly through regulating actin polymerization.
(A) Rhodamine phalloidin (yellow) and YAP (green) fluorescent images showing F-actin fibers and YAP localization after treating HLFs with
DMSO or MK-5108, combined with TGFb (5 ng/ml), Rho activator II (0.5 mg/ml), lysophosphatidic acid (LPA) (10 mM), or sphingosine
1-phosphophate (S1P) (1 mM) treatment. Scale bars, 10 mm. (B) Quantification of YAP nuclear localization in A. Percentage of cells with positive
nuclear YAP staining normalized to control are shown as percentage of control value. Data represent mean6SD, n=3. ****P,0.0001 and

ORIGINAL RESEARCH

Yang, Santos, Pantano, et al.: YAP Inhibitor Screen Identifies AURKA as Fibrosis Modulator 45



activity after MK-5108 treatment. FAK is a
nonreceptor tyrosine kinase that is activated
by cell adhesion via pY397. As expected,
MK-5108 treatment of HLFs also decreased
the amount of FAK phosphorylated on
tyrosine 397 (Figure E3D).

To further examine the effects of
AURKA on downstream effects of changes
to the actin cytoskeleton, we determined if
MRTFA (Myocardin-Related Transcription
Factor A) localization is altered after
MK-5108 treatment of HLFs. MRTFA is a
coactivator of the transcription factor SRF
(Serum Response Factor) and binds to
monomeric G-actin. Thus, MRTFA is
sequestered in the cytoplasm if actin

polymerization is reduced (62), thereby
reducing the transcription of genes involved
in fibroblast functions, including profibrotic
activity. MRTFA nuclear localization after
TGFb stimulation of HLFs was reduced with
MK-5108 treatment (Figures 5E and 5F).
Overall, these data demonstrate that AURKA
can modulate YAP nuclear localization
throughmultiple mechanisms that affect
actin polymerization and signaling.

MK-5108 Reduces Lung Collagen
Deposition in a Bleomycin Mouse
Model of Pulmonary Fibrosis
To determine if AURKA-specific inhibition
byMK-5108 has antifibrotic effects in vivo,

we used the bleomycin mouse model of
pulmonary fibrosis (63). We injected mice
intratracheally with 1 unit/kg of bleomycin
and treated mice with either vehicle or
30 mg/kgMK-5108 twice a day for 2 weeks
via oral gavage. At the end of the 2 weeks, the
lungs were harvested and analyzed by
hydroxyproline assay to measure the total
collagen content (Figure 6A). Administering
MK-5108 alone did not have adverse effects
on body weight or change the baseline
amount of hydroxyproline
(Figures 6B and 6D). As expected, bleomycin
injection induced lung fibrosis and increased
hydroxyproline amount in vehicle-treated
mice (Figures 6C and 6D). In contrast, mice

Figure 5. (Continued). ***P,0.001, one-way ANOVA with Sidak’s multiple comparisons test. (C and D) Profibrotic genes CTGF and CYR61 expression
at 4 hours or 16 hours normalized to DMSO shown as percentage of control value, after treating HLFs with 10 mMMK-5108 alone or combined with
TGFb and Rho activator II, LPA, or S1P. Data represent mean6SD, n=3. ****P, 0.0001, one-way ANOVA with Sidak’s multiple comparisons test.
(E) Fluorescent images (scale bar, 10 mm) and (F) quantifications showing MRTFA (Myocardin-Related Transcription Factor A) localization after treating
HLFs with DMSO or MK-5108, combined with TGFb (5 ng/ml). Scale bar, 10 mm. Data represent mean6SD, n=6. ****P,0.0001, unpaired t test.
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treated with MK-5108 had lower
hydroxyproline amount than mice treated
with vehicle (Figures 6C and 6D). This result
suggests that inhibiting AURKA in vivo
protects mice from bleomycin-induced lung
fibrosis.

Discussion

In this study, we used a previously validated
high-throughput small-molecule screen (24)
for modulators of YAP nuclear localization
in HLFs to identify compounds with
potential antifibrotic activity. This screen
identified several Aurora kinase inhibitors as
potential targets, includingMK-5108, a
highly selective AURKA inhibitor. Further
studies show that inhibiting AURKA, but not
AURKB or AURKC, regulates YAP activity.
These effects were independent of the effects
of AURKA on the mitotic cell cycle and did
not depend on the canonical Hippo pathway
kinases. In vitro studies demonstrate that
inhibiting AURKA reduced actin
polymerization and FAK activity and
inhibited TGFb signaling, which led to YAP
cytoplasm sequestration and decreased
profibrotic gene expression. Finally, we show
that MK-5108 treatment reduces lung
collagen deposition in the bleomycin mouse
model of pulmonary fibrosis. To the best of
our knowledge, this is the first description of
the use of an AURKA inhibitor as a potential
therapeutic agent for fibrotic disease.

YAP and TAZ proteins are
transcriptional coactivators that act as
mechanosensors. In a high-stiffness
environment, YAP and TAZ are activated
and translocate into the nucleus, where they
bind with transcription factors to increase
expression of genes promoting proliferation
and growth. In IPF, fibroblasts in fibrotic
areas of the lung have increased nuclear YAP
and TAZ, consistent with a profibrotic

phenotype (23). Mechanistically, YAP
localization and activity can be regulated by
phosphorylation in different amino acid
residues. Phosphorylation on serine 127
sequesters YAP in the cytoplasm, and
phosphorylation on serine 397 targets YAP
for degradation. The Aurora kinases are
highly conserved serine/threonine kinases
that are important regulators of the cell cycle
and cell division. Chang and colleagues
showed that AURKA promotes YAP
phosphorylation on serine 397, the same
residue phosphorylated by the Hippo
pathway kinases LATS1 and LATS2 (55).
Furthermore, in lung cancer cells, AURKA
expression was found to correlate with YAP
expression andmay modulate YAP activity
via inhibition of autophagy (64). These
studies suggest that AURKAmaymodulate
YAP expression and activity; however, the
mechanisms by which AURKA can control
YAP localization are incompletely
understood.

In our in vitro studies, we show that
MK-5108 inhibits actin polymerization and
FAK autophosphorylation, as well as
TGFb-induced SMAD2 phosphorylation.
FAK and actin stress fiber formation are
well-known factors contributing to
mechanotransduction, and SMAD2
phosphorylation is a key mediator of
canonical TGFb signaling. These data
suggest that AURKA indirectly promotes
YAP nuclear translocation and profibrotic
gene expression via a broad range of effects
on actin polymerization and TGFb signaling.
Interestingly, there does not seem to be a
direct effect of AURKA on YAP, although
prior work does suggest that AURKAmay
phosphorylate YAP in the nucleus (55). It is
also possible that some of these changes are
due to off-target effects of MK-5108, which
can occur with kinase inhibitors. However,
we were able to show that siRNA-mediated
knockdown of AURKA resulted in decreased

YAP nuclear localization and TGFb-induced
profibrotic gene expressions, confirming that
AURKA is required for robust YAP nuclear
localization and TGFb activity. Further
studies are needed to identify the key targets
of AURKA activity that mediate its
profibrotic actions.

Given their role in cell proliferation,
inhibition of the Aurora kinases has been
well studied as a potential therapeutic for
cancer (43, 44). However, the therapeutic
potential of inhibiting Aurora kinases for
treating fibrosis has not been well studied.
Recent work has demonstrated that AURKB
inhibition attenuates lung fibrosis induced by
either TGFa or intradermal bleomycin
injection (65). Our work provides a likely
antifibrotic mechanism for AURKA
inhibitors in IPF and suggests that further
studies into the clinical potential of these
agents in IPFmay be warranted.

In conclusion, we have developed
an effective screening platform for YAP
inhibitors and validated an AURKA
inhibitor as an antifibrotic agent. Our
findings provide evidence that AURKA
promotes YAP nuclear localization and
TGFb signaling activity in HLFs and
suggest that AURKA inhibitors may
have therapeutic value in IPF. Further
study is needed to fully elucidate the
utility of AURKA inhibition for
treatment in lung fibrosis and other
fibrotic diseases. �
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