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FIBROSIS

NUAK1 promotes organ fibrosis via YAP and

TGF-B/SMAD signaling
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Fibrosis is a central pathway that drives progression of multiple chronic diseases, yet few safe and effective clinical
antifibrotic therapies exist. In most fibrotic disorders, transforming growth factor-p (TGF-g)-driven scarring is an
important pathologic feature and a key contributor to disease progression. Yes-associated protein (YAP) and
transcriptional coactivator with PDZ-binding motif (TAZ) are two closely related transcription cofactors that are
important for coordinating fibrogenesis after organ injury, but how they are activated in response to tissue injury
has, so far, remained unclear. Here, we describe NUAK family kinase 1 (NUAK1) as a TGF-B-inducible profibrotic
kinase that is up-regulated in multiple fibrotic organs in mice and humans. Mechanistically, we show that TGF-§
induces a rapid increase in NUAKT1 in fibroblasts. NUAK1, in turn, can promote profibrotic YAP and TGF-B/SMAD
signaling, ultimately leading to organ scarring. Moreover, activated YAP and TAZ can induce further NUAK1 expres-
sion, creating a profibrotic positive feedback loop that enables persistent fibrosis. Using mouse models of kidney,
lung, and liver fibrosis, we demonstrate that this fibrogenic signaling loop can be interrupted via fibroblast-specific
loss of NUAK1 expression, leading to marked attenuation of fibrosis. Pharmacologic NUAK1 inhibition also reduced
scarring, either when initiated immediately after injury or when initiated after fibrosis was already established.
Together, our data suggest that NUAK1 plays a critical, previously unrecognized role in fibrogenesis and represents

an attractive target for strategies that aim to slow fibrotic disease progression.

INTRODUCTION
Chronic fibrotic disorders are responsible for nearly half of all deaths
in the developed world (I). Thought to represent a pathologic wound
healing response to persistent injury, fibrosis is a common feature
of chronic diseases affecting nearly every tissue in the body (2).
Studies of different organs have revealed a remarkable similarity
in the profibrotic signaling cascades that drive the scarring process,
suggesting that the many different insults that incite organ injury
may result in activation of a common fibrogenic pathway of chronic
disease. Despite this emerging theme, efforts to develop safe and
effective clinical antifibrotic therapies have been largely unsuccessful
to date. Nowhere is this truer than in the kidney, where fibrosis is a
self-perpetuating damage pathway activated by nearly all forms of
chronic kidney disease, and yet, no renal-specific antifibrotic thera-
pies have been developed to date (3, 4).

Transforming growth factor-B (TGF-B) is an important driver
of fibrosis in the kidney and other organs (5-7). We (8) and others
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(9-13) recently demonstrated that fibroblast responsiveness to TGF-f
is dependent on the downstream effectors of the Hippo pathway,
the transcription cofactors Yes-associated protein (YAP) and tran-
scriptional coactivator with PDZ-binding motif (TAZ) [also known
as WW domain-containing transcription regulator 1 (WWTR1)].
The activity of YAP and TAZ is regulated primarily by their sub-
cellular localization. In healthy tissues, YAP and TAZ localize mostly
in the fibroblast cytosol, where they are inactive. In contrast, YAP and
TAZ localize preferentially to the fibroblast nucleus in fibrotic tissue
(14), where they can promote profibrotic signaling through TGF-B-
dependent and TGF-B-independent mechanisms (10, 12, 13, 15-19).
Together, these reports have established YAP and TAZ as critical
drivers of organ fibrosis, although an important question that
remains unanswered has been how these profibrotic transcription
cofactors are activated after organ injury.

In a search for previously unidentified regulators of fibrogenesis, we
transcriptionally profiled archival human kidney biopsy specimens
with varying degrees of fibrosis using RNA sequencing (RNA-seq).
Our analysis identified the AMPK (5" adenosine monophosphate-
activated protein kinase)-related kinase NUAK1 [also known as AMPK-
related protein kinase 5 (ARK5)] as a gene that is strongly associated
with fibrosis, TGF-p signaling, and poor outcomes in human chron-
ic kidney disease. Corresponding mouse studies demonstrated that
NUAKI expression is increased not only in the damaged kidney
but also in many fibrotic tissues. Using genetic and pharmacologic
tools, we further show that NUAKI1 is a critical and previously un-
recognized TGF-B-induced activator of YAP in fibroblasts, working
in concert with TGF-B/SMAD signaling to promote fibrogenesis in
multiple organs. We also show that YAP and TAZ drive expres-
sion of NUAKI1 to create a profibrotic positive feedback loop that
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can perpetuate fibrosis. NUAK1 deletion and/or inhibition attenuated
this positive feedback signaling and protected against injury-induced
fibroblast activation and downstream fibrosis.

RESULTS

Profiling the transcriptome in human transplant kidneys

To gain insights into the pathogenesis of human kidney fibrosis, we
examined the transcriptomes of 18 archival transplant kidney biopsy
samples from patients in whom interstitial fibrosis was graded using
a standardized histology classification system (Banff criteria) (20)
and for whom renal function [as measured by estimated glomerular
filtration rate (eGFR)] was subsequently tracked over a maximum
of 4 years (Fig. 1A and table S1). Using this dataset, we considered
whether correlation of gene expression with histopathology and/or
future changes in kidney function might identify genes specifically
associated with poor clinical outcome.

Comparison of future kidney function with either initial fibrotic
score or starting eGFR function showed correlations that were gen-
erally weak (Fig. 1A). However, when we assessed whether tran-
scriptional changes might be associated with these alterations, we
observed gene expression correlations with both fibrosis and the
slope of kidney function change after biopsy (table S2). Furthermore,
plotting the correlation coefficients for each transcript in a two-
dimensional matrix revealed a clear association with fibrosis and
kidney function, with two main clusters of genes identified (P < 0.02
by permutation; Fig. 1B). The first cluster was composed of putative
disease drivers (pDDs) whose expression correlated positively with
high fibrosis score and negatively with future kidney function (red dashed
box, 225 genes; Fig. 1B). In contrast, the second cluster, composed of
putative disease suppressors, was defined by genes that associated with
low fibrotic burden (negative correlation with fibrosis score) and
correlated positively with future kidney function (blue dashed box,
65 genes; Fig. 1B). Functional annotation showed that poor disease
outcome was dominated by genes encoding components of signaling
pathways and proteins involved in extracellular matrix (ECM) re-
modeling [number of genes assigned to “signaling” + “ECM” +
“proteases” (116) divided by the total number of pDD genes (225) =
52%; table S2]. In contrast, good disease outcome was dominated by
genes encoding enzymes involved in cell metabolism (25 of 65; 38%).

Analysis of pathways in pDD showed ECM components that
included collagens, the proteoglycans lumican and versican, and
CSGALNACT]1, a key enzyme in chondroitin chain biosynthesis, as
well as proteases (Fig. 1C and table S2). In the latter group, the prolyl
endopeptidase fibroblast-activating protein was notable, as it has
been linked to fibrosis and tissue remodeling (21). Similarly, we
identified three tyrosine kinase receptors, PDGFRA, PDGFRB, and
DDR2, which are strongly implicated in human fibrotic diseases
(Fig. 1C and table S2) (22-24). Profibrotic transcription factors
including ZEB2 (25) and HIF1A (26) were also identified. Last, key
morphogen signaling pathways were also evident, particularly WNT
signaling components such as DKK3, which drives activation of
cancer-associated fibroblasts (27) and TGF-p family ligands. The
latter included TGFB2 and Activin A (INHBA), whereas TGFB3
displayed slightly less association with poor outcome (Fig. 1D), and
neither TGFBI nor INHBB was associated with any outcome. In
summary, transcriptional profiling of human transplant kidneys
defines transcriptional changes associated with disease outcome and
identifies known drivers of fibrotic disease.

Zhang et al., Sci. Transl. Med. 14, eaaz4028 (2022) 23 March 2022

NUAKT1 expression is a pDD that is up-regulated in
fibrotic mouse tissue
TGF-B has long been recognized as a key driver of fibrotic disease
that leads to loss of organ function. Because TGF-B-induced cellular
responses are highly contextual, we used a set of carefully annotated
fibroblast-associated TGF-p target genes (28) to perform single-
sample Gene Set Enrichment Analysis (ssGSEA) on our transplant
kidney tissue. Correlation of fibroblast-TGF-B ssGSEA scores with
pDDs showed a significant association (P < 0.01) with 51 genes, in-
cluding DKK3, PDGFRA, PDGFRB, and DDR?2 (table S3). Another
signaling component that we noted in this group was NUAK1
(Fig. 1D), an AMPK family serine/threonine kinase recently reported
to be induced by TGF-B (29) but otherwise not previously associated
with fibrosis. Analysis of NUAKI showed that its expression was
strongly correlated with the fibroblast-TGF-p signature (Fig. 1E).
Given our finding of correlations between NUAKI expression,
poor kidney outcomes, high fibrosis scores, and this fibroblast-TGF-§
signature, we next examined the functional relevance of NUAK1 in
fibrosis. For this, we first assessed Nuak! expression in mouse models
of kidney, lung, and liver fibrosis. Nuakl expression was low in
healthy mouse kidneys (fig. S1), whereas Nuakl mRNA and NUAK1
protein increased markedly after unilateral ureteral obstruction
(UUO)-induced fibrotic injury, a well-established model of TGF-p-
driven kidney fibrosis (fig. S1, A to C). Costaining for Nuakl mRNA
and a-smooth muscle actin (a-SMA) protein, which identifies acti-
vated renal myofibroblasts, demonstrated that increased Nuakl ex-
pression was mostly associated with interstitial myofibroblasts,
cells identified by their expression of a-SMA (fig. S1, C and D).
Similarly, analysis of Nuakl expression in lung and liver fibrosis
models showed increased NuaklI expression in fibrotic organs
(fig. S2). Together, our data show that Nuak1 expression is increased
in fibrotic tissues and is associated with declining function in human
transplant kidneys.

NUAKT1 expression is regulated by TGF-$, YAP, and TAZ

Our observation that NUAK1 expression is up-regulated in multi-
ple fibrotic tissues and is correlated with a fibroblast-TGF- gene
signature in human kidneys suggested that NUAK1 expression may
be TGF-B inducible. Using cultured renal fibroblasts, we found that
NUAKI1 was induced by TGEF-B (fig. S3), as previously reported in
epithelial cells, myoblasts, and skin fibroblasts (29). As we previously
showed that TGF-B/SMAD and YAP/TAZ signaling pathways in-
tersect to drive fibrotic responses (8), we next examined Nuakl
expression upon Yap and/or Taz or Smad2/3 silencing. Silencing of
either Yap or Taz alone reduced basal Nuakl mRNA amounts
modestly, whereas silencing both together had an additive effect
(Fig. 2, A to C). Likewise, SMAD2/3 deficiency reduced Nuakl mRNA
quantity (fig. S4). Furthermore, when we overexpressed constitu-
tively active YAP (YAP5SA) and TAZ (TAZ4SA) in fibroblasts, we
noted increases in NUAK1 protein (Fig. 2D) and Nuakl mRNA
(Fig. 2E). These results are consistent with the identification of
NUAKI in a systematic screen for YAP/TAZ target genes identified
by profiling genome occupancy (30). Together, these data suggest
that NUAKI1 expression is regulated not only by TGF-B/SMAD sig-
naling but also by both YAP and TAZ.

To confirm the in vivo relevance of our findings, we generated
tamoxifen-inducible, fibroblast-specific YAP/TAZ-deficient mice
(Colla2—Cre/ERT+/_ and Yap/Tazﬂ/ﬂ mice) (31, 32) and subjected
them to UUO-induced fibrotic injury, followed by tamoxifen
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administration to induce Yap and Taz deletion. In situ hybridization  findings therefore suggest that TGF-B, YAP, and TAZ are important
confirmed that loss of YAP and TAZ strongly reduced the amount  promoters of fibroblast Nuakl expression, both basally and in the
of Nuakl mRNA in a-SMA™ myofibroblasts (Fig. 2, F and G). Our  setting of fibrotic injury.
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Fig. 2. YAP and TAZ promote NUAK1 expression in renal fibroblasts in vitro and in vivo. NRK49F rat renal fibro-
blasts were cultured on gelatin-coated 2-kPa silicone gels. (A to C) YAP and/or TAZ were silenced, and the amounts
of Yap, Taz, and Nuak1 mRNA were examined (n = 3 per condition). (D and E) Constitutively active YAP (YAP5SA) and
TAZ (TAZ4SA) or an empty vector were ectopically expressed in NRK49F fibroblasts, and the amounts of both (D)
NUAK1 protein and (E) Nuakl mRNA were examined (n =3 per condition). (F and G) To examine whether YAP and
TAZ regulate Nuak1 expression in renal fibroblasts in vivo, we generated fibroblast-specific YAP/TAZ-deficient mice
(Col1a2-Cre*'~/ERT Yap/Taz"™). Mice were subjected to left-sided UUO (n =4 per group), and tamoxifen was administered
between days 0 and 6 after surgery to activate expressed Cre recombinase. Obstructed kidneys were harvested 7 days
after surgery. White arrows indicate dual-positive a-smooth muscle actin-positive (a-SMA™*) Nuak1* fibroblasts.
Scale bars, 50 um. One-way ANOVA with post hoc Fisher’s least significant difference and Student’s t test was used for
comparisons. Quantitative data are presented as means + SEM. *P < 0.05. AU, arbitrary units; siYap, Yap-targeting siRNA;
siTaz, Taz-targeting siRNA; KO, knockout; WT, wild type. DAPI, 4',6-diamidino-2-phenylindole.
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NUAK1 mediates TGF-f- and

YAP-associated fibroblast activation
Both YAP/TAZ and TGE-f are critical
regulators of fibrosis in many different
tissues, and growing evidence suggests
that TGF-P signaling is closely linked with
YAP and TAZ activity (8, 10, 11, 15, 16, 33).
Our finding that fibroblast NUAK1 is a
YAP/TAZ- and TGF-B-regulated kinase
whose expression is increased in fibrotic
tissues suggested that NUAK1 might
serve as a critical, previously unrecog-
nized link between these two profibrotic
pathways. To explore this, we used a
previously developed gel-based cell cul-
ture system that mimics the soft matrix
environment of epithelial-rich tissues
such as the kidney (8). Under these con-
ditions, YAP and TAZ are preferentially
localized to the cytoplasm, mimicking
cells in the healthy kidney (8). In con-
trast, in cells cultured on artificially stiff
surfaces, such as tissue culture plastic,
YAP and TAZ are found preferentially
in the nucleus, a phenotype that does
not replicate the healthy in vivo setting
(12, 14). Using this gel-based culture
system, we first examined the effects of
TGEF-B stimulation on the activity of YAP
and TAZ in fibroblasts. TGF-f stimula-
tion led to dephosphorylation of the
$127 residue of YAP, a key step in YAP
activation (Fig. 3A). In contrast, TAZ
phosphorylation was largely unaffected,
suggesting that TGF-B primarily acti-
vates YAP in fibroblasts (Fig. 3, A and B,
and fig. S3). TGF-B-induced YAP de-
phosphorylation was associated with
YAP nuclear accumulation (Fig. 3C) and
increased transcription of Ankrdl, Ccn2,
and Ccnl (Fig. 3, D to F). Because these
genes are also regulated by SMADs
(34-36), we next overexpressed activated
YAP (YAP5SA) in NRK49F fibroblasts
in the presence or absence of a TGF-p/
SMAD signaling inhibitor, finding that
YAPS5SA increased the expression of
these genes, even in the absence of basal
SMAD signaling (fig. S5). We also tested
the effects of TGF-p on the activity of a
TEA domain (TEAD) element-driven
luciferase reporter plasmid (37) that
reflects YAP/TEAD transcriptional ac-
tivity. As expected, TGF-B increased
TEAD element-driven luciferase re-
porter activity (Fig. 3G). TGF-p stimu-
lation also increased the expression
of fibrosis-associated genes encoding
0-SMA (Acta2) and collagens (Collal,
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Because TGF-P induces a rapid in-
crease in the amount of fibroblast NUAK1
protein (fig. S3), we next asked whether
NUAKI might mediate TGF-B-induced
YAP activation. For this, we treated
NRK49F fibroblasts with HTH-02-006,
a NUAK inhibitor (38). Our experiments
suggested that NUAK inhibition de-
. creases TGF-B-induced YAP activation,
TGF-B as evidenced by a trend toward less
YAP dephosphorylation (a marker of
activated YAP; Fig. 4A), and a smaller
reduction in inactive, cytoplasmic YAP
(gray bars, Fig. 4B), when cells were
stimulated with TGF-p in the presence
of HTH-02-006. We also noted dimin-
ished TGF-B-induced TEAD element-
driven luciferase reporter activity and
reduced expression of Ankrdl, Ccn2,
and Ccnl when HTH-02-006 was co-
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Fig. 3. TGF-p stimulation leads to YAP activation and the expression of fibrosis-as:
NRKA49F fibroblasts were cultured on gelatin-coated 2-kPa silicone gels and stimulated

of TGF-B on YAP and TAZ activity was documented by assessing (A) YAP S127 and (B) TAZ S89 phosphorylation (after

4 hours of TGF- stimulation; n = 3 per condition), (C) YAP nuclear localization (afte

n =3 per condition), and the expression of (D) Ankrd1, (E) Ccn2, and (F) Ccn1 or (G) TEAD luciferase reporter activity as

areadout of YAP transcriptional activity (after 16 hours of TGF- stimulation; n =3 per
of 16-hour TGF-B stimulation on the expression of the following fibrosis-associated ge

condition): (H) Col1al, (1) Col3al, J) Col4al, and (K) Acta2. Transcript amounts were normalized to the housekeeper

Gapdh. Student’s t test was used for comparisons. Quantitative data are presented a

bars, 20 um. p-YAP, phospho-S127 YAP. p-TAZ, phospho-S89 TAZ; RLU, relative light units.

Col3al, and Col4al) (Fig. 3, H to K). Activated YAP alone also in-
creased the expression of these fibrosis-associated genes, but unlike
for Ankrdl, Ccn2, and Ccnl, this effect was largely blocked by inhi-
bition of basal SMAD signaling (fig. S5). These data indicate that
TGF-B promotes YAP activation and that YAP contributes to the
multiple profibrotic effects of TGF-B/SMAD signaling.
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administered (Fig. 4, C to E, and fig. S6).
NUAK inhibition with HTH-02-006
also reduced basal and TGF-B-induced
expression of fibrosis-associated genes
(Fig. 4, F to H). Inhibition with another
NUAK inhibitor, WZ4003 (39), also de-
creased TGF-B-induced YAP nuclear
accumulation, TEAD element-driven
luciferase reporter activity, and the
expression of Ankrdl, Ccn2, Cenl, and
various fibrosis-associated genes (fig. S6).
NUAK inhibition with either HTH-02-
006 or WZ4003 similarly diminished
TGF-B-induced expression of these genes
in human lung fibroblasts (fig. S7). To
confirm these results, we next silenced
Nuakl in NRK49F rat fibroblasts us-
ing small interfering RN As (siRNAs).
Nuakl knockdown had similar effects
as either HTH-02-006 or WZ4003,
reducing TGF-B-induced YAP nuclear
localization (fig. S8). It also attenuated
the ability of TGF-p to induce the ex-
pression of Ankrdl, Ccn2, Cenl, Collal,
Col3al, and Acta2 (Fig. 4, 1 to N) with-
out affecting fibroblast apoptosis rates
(P =0.11; fig. S9). As further confirma-
tion, we showed that the expression
of Ankrdl, Ccn2, Cenl, and fibrosis-
associated genes was rescued by cotrans-
fecting wild-type human NUAKI but
not a kinase-dead (K84M) NUAKI mu-
tant (Fig. 4, I to N).

In the above experiments, we demonstrated that in fibroblasts,
TGF-B-induced expression of Ankrdl, Ccn2, Ccnl, and fibrosis-
associated genes requires NUAKI kinase activity. We next asked
whether NUAKI1 is sufficient to drive YAP activation on its own by
overexpressing wild-type NUAK1 in NRK49F fibroblasts. As shown
in fig. S10A, NUAKI overexpression appeared to reduce YAP S127
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Fig. 4. NUAK1 mediates the TGF-B-induced expression of profibrotic genes in fibroblasts. NRK49F fibroblasts
were cultured on gelatin-coated 2-kPa silicone gels and stimulated with or without TGF-B (5 ng/ml). The NUAK inhibitor
HTH-02-006 (HTH; 100 nM) was used to assess the effects of NUAK1 inhibition in NRK49F fibroblasts on (A) YAP S127
phosphorylation (n =5 per condition); (B) YAP nuclear localization (n =5 to 6 per condition); (C to E) the expression of
(C) Ankrd1, (D) Ccn2, and (E) CcnT; and (F to H) the expression of the fibrosis-associated genes (F) Acta2, (G) Col1al,
and (H) Col3al. For (A) and (B), cells were treated with or without TGF-B and HTH-02-006 for 4 hours. Scale bars, 20 um.
For (C) to (H), cells were treated with TGF-B and HTH-02-006 for 16 hours. The expression of endogenous Nuak1 was
silenced in NRK49F fibroblasts using siRNA (siNuak1) and rescued after ectopic expression of wild-type or kinase-dead
(K84M) human NUAK1 (n = 3 per condition). Scrambled siRNA (scr) was used as a control. The expression of (1) Ankrd1,
(J) Cen2, (K), Cen1, (L) Coll1al, (M) Col3a1, and (N) Acta2 was then examined after 16-hour stimulation with or without
TGF-B. All transcript amounts were normalized to that of Gapdh. One-way ANOVA with post hoc Fisher’s least significant
difference was used for comparisons. Quantitative data are presented as means + SEM. *P < 0.05.

phosphorylation in NRK49F fibroblasts even in the absence of
TGF-B/SMAD signaling, whereas kinase-dead NUAK1 (K84M) did
not. We next showed that wild-type NUAKI1 overexpression in-
creased YAP nuclear localization, even in the presence of a TGF-
receptor kinase inhibitor, suggesting that NUAKI can activate YAP
independently of TGF-f signaling (fig. S10, B and C). Moreover,
wild-type NUAKI, but not its kinase-dead variant, increased the

Zhang et al., Sci. Transl. Med. 14, eaaz4028 (2022) 23 March 2022

we and others have shown previously,
UUO-induced fibrotic injury also re-
sulted in fibroblast YAP activation, as
evidenced by enhanced nuclear YAP
localization (fig. S13) (8, 40). Similarly,
the expression of Ankrdl, Ccn2, and
Ccnl, genes whose expression is regu-
lated partly by YAP, was also increased
in UUO animals (Fig. 5, G to I) (8, 40).
NUAKI1 deficiency reduced this UUO-
associated YAP nuclear staining in fibro-
blasts and diminished expression of
Ankrdl, Ccn2, and Cenl (fig. S13 and
Fig. 5, G to I). To further confirm the importance of fibroblast
NUAKI1 in driving kidney fibrosis, we next subjected fibroblast-
specific NUAKI-deficient mice to folic acid-induced nephropathy,
a model of crystal-induced renal injury that leads to subsequent
fibrosis (41). Consistent with our results in the UUO model, fibro-
blast NUAKI1 deficiency reduced folic acid-induced renal fibrosis
(fig. S14).
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Fig. 5. Fibroblast-specific NUAK1 deficiency protects against kidney fibrosis. (A to C) Fibroblast-specific NUAK1-
deficient mice (Col1a2-Cre/ERT™~ Nuak1™) and their wild-type littermates (Col1a2-Cre/ERT ™/~ Nuak1"® were ran-
domized to sham surgery (n =3 per group) or left-sided UUO (n=7 Col1a2-Cre/ERT ™~ Nuak1" and n=4 Col1a2-Cre/
ERT*~ Nuak1™). Tamoxifen was administered between days 0 and 6 after surgery to activate expressed Cre recom-
binase. Left kidneys were harvested 7 days after surgery. Kidney sections were stained with (A) picrosirius red (PSR) to
label fibrillar collagen, (B) an antibody directed against type 1 collagen, or (C) an antibody directed against a-SMA.
Scale bars, 100 um. RNA was also isolated from kidney homogenates and reverse-transcribed. The amounts of (D) Acta2,
(E) Col3al, (F) Col4al, (G) Ankrd1, (H) Ccn2, and () CenT were determined using semiquantitative reverse transcription
polymerase chain reaction. All transcript amounts were normalized to that of Gapdh. One-way ANOVA with post hoc
Fisher's least significant difference was used for comparisons. Quantitative data are presented as means + SEM. *P < 0.05.

administered to wild-type mice induced
lung fibrosis, whereas fibroblast-specific
NUAKI-deficient littermates were pro-
tected against lung fibrosis (fig. S15).
The reduction in fibrosis was associated
with improved lung function, as demon-
strated by higher peripheral blood
oxygenation in fibroblast-specific NUAK1-
deficient mice (fig. S15D). Similarly,
fibroblast-specific NUAK1-deficient mice
were also markedly protected against
carbon tetrachloride-induced liver
fibrosis (fig. S16). Together, these data
suggest that NUAKI1 signaling plays
an important role in the regulation of
organ fibrosis.

Pharmacologic NUAK inhibition
attenuates organ fibrosis

To explore the possibility of NUAK
inhibition as an antifibrotic therapeutic
strategy, we next treated mice with the
NUAK inhibitor HTH-02-006, begin-
ning immediately after UUO. Consistent
with our observations in fibroblast-
specific NUAKI1-deficient mice, early
initiation of HTH-02-006 treatment
attenuated the development of both
histologic and molecular markers of
kidney fibrosis (Fig. 6). Similarly, early
HTH-02-006 treatment also reduced
bleomycin-induced lung fibrosis and
improved blood oxygenation (fig. S17).
Because early HTH-02-006 treatment
had such a notable protective effect, we
next tested whether delayed initiation
of HTH-02-006 treatment could also
attenuate the progression of established
kidney fibrosis. Mice were therefore sub-
jected to sham or UUO surgery and
then randomized to receive HTH-02-006
or vehicle beginning 7 days after surgery.
At this time point, fibrosis has already
developed (Fig. 6) (8), mimicking the
more clinically relevant setting when
patients with established chronic kidney
disease typically present for treatment.
Consistent with its antifibrotic protective
effect, delayed initiation of HTH-02-006
treatment reduced histologic and molec-
ular markers of kidney fibrosis (fig. S18).

DISCUSSION
Using cell, mouse, and human systems,

Last, given that YAP is an important driver of fibrosis in multi- we show that NUAKI1, a member of the AMPK family of serine/
ple different tissues (10, 12, 13, 15-19), we tested whether fibroblast  threonine kinases, is a critical and previously unrecognized driver
NUAKI deficiency would protect against fibrosis in other organs.  of organ fibrosis. Specifically, we demonstrate that after fibrotic
Intratracheal bleomycin, a well-described profibrotic irritant (42, 43),  injury, the amount of NUAK]1 increases, driven by the key profibrotic
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Fig. 6. Early treatment with the A

ham
NUAK inhibitor HTH-02-006 atten- Sha

uates UUO-induced renal fibrosis.
Male C57BL/6 mice were subjected
to sham surgery or left-sided UUO.
Immediately after surgery, mice were
randomized to receive twice daily
intraperitoneal injections of either
HTH-02-006 (10 mg/kg; n =6 sham
and n=16 UUO) or DMSO vehicle
(n=6 sham and n=12 UUQ). Seven days
after surgery, left kidneys were har-
vested, and sections were stained
with (A) PSR to label fibrillar collagen,
(B) an antibody directed against type
1 collagen, or (C) an antibody directed
against a-SMA. Scale bars, 100 um.
The amounts of mRNA of (D) Collal,
(E) Col3al, (F) Col4a1, and (G) Acta2,
as well as those of (H) Ankrd1, (I) Ccn2,
(J) Cen1, and (K) Serpinel were exam-
ined using quantitative polymerase
chain reaction of cDNA prepared from
whole-kidney homogenates. Tran-
script amounts were normalized to
the housekeeper transcript Gapdh.
One-way ANOVA with post hoc Fisher's
least significant difference was used
for comparisons. Quantitative data are
presented as means + SEM. *P < 0.05.
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Multiple lines of evidence
from a variety of organs point
to the important roles that YAP and TAZ play in promoting fibro-
blast activation (10, 12, 13, 15-18). Despite their importance in the
regulation of fibrosis, a critical unanswered question has been how
YAP and TAZ are activated after injury. YAP and TAZ are regulated
by a series of serine/threonine kinases that comprise the Hippo path-
way (44-46). Multiple stimuli are known to control Hippo pathway
kinase activity, including biochemical cues such as nutrient status
(47-50) and G protein-coupled receptor signaling (51) and bio-
mechanical signals such as ECM stiffness (14, 52-54). Our data suggest

Zhang et al., Sci. Transl. Med. 14, eaaz4028 (2022) 23 March 2022

Col3at (AU)

o 4

o [6)] o [6)] o
Col4a1 (AU)
o o 5
Acta2 (AU)
>

320 e
<
=15
=
£ 10
8
r 5
7]
&0
HTH - + - +
uuo
6 v —
=
82 4
=
-z
2 2
S8
'_
0
HTH - + - +
uuo
565 L =
<
> 4
2 3
[%]
g 2
<
7]
5 0
HTH - + - +
uuo

+ -+ HTH - + - + HTH
uuo uuo
J K
* 10 . - 60 .
8 =)
= <
=) <40
= g
< S
§! S 20
2 w
(0] 0
+ -+ HTH - + - + HTH - + - +
uuo uuo uuo

that TGF-B-mediated induction of NUAK1 protein may be another
possible mechanism of YAP activation, which, in turn, induces a fibro-
genic gene program that ultimately leads to pathologic matrix pro-
duction. Many of the genes induced in this fibrogenic program are
co-regulated by both YAP and TGF-B/SMAD signaling (33). Thus, it
is possible that TGF-B-induced increases in NUAK1 protein may also
facilitate TGF-B/SMAD signaling, independent of its effects on YAP.

We also found that YAP (and TAZ) regulate Nuakl expression,
because overexpression of constitutively active YAP and TAZ increased
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Nuakl mRNA and NUAKI1 protein in NRK49F fibroblasts. Because
these overexpression experiments likely induced supraphysiologic
YAP and TAZ activation, we also silenced YAP and/or TAZ, finding
that YAP and/or TAZ deficiency reduced Nuakl expression. In the
context of our other findings, these results suggest the existence of a
profibrotic positive feedback loop, whereby TGF-B-induced NUAK1
protein serves as an important node that facilitates both canonical
TGF-B/SMAD signaling and noncanonical YAP signaling. YAP, in
turn, induces additional NUAK1 expression, which can perpetuate
this profibrotic signaling loop.

The only other published report that examined the role of NUAK1
in fibroblasts found that this enzyme inhibited TGF-f signaling in
cultured skin fibroblasts (29). In contrast, our data, derived in kidney
and lung fibroblasts, demonstrate that NUAK]1 is a potent inducer
of basal and TGF-B-induced fibrotic gene expression. We also
demonstrate that fibroblast-specific deletion of Nuakl markedly
attenuates fibrosis in vivo in two independent models of kidney
disease and in models of lung and liver fibrosis. This apparently
conflicting data suggest that NUAK1 may have different effects de-
pending on cell type and local environment. Clearly, future studies
are required to tease out the context-specific cues that control the
effects of NUAKI.

Although we have demonstrated that NUAK1 can promote fibrosis
possibly by YAP activation, the exact mechanisms underlying the
YAP-regulating activity of NUAKI need further examination. In
the current study, we show that NUAKI1 is required for TGF-B-
induced dephosphorylation and nuclear localization of YAP, two
key upstream YAP-activating events that, in most settings, are con-
trolled by the Hippo pathway kinases large tumor suppressor kinase
1 (LATSI) and LATS2. The LATS kinases phosphorylate YAP on
key serine residues, rendering YAP inactive by targeting it to the
cytoplasm (45). Our results are thus in line with prior work showing
that NUAKS can interact with LATS1 (55) and with our previous
study showing that NUAK2, a close relative of NUAKI, inactivates
LATS1 via phosphorylating two key residues (T246 and S613). How-
ever, our findings do not exclude other potential mechanisms of
action for NUAK]1, such as reports showing that NUAK2 can activate
YAP by controlling cytoskeletal tension, a known YAP regulator, in
a variety of epithelial and cancer cell lines (38).

YAP also promotes NUAK2 expression in cancer cells, leading to
increased NUAK?2 protein and thus further YAP activation (38, 56).
These data suggest that YAP works with NUAK2 in a positive feed-
back loop to drive cancer cell proliferation (38, 56), in a manner
similar to the profibrotic YAP-NUAKI1 signaling loop that we
describe in fibroblasts. Given these similarities, we examined the
expression of both NUAKI and NUAK?2 in our cohort of human
kidney biopsies. The amount of NUAKI mRNA, but not of NUAK?2,
correlated with fibrotic burden in these biopsies, suggesting that in
the kidney, NUAK1 may play a more important role in fibrogenesis.
Clearly, however, future studies will be required to more fully ex-
amine whether NUAK?2 is involved in the pathogenesis of organ
fibrosis. Regardless, because YAP and TAZ regulate many important
cell processes, these findings raise the intriguing possibility that YAP/
TAZ-NUAK positive feedback signaling may play an important role
as an amplification mechanism for a variety of cellular functions.

In summary, we have identified NUAK]1 as a profibrotic kinase
that is up-regulated in multiple fibrotic mouse and human tissues,
and which associates with poor outcomes in human chronic kidney
disease, a condition that is driven by progressive fibrosis. Using a
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combination of cell and mouse studies, we define a potential mech-
anism by which NUAKI promotes fibrosis. Our data suggest that
TGF-B stimulates an increase in fibroblast NUAKI1 that, in turn,
promotes profibrotic YAP and SMAD signaling to induce the ex-
pression of a suite of fibrogenic genes. One of these genes is NUAKI,
raising the possibility of a profibrotic NUAK1-YAP positive feedback
loop. Our data therefore point to a previously unrecognized role for
NUAKI as an important promoter of progressive organ fibrosis.
Unlike YAP, TAZ, and SMADs, NUAKI is a kinase, raising the
exciting possibility of traditional kinase inhibitor development as a
means to target this critical profibrotic pathway.

MATERIALS AND METHODS

Study design

This study aimed to identify novel regulators of organ fibrosis. We
first performed RNA-seq profiling of a convenience sample of
archived human biopsy specimens, identifying NUAK]1 as a kinase
whose expression was strongly associated with fibrotic burden and
renal outcomes. We next analyzed Nuakl expression in cell and
murine models of fibrosis and explored its role in fibrosis regulation
using genetic and pharmacologic tools to delete or inhibit Nuak].
The human kidney biopsy study cohort was a convenience sample,
and thus, a formal sample size calculation was not performed. For
in vitro and in vivo studies, sample sizes were calculated using a
confidence interval of 95% and 80% power. Mice were randomly
assigned to experimental groups. Outliers greater than 2 SDs from
the mean were generally excluded. Histologic and molecular fibrosis
end points standard for the field were selected for our mouse studies
and analyzed by observers blinded to group assignment. Biological
replicates for each experiment are included in the figure and table
captions. Raw data for experiments are summarized in the appended
data file S1.

Human kidney biopsy study

In this retrospective case control study, we analyzed a convenience
sample of 18 archived human transplant kidney biopsies stored
in the Department of Laboratory Medicine and Pathobiology at
St. Michael’s Hospital (57). The inclusion criteria were as follows: (i)
Kidneys must have been transplanted >1 year prior, and (ii) suffi-
cient tissue is needed to be available for RNA-seq. We also analyzed
a convenience sample of the 12 most recently collected, archived
kidney biopsies obtained from potential living kidney donors. These
12 biopsies contained no pathologic abnormalities and were thus
used as healthy native kidney controls. This retrospective study was
approved by the St. Michael’s Hospital Research Ethics Board (REB
16-118). The requirement for written informed consent was waived
because the study met the criteria for waiver of consent as outlined
in the Tri-Council Policy Statement 2 Guidelines (Canada) and
Personal Health Information Protection Act (Ontario). Details of
data collection are provided in the Supplementary Materials.

RNA sequencing

RNA was extracted from kidney biopsy tissue, and complementary
DNA (cDNA) libraries were prepared and sequenced on an Illumina
HiSeq 2000 or 3000 (57), as described in the Supplementary Materials.
RNA yield, read numbers per sample, and other relevant data are
summarized in table S4. truRPM [transcript union reads per million
(RPM) reads] values, which include reads mapped to both intron and
exon reads, were calculated using in-house scripts and represent
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overall transcript amount normalized by total mapped reads. An
unrelated control sample was included in the processing pipeline to
verify the integrity of the output. Data are deposited in Gene Ex-
pression Omnibus (GEO) (accession no. GSE135327).

Analytical pipelines

To determine correlations with clinical data, truRPM data for each
transcript that passed low-expression filters (~13,500 genes) were
then correlated with Banff histologic fibrosis score and slope of eGFR
change after biopsy using Spearman’s correlation analyses. The re-
sulting individual Spearman’s correlation coefficients were then
plotted in two-dimensional matrices, and significance boundaries
were determined by permutation testing. For this, the truRPMs of the
transplant samples were randomly sampled within genes, and the
Spearman correlations with the slope of eGFR change and the Banft
histologic fibrosis score were recalculated for multiple rounds of
1000 iterations, and for multiple cutoff ranges, to calculate quadrant
boundaries corresponding to P = 0.02, which revealed 290 genes sig-
nificantly associated with outcome. These outcome-associated genes
were manually curated and organized on heatmaps generated with
ggplot2 (58). Next, a fibroblast-TGF-B-regulated gene signature,
consisting of 54 genes, was derived from Bottinger and Ju (28). The
full set of filtered RPM data for the transplant samples and this 54-gene
signature were used in the Broad Institute’s ssGSEA (v9.1.1) web appli-
cation (59) on the GenePattern cloud server (cloud.genepattern.org)
(59) to calculate individual normalized enrichment scores using the
full gene signature for each of the 18 samples, which demonstrate the
differential expression of the gene set in each sample. The ssGSEA
cloud tool was run with the log sample normalization method and a
weighting exponent value of 0.75. These normalized enrichment scores
were then plotted against the expression of NUAKI in the samples
using the z scores of the truRPMs.

Cell culture and treatments

Immortalized normal rat kidney interstitial fibroblasts (NRK49F,
catalog no. CRL-1570) were purchased from American Type Culture
Collection, and human lung fibroblasts from patients with idio-
pathic pulmonary fibrosis were purchased from Lonza (catalog no.
CC-7231). Cells were cultured at 37°C with 5% CO; and grown in
Dulbecco’s modified Eagle’s medium (DMEM) with 5% fetal bovine
serum (FBS) or Fibroblast Growth Medium-2 (Lonza). After an
overnight 16-hour serum deprivation (DMEM + 0.5% FBS), cells
grown on gelatin-coated gels were stimulated with TGF-B (5 ng/ml;
R&D Systems), 1 pM WZ4003 (Cayman Chemical), 100 nM HTH-
02-006 (Ontario Institute for Cancer Research), 2.5 uM verteporfin
(MilliporeSigma Canada), and/or 1 pM SB-431542 (Tocris Bio-
science, Bio-Techne Canada) for the indicated times. For silencing
experiments, NRK49F fibroblasts were transfected with siRNAs tar-
geting Nuakl, Yap, Taz, Smad2, or Smad3. A scrambled siRNA was
used as a negative control (see table S5 for siRNA sequences). siRNAs
were transfected at a concentration of 10 nM using Lipofectamine
RNAiIMAX (Invitrogen). For overexpression experiments, NRK49F
fibroblasts were transfected with plasmids encoding human YAP5SA,
human TAZ4SA, human wild-type NUAKI (gift of H. Zoghbi), or
human kinase-deficient NUAK1 (K84M, Addgene) using Lipofect-
amine 2000 (Invitrogen) (60).

Immunoblotting
Cell lysates were separated by SDS—polyacrylamide gel electrophoresis,
and after transfer, membranes were blotted with the following primary
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antibodies: YAP (1:1000 dilution; catalog nos. 14074 and 38707,
Cell Signaling Technology), phospho-S127 YAP (1:1000 dilution;
catalog no. 4911, Cell Signaling Technology), TAZ (1:1000 dilution;
catalog no. 83669, Cell Signaling Technology), phospho-TAZ (S89)
(1:500 dilution; catalog no. 59971, Cell Signaling Technology),
NUAKI (1:500 dilution; catalog no. 4458, Cell Signaling Technology),
phospho-SMAD?3 (1:1000 dilution; catalog no. 9520, Cell Signaling
Technology), total SMAD?3 (1:1000 dilution; catalog no. 9523, Cell
Signaling Technology), and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (1:5000 dilution; catalog no. 2118, Cell Signaling
Technology; catalog no. 9482, Abcam). Primary antibodies were
detected with horseradish peroxidase-conjugated donkey anti-rabbit
(1:10,000 dilution; catalog no. 711-035-152), donkey anti-mouse
(1:10,000 dilution; catalog no. 715-035-150), and donkey anti-
goat (1:10,000 dilution; catalog no. 705-035-003) secondary anti-
bodies (Jackson ImmunoResearch). GAPDH protein amount was
used for normalization. Quantitative analysis of band intensity was
performed using Image].

Terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling

After fixation with 4% paraformaldehyde for 15 min at room
temperature, cells were permeabilized with 0.1% Triton X-100 in
phosphate-buffered saline (PBS) for 15 min at room temperature.
Cells were then stained using a commercial terminal deoxynucleo-
tidyl transferase-mediated deoxyuridine triphosphate nick end
labeling (TUNEL) kit (catalog no. 11684795910, Sigma-Aldrich
Canada) and 4’,6-diamidino-2-phenylindole for 1 hour at 37°C. Cells
were washed with PBS and then mounted with Dako mounting media.
Images were taken with a Zeiss LSM 700 confocal microscope (Carl
Zeiss Canada), and pictures were analyzed and exported with Zeiss
ZEN software (Carl Zeiss Canada). The percentage of TUNEL" cells
was then calculated using a minimum of 45 cells per replicate.

Semiquantitative reverse transcription polymerase

chain reaction

After various treatments as outlined in the text, RNA was collected
from NRK49F fibroblasts and mouse kidney, lung, and liver tissues.
The RNA was then reverse-transcribed, and the amounts of Collal,
Col3al, Col4al, Acta2, Ankrdl, Ccn2, Cenl, Serpinel, Nuakl, Smad2,
Smad3, Yap, Taz, and/or Gapdh were quantified. Primer sequences
are summarized in table S6. Experiments were performed in tripli-
cate. Data analyses were performed using the Applied Biosystems
Comparative CT method. All values were referenced to the amount
of mRNA of the housekeeper gene Gapdh.

Luciferase reporter assay

NRK49F fibroblasts were transfected with a pGL3-Basic Firefly
luciferase reporter (Promega) fused to 10 TEAD-binding sites
(TGGAATGT) in tandem and a minimal Hsp70 promoter (37) and
a pCMV5 vector encoding B-galactosidase. After 24 hours, cells
were lysed in lysis buffer, and luciferase and B-galactosidase activity
were measured using a Synergy Neo microplate reader (BioTek) and
a SpectraMax M5e Multi-Mode plate reader (Molecular Devices)
according to our previously published protocol (56).

Animal experiments
All animal studies were approved by the St. Michael’s Hospital
Animal Ethics Committee and conformed to the Canadian Council
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on Animal Care guidelines. Wild-type C57BL/6 mice were purchased
from Charles River Laboratories. In some experiments, mice were
treated intraperitoneally with a NUAK inhibitor HTH-02-006 (10 mg/kg;
synthesized by the Ontario Institute for Cancer Research) dissolved
in 10% dimethyl sulfoxide (DMSO) or DMSO vehicle control twice
daily. In other experiments, using a proa2(I) collagen promoter-
driven tamoxifen-inducible Cre recombinase expression system, mice
with either fibroblast—s&aecific YAP/TAZ deficiency (Colla2-Cre/
ERT* and Yapﬂ/ 1 Taz"" mice) or fibroblast-specific NUAK1 defi-
ciency (Colla2—Cre/ERT+/_ and Nuak1"f mice) on a mixed back-
ground were used. Mice were kept on a 12-hour light-dark cycle
with ad libitum access to food and water. Mice were subjected to
various fibrosis injury models in controlled laboratory experiments,
including UUO, folic acid nephropathy, bleomycin-induced lung
fibrosis, and carbon tetrachloride-induced liver fibrosis. All outcomes
were assessed by a blinded observer. Further details of the animal
experiments are included in the Supplementary Materials.

Tissue collection, preparation, and histochemistry

At study end, the kidneys, lungs, and/or livers of mice were harvested,
and samples of each tissue were immersion-fixed in 10% neutral
buffered formalin, embedded in cryostat matrix (Tissue-Tek, VWR),
and/or stored in RNAlater (Invitrogen).

Immunofluorescence staining

NRKA49F fibroblasts cultured on gelatin-coated gels and formalin-
fixed paraffin-embedded kidney sections were immunostained and
imaged using an LSM 700 inverted laser scanning confocal micro-
scope (Carl Zeiss Canada) (61, 62). Kidney sections were also stained
with an RN Ascope probe targeting Nuakl mRNA (catalog no. 434281,
Advanced Cell Diagnostics). Details are provided in the Supple-
mentary Materials.

Histochemistry, immunohistochemistry,

and in situ hybridization

Formalin-fixed tissues were embedded in paraffin and sectioned
before staining with picrosirius red (Sigma-Aldrich), hematoxylin
and eosin, Masson’s trichrome, or antibodies against a-SMA (1:100
dilution; catalog no. M085129-2, Dako) and type I collagen (1:200
dilution; catalog no. 1310-01, Southern Biotechnology) (8, 63-65).
Sections were also subjected to in situ hybridization with RN Ascope.
Full details are provided in Supplementary Materials. A minimum
of four random, nonoverlapping 20x images of kidney cortex, liver,
and/or lung were taken by a blinded observer using an upright
Olympus light microscope and then analyzed in a blinded fashion
using Aperio Imagescope software (Leica Biosystems) as previ-
ously described (8, 63-65). Lung injury was measured using semi-
quantitative Ashcroft scoring as previously described (66).

Hydroxyproline content measurement

Hydroxyproline content was measured using a commercial assay kit
(catalog no. K226, BioVision), following a slightly modified version
of the manufacturer’s protocol as described in the Supplementary
Materials (67).

Statistical analysis

A minimum of three independent experiments was performed for
all in vitro studies. Data presented are means + SEM, unless other-
wise indicated. For all in vitro and mouse studies, between-group

Zhang et al., Sci. Transl. Med. 14, eaaz4028 (2022) 23 March 2022

differences were measured using two-tailed Student’s ¢ test (0. = 95%)
or one-way analysis of variance (ANOV A) with Fisher’s least signif-
icant difference post hoc analysis where appropriate. Spearman’s
correlation analysis and univariate linear regression were also per-
formed. Statistical analysis was performed using GraphPad Prism
for Mac 6.0 (GraphPad Software) and R (version 3.4.3, R Foundation
for Statistical Computing). Statistical analysis of the human kidney
biopsy RNA-seq data is described above.
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Figuring out fibrogenesis

Transforming growth factor—# (TGF-#) drives fibrosis in part through YAP and TAZ transcription factors, but the

link between tissue injury and transcription factor activation is unclear. Here, Zhang et al. discovered that the gene
NUAK1 was up-regulated in fibrotic human kidney tissue and mouse models of kidney, liver, and lung fibrosis. NUAK1
expression was regulated by TGF-#, YAP, and TAZ. Mice lacking Nuak1 in fibroblasts were protected from fibrosis,
and treatment with a NUAK1 inhibitor also attenuated fibrosis. The authors demonstrate that NUAK1 is induced

by TGF-# and promotes YAP and TGF-#/SMAD signaling to drive fibrogenesis, supporting NUAK1 as a potential
therapeutic target.
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