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Abstract

Recent conditional knockout of core components of the Hippo signaling pathway in the adrenal gland of mice has demonstrated that this pathway
must be tightly regulated to ensure proper development and maintenance of the adrenal cortex. \We report herein that the most upstream kinases of
the pathway, the mammalian STE20-like protein kinases 1 and 2 (MST1and MST2, respectively), are expressed in the mouse adrenal cortex with
MST2 expression being restricted to the zona glomerulosa (zG). To further explore the role of Hippo signaling in adrenocortical cells, we conditionally
deleted Mst1/2in steroidogenic cells using an Nr5al-cre strain (Mst1710/0x - ppseofloxfiox. Nir5a7-cre). Our results show that the loss of MST1/2 leads
to the premature and progressive accumulation of subcapsular GATA4+, WT1+ adrenal gonadal primordium (AGP)-like progenitor cells starting at
2 months of age without affecting aldosterone and corticosterone secretion. To help us understand this phenotype, microarray analyses were
performed on adrenal glands from 2-month-old mutant and control mice. Gene expression analyses revealed that loss of Mst1/2 leads to the
overexpression of known downstream target genes (Ajuba, Aqp1, Fni, lbsp, Igf1, Igfbp2, Mmp2, Thbs1) of the main effector of Hippo signaling,
YAP; and underexpression of genes (Agtrib, Ecgrd4, Hsd3b6, NrOb1, Tesc, Vsnl1) that are normally specifically expressed in the zG or
overexpressed in the zG compared to the zona fasciculata (zF). Together, these results suggest that MST1/2 regulates Hippo signaling activity in
the adrenal cortex and that these two kinases are also involved in the fine tuning of zG cell function or differentiation.
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centripetal migration and zonal differentiation processes re-
sulting from the antagonistic actions of the WNT/CTNNB1
and the protein kinase A (PKA) pathways [4-9]. Though
SHH-WNT/CTNNB1-PKA are the most important pathways
involved in the maintenance of the definitive cortex, addition-

The adult adrenal gland is an endocrine organ essential to the
regulation of bodily homeostasis. It is formed of concentric
zones of steroidogenic cells that surround the chromaffin cells
of the medulla. In mice, the adrenal cortex is subdivided into 2
concentric zones, each responsible for the production of a spe-

cific hormone, the outer zone, the zona glomerulosa (zG), syn-
thesizes mineralocorticoids while the inner zone, the zona
fasciculata (zF), produces glucocorticoids [1]. Throughout
life, the replenishment of the adrenal cortex and the mainten-
ance of zonation are crucial. In homeostatic conditions, main-
tenance of the definitive adrenal cortex mainly relies on
proliferation of Sonic Hedgehog (SHH)-positive progenitor
cells located within the zG in males [2, 3] while females rely
on both the SHH-positive progenitor cells and the capsular
GLI-Kruppel family member 1 (GLI1)-positive stem cells
[2]. Progenitor cells further differentiate into steroidogenic
zG cells, which in turn differentiate into zF cells through

al pathways are also important for these processes.

Hippo is an evolutionarily conserved signaling pathway with
essential roles in the development and homeostasis of many tis-
sues [10, 11]. Core components of the Hippo signaling cascade
include the mammalian STE20-like protein kinases 1 and 2
(MST1 and MST?2, also known as serine/threonine kinase 3
and 4 [STK3, STK4]), the large tumor suppressor homolog kin-
ases 1 and 2 (LATS1, LATS2) and 2 functionally redundant
transcriptional coactivators, Yes-associated protein (YAP)
and transcriptional coactivator with PDZ-binding motif
(TAZ). In response to various intracellular and extracellular
signals, MST1/2 are first phosphorylated and activated.
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Following their activation, MST1/2 phosphorylate and activate
LATS1/2, which in turn phosphorylate YAP and TAZ, which
cause their inactivation either by sequestration in the cytoplasm
or by proteasome-mediated degradation. When the cascade is
inactivated, YAP and TAZ accumulate in the nucleus and inter-
act with transcriptional factors to regulate the transcription
of genes involved in cell growth, apoptosis, and proliferation
[12, 13].

Two studies using transgenic mice models have previously
evaluated the role of Hippo signaling in the development
and maintenance of the definitive adrenal cortex. It was first
shown that concomitant loss of Yap and Taz in steroidogenic
adrenocortical cells leads to the progressive degeneration of
the adrenal cortex [14]. A subsequent study then showed
that concomitant loss of Lats1 and Lats2 leads to the transdif-
ferentiation of the adrenocortical cells of the definitive cortex
into myofibroblast-like cells during embryonic development,
resulting in adrenal failure and death by 3 weeks of
age [15]. Taken together, these 2 studies suggest that Hippo
signaling must be tightly regulated for the maintenance and
development of the adrenal cortex. In this study, we decided
to further delineate the role of the Hippo pathway in the ad-
renal gland. For this, we generated a mouse model in which
Mst1 and Mst2, the most upstream protein kinases of the
Hippo pathway, were conditionally deleted in steroidogenic
cells of the adrenal cortex (Nuclear receptor subfamily 5,
group A, member 1 (NR5A1)—positive cells).

Material and Methods

Ethics

All animal procedures were approved by the Comité
d’Ethique de I’Utilisation des Animaux of the Université de
Montréal (protocol numbers Rech-1739 and Rech-1909)
and conformed to the guidelines of the Canadian Council on
Animal Care.

Transgenic Mouse Strains

NrSal-cre (FVB-Tg-Nr5alCre7Lowl/], RRID:IMSR_JAX:
012462 [16]) and Mse1ox/fox, pggoflox/flox (gpp41mi-1Rjo,
Stk3t1-1Rjo RRID:IMSR_JAX:017635 [17]) mice were ob-
tained from the Jackson Laboratory. NrSal-cre mice were
maintained by crossing Cre-positive males with wild-type fe-
males (C57BL/6]J, RRID:IMSR_JAX:000664) for at least 8
generations. Mice were selectively bred over several genera-
tions to obtain Mst110¥/ox; Mg2f0xfoxX N § 57 cre genotype.
From the F3 generation onwards, Mst1103/ox, pfgg2flox/flox
and Msz110¥0%, Mg 20103M0x N § 57 -cre littermates were used
to generate the breeding couples. Mst110¥/ox; Mgz flox/flox,
Nr5al-cre males and females were fertile and both sexes
were used as breeders. Experimental and control animals
were all littermates and were taken from the F4 generation.
Genotype analyses were done on tail biopsies by polymerase
chain reaction (PCR) as previously described for Cre [16] or
as suggested by the Jackson laboratory for Mst1/2.

Histopathology and Immunohistochemistry

Isolated adrenal glands for light microscopy histopathologic
analysis were fixed in formalin overnight. Tissues were embed-
ded in paraffin, sectioned (5 wm), and stained with hematoxylin
and eosin. Immunohistochemistry was done using VectaStain
Elite avidin—biotin complex method kits (Vector Laboratories,
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Cat# PK-6100, RRID:AB_2336819) or the mouse on mouse
elite peroxidase kit (Vector Laboratories, Cat# BMK-2202,
RRID:AB_2336833) as directed by the manufacturer. Sections
were probed with primary antibodies against cleaved caspase-3
(CAS3) (1:50, Cell signaling, Cat #9661, RRID:AB_234188),
Disabled 2, mitogen-responsive phosphoprotein (DAB2)
(1:50, BD Biosciences, Cat #610464, RRID:AB_397837),
GATA binding protein 4 (GATA4) (1:250, Santa Cruz, Cat#
525310, RRID:AB_627667), Ki67 (1:1500, abcam, Cat#
ab15580, RRID:AB_443209), NR5A1 (1:100, Cell signaling,
Cat# 12800, RRID:AB_2798030), PILR alpha associated neur-
al protein (PIANP)/Liver endothelial differentiated associated
protein 1 (1:250, Novus, Cat# NBP1-90541, RRID:
AB_11039679), STK3/MST2 (1:100, Cell signaling, Cat#
3952,  RRID:AB 2196471),  STK4/MST1  (1:1000,
Proteintech, Cat# 66663-1-lg, RRID:AB_2882018), Wilms tu-
mor 1 (WT1) (1:300, Cell signaling, Cat# 83535, RRID:
AB_2800020), phospho-YAP (1:250, Cell signaling, Cat#
13008, RRID:AB_2650553). Detection was performed using
the Vectastain Elite ABC HRP kit, with staining using the
3,3’-diaminobenzidine peroxidase substrate kit (Vector
Laboratories).

Adrenocortical Cell Proliferation and Cortex
Measurements

Proliferation of adrenocortical cells and accumulation of
progenitor-like cells were evaluated using ZEN software
(Zen 2012 blue edition; Carl Zeiss Microscopy GmbH
2011). For proliferation, Ki67-positive cells were counted at
400x magnification. Four nonconsecutive sections of whole
adrenals from 6-month-old females were analyzed per animal
(n = 3) using cell-counting software (Image]). The thickness of
the spindle-shaped regions of 3 to 4 nonconsecutive sections
of whole adrenal from 10-month-old animals was measured
per animal (n=3) by a blind observer using ZEN software.

Hormone Measurements

All assays except for aldosterone were performed by the
Center for Research in Reproduction at the Ligand Assay
and Analysis Core Laboratory of the University of Virginia.
Corticosterone levels were determined by radioimmunoassay
(MP Bio, Cat# 07120102, RRID:AB_2783720), luteinizing
hormone (LH) levels were determined by in-house 2-site sand-
wich immunoradiometric assays using monoclonal antibodies
against bovine LH (UC Davis, Cat# 518B7, RRID:
AB_2756886, provided by Dr. Janet Roser, UC Davis, CA [io-
dinated tracer antibody]) and against the human LH-beta sub-
unit (Cat #5303, Medix Kauniainen, Finland, RRID:
AB_2665513 [capture antibody]). Mouse LH reference prep
(AFP5306A; provided by Dr. A.F. Parlow and the National
Hormone and Peptide program) was used as standard.
Follicle-stimulating hormone (FSH) serum levels were as-
sessed using a mouse/rat multiplex assay (EMD Millipore,
Cat# RPTMAG-86K, RRID:AB_2716840) and aldosterone
serum levels were determined using the ab136933-
Aldosterone enzyme-linked immunosorbent assay kit
(Abcam, Cat# ab136933, RRID:AB_2895004). For this,
blood samples were collected between 9:30 and 10:00 by car-
diac puncture prior to euthanasia. Blood was then allowed to
clot at room temperature for 90 minutes and centrifuged at
2000g for 15 minutes at room temperature. Serum samples
were transferred to polypropylene tubes and stored at
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—80 °C until analysis. Intraovarian estradiol levels were deter-
mined by enzyme-linked immunosorbent assay (Alpco
Diagnostics, Cat# 11-ESTHU-EO1, RRID:AB_2756385).
For this, ovarian homogenates were obtained by mechanical
homogenization in phosphate-buffered saline followed by
sonication for 60 seconds. Homogenates were then centri-
fuged at 10000g for 5 minutes and the supernatants stored
at —80 °C until analysis.

Microarray Analyses

Total RNA from adrenal glands of 2-month-old animals was
extracted using the Total RNA Mini Kit (FroggaBio) accord-
ing to the manufacturer’s protocol. RNA (n=3 per group)
was submitted to the McGill University and Génome
Québec Innovation Centre (Montreal, Quebec, Canada) for
RNA quality control and microarray analysis using the
Affymetrix Clariom S Mouse assay. Results were analyzed us-
ing Transcriptome Analysis Console software (TAC 4.0)
(Thermo Fisher Scientific). Thresholds used for P value and
fold change were .05 and +2, respectively. Further analyses
were performed using the Metascape gene annotation and
analysis resource [18]. A protein—protein interaction profile
was additionally performed using the string database [19].

Reverse Transcription quantitative PCR

Total RNA from adrenal glands was extracted using the Total
RNA Mini Kit (FroggaBio). Total RNA was reverse tran-
scribed using 100 ng of RNA and the SuperScriptVilo™
cDNA synthesis kit (Thermo Fisher scientific). Real-time
PCR reactions were run on a CFX96 Touch instrument
(Bio-Rad), using Supergreen Advanced qPCR MasterMix
(Wisent, St-Bruno, Canada). Each PCR reaction consisted of
7.5 uL of Power SYBR Green PCR Master Mix, 2.3 uL
of water, 4 pL of cDNA sample, and 0.6 pL. (400 nmol) of
gene-specific primers. PCR reactions run without complemen-
tary cDNA (water blank) served as negative controls. A com-
mon thermal cycling program (3 minutes at 95 °C, 40 cycles
of 15 seconds at 95 °C, 30 seconds at 60 °C, and 30 seconds
at 72 °C) was used to amplify each transcript. To quantify
relative gene expression, the Ct of genes of interest was
compared with that of Rpl19, according to the ratio R=
(ECt Rpl9/pCr target) " where E is the amplification efficiency
for each primer pair. Rpl19 Ct values did not change signifi-
cantly between tissues, and Rpl19 was therefore deemed suit-
able as an internal reference gene. The specific primer
sequences used are listed in Table S1 [20].

Statistical Analyses

All statistical analyses were performed with Prism software
version 6.0d (GraphPad Software Inc., RRID:SCR_002798).
All the data sets were subjected to the F test to determine
the equality of variances. Statistical significance was deter-
mined using the unpaired Student’s t-test. Means were consid-
ered to be statistically significantly different when P < .05. All
data are presented as means + SEM.

Results
MST1 and MST2 are Expressed in the Adrenal
Cortex

In order to determine the expression pattern of MST1 and
MST2 in the adrenal cortex, immunohistochemistry analyses

were performed on adrenal glands from virgin mature female
mice. MST1 was mainly detected in the cytoplasm of both the
2G and zF cells (Fig. 1A and 1B), as well as in a subpopulation
of cells forming the X-zone (Fig. 1A) but was not detected in
cells of the capsule surrounding the adrenal cortex (Fig. 1A
and 1B). MST1 was also expressed in the nucleus of a subpo-
pulation of chromaffin cells (Fig. 1A). Contrary to MST1, ele-
vated expression of MST2 was detected in the cytoplasm of zG
cells but not of zF cells and in cells of the adrenal capsule
(Fig. 1C and 1D). Only faint expression of MST2 was detected
in cells of the X-zone (Fig. 1C) and in a subpopulation of chro-
maffin cells (Fig. 1C). The expression pattern of MST1/2 sug-
gest that they might play an important role for the regulation
of Hippo signaling in the adrenal cortex as well as for the func-
tions and/or maintenance of the adrenal cortex.

Mst1/2 Ablation Causes Accumulation of
Subcapsular Spindle-shaped Cells

To investigate the role of MST1 and MST?2 in the adrenal cor-
tex, mice bearing floxed alleles for Mst1 and Mst2 were crossed
with the Nr5al-cre strain, which targets steroidogenic cells of
the adrenal cortex. The double conditional knockout strategy
was chosen because MST1 and MST2 have redundant activities
and therefore could compensate for the loss of one another
[21], especially in the zG where MST1 and MST2 are both ex-
pressed. Immunohistochemical analyses of the adrenal gland of
Mst1floxfox pfgg2flox/lox, Ny $ 41 -cre confirmed the loss of MST1
(Fig. 2B) and MST2 (Fig. 2D) in the adrenal cortex compared
with controls (Fig. 2A and 2C, respectively). The maintenance
of MST1 and MST2 expression in chromaffin cells (Fig. 2B and
2D) and of MST2 cells in the capsule (Fig. 2D) further con-
firmed the specificity of the knockout. Surprisingly, MST1 ex-
pression was still detected in the X-zone of mutant animals
(Fig. 2B), suggesting that recombination was inefficient in the
fetal cortex from which it is derived. Consistent with the immu-
nohistochemistry results, RT-qPCR analyses showed 67% and
77% decrease in adrenal Mst1 and Mst2 mRNA levels, respect-
ively, in 4-week-old mutant females, and 77% and 80% de-
crease in Mstl and Mst2 mRNA levels, respectively, in
6-month-old mutant females (Fig. 2E). A similar decrease in
Mst1 and Mst2 levels was also observed in the adrenal glands
of mutant males (Fig. S1 [20]).

Gross morphological level assessment and evaluation of the
adrenosomatic index revealed no differences between control
and mutant females at 2, 6, and 10 months of age (Fig. S2A
[20]). Corticosterone and serum aldosterone levels were also
unaltered in 6-month-old females (Fig. S2B and S2C [20]).
However, histopathologic analyses revealed the progressive
accumulation of basophilic, spindle-shaped cells at the periph-
ery of the cortex (Fig. 3A and 3B). A few spindle-shaped cells
were first observed in adrenal cortex of most of the 2-month-
old mutant females (3/4), whereas a marked accumulation of
these cells was observed in the adrenal cortex of every mutant
animal older than 6 months of age (4/4 at 6 months, 5/5 at 10
months) (Fig. 3A and 3B). In control animals, no spindle-
shaped cells were observed in 2-month-old females (0/6).
Spindle-shaped cells were however found in some aging con-
trol animals (1/4 at 6 months, 4/6 at 10 months) (Fig. 3A
and 3B), albeit in far fewer numbers than in the mutant
mice, with the thickness of the spindle-shaped cell layer being
2.4 times greater in mutant animals than in controls (Fig. 3C).
Together, these results suggest that the loss of Mst1/2
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Figure 1. Localization of MST1 and MST2 in the adrenal gland of mice. Immunohistochemical analysis of MST1 (A, B) and MST2 (C). (D) Expression in
adrenal glands from 6-month-old virgin female (images B and D are increased magnifications of Aand C, respectively). Scale barin C is valid for Aand scale
bar in D is valid for B. Arrows, X-zone cells; Arrowheads, chromaffin cells; ¢, capsule; zF, zona fasciculata; zG, zona glomerulosa.

accelerates the accumulation of the spindle-shaped cells.
Interestingly, the expression of MST1 was not detected in
the spindle-shaped cells of either the control (Fig. S3A [20])
nor the mutant animals (Fig. S3B [20]). However, MST2 ex-
pression was detected in the spindle-shaped cells of the control
animals (Fig. S3C [20]) but not in those of Mst1lox/flox;
M2/, Ny Sa1-cre animals (Fig. S3D [20]), suggesting
that these cells are derived from cells in which the floxed alleles
have been recombined (ie, NRSA1, cre-expressing cells).
Similar to what was observed in females, the adrenosomatic
index did not differ between control and mutant males
(Fig. S4A [20]), and a progressive accumulation of spindle-
shaped cells was also observed in the adrenal cortex of
Mst110x/0x pfgz2floxflox Ny 51 -cre males (Fig. S4B [20]). For
this reason, subsequent experiments were solely performed us-
ing female mice.

The accumulation of spindle-shaped cells in the outer ad-
renal cortex has been observed in older mice and several trans-
genic mouse models [8, 22-25]. Most interestingly, it has been
suggested that these cells are adrenal gonadal primordium
(AGP) progenitor-like cells, as they express WT1 and
GATA4 (2 genes that are important for the formation of the
early adrenal gonadal primordium) but not NR5A1 [25]. To
determine if the spindle-shaped cells observed in the adrenal
cortex of the Msz1M1o¥10% Msz2f0¥/0x, N 541 -cre  animals
were also AGP-like progenitor cells, immunohistochemistry
for WT1, GATA4, and NR5A1 was performed. As expected,

spindle-shaped cells were positive for WT1 (Fig. 4A) and
GATA4 (Fig. 4B) and did not express NR5A1 (Fig. 4C).

The accumulation of spindle-shaped cells in the outer ad-
renal cortex has also been observed in gonadectomized
mice, suggesting that sex hormone imbalance is involved in
their appearance [26-29]. Taking into account that the
Mst1/2-Nr5al-cre—driven conditional deletion can also target
hormone-producing cells in the pituitary and the ovary and in-
directly affect the adrenal cortex, circulating LH and FSH as
well intraovarian estradiol levels were assessed. No differen-
ces between LH and FSH serum levels (S5A and S5B [20])
nor intraovarian estradiol levels (Fig. S5C [20]) were observed
between control and mutant females. Furthermore, Msz11°¥
flox. Msz2f03/ox, Ny Sg1-cre  females were fertile. Together,
these results suggest that the phenotyge observed in the ad-
renal cortex of Mst119fox Mgp2floxflox, Nip§41-cre animals
was not a consequence of sex hormone imbalance.

As it had been previously suggested that the AGP-like pro-
genitor cells originate from the recruitment and proliferation
of capsular cells [29], cellular proliferation was evaluated in
the adrenal cortex of Mst11o¥/ox ps2floxflox. N5 41 -cre
mice by counting the number of Ki67-expressing cells in the
adrenal cortex. No differences in the number of Ki67+ cells
were observed between the control and mutant animals
(Fig. S6A [20]). Furthermore, Ki67+ cells were randomly dis-
tributed in the different zones of the adrenal cortex and the
majority of spindle-shaped cells were negative for Ki67
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(Fig. S6B-S6D [20]), suggesting that spindle-shaped cells are
not highly proliferative.

Since spindle-shaped cells accumulate in a region where zG
cells are normally present, immunohistochemistry for the zG
marker DAB2 and for cleaved CAS3 was then respectively per-
formed to determine whether their accumulation affects zG for-
mation or zG cell survival. In 2-month-old control animals,
DAB2+ cells were positioned underneath the capsule
(Fig. SA). Proper positioning of DAB2+ cells was also main-
tained in large regions of the adrenal cortex in 10-month-old
control animals (Fig. 5B) and in 2-month-old mutant animals

(Fig. 5C). However, in older mutant animals, DAB2+ cells
were now mostly located underneath the thick layer of spindle-
shaped cells rather than directly underneath the capsule
(Fig. 5D). Cleaved-CAS3 labeling showed no differences in
apoptosis in the adrenal cortex (including the zG) of mutant an-
imals compared with control, and apoptotic cells were located
at the boundary between the medulla and the adrenal cortex in
both groups (Fig. S7 [20]). These results are consistent with the
lack of change in secreted aldosterone levels in mutant animals
and suggest that zG cell identity and function are mostly pre-
served in Mst110¥/00%, Msz20103A0% N § 41 -cre animals.
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Loss of Mst1 and Mst2 Fine-tunes Hippo Signaling Mst1foxox; Mgpofiox/flox N §541-cre mice, phospho-YAP ex-
Downstream Effector YAP pression was evaluated by immunohistochemistry in 2- and
To determine whether the loss of Mst1 and Mst2 leads to the ~ 10-month-old females. Phospho-YAP was detected in the ad-
inactivation of Hippo signaling in the adrenal glands of  renal cortex of both control and mutant animals (Fig. 6A-6D).
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Figure 4. Spindle-shaped cells have characteristics of AGP-like
progenitor cells. Immunohistochemical analysis of WT1 (A), GATA4 (B)
and NRb5A1 (C) expression in adrenal glands from a 2-month-old
Mst1f1ox/flox. ppstofloxfiox: Nr5a7-cre mice virgin female. Scale bar in (C) is
valid for all images.

Interestingly, phospho-YAP was expressed in fewer spindle-
shaped cells in mutant animals than in 10-month-old control
mice (Fig. 6B-6D). This was consistent with the pattern of ex-
pression of MST2 and suggests that Hippo signaling is not ac-
tive in some of these cells in the mutant animals. These results
also suggest that YAP phosphorylation is not essential for
spindle-shaped cell formation.

To determine how loss of Mst1 and Msz2 affected the tran-
scriptome of the adrenal cortex, adrenal glands from
2-month-old (age at which the phenotypic changes are
first  observed) Mst11o¥ox g 2floxfloxX N Sa1-cre  and
Mist1foxox pgp2flox/lox fomales were analyzed by microarray
(n=3/genotype). A total of 223 genes were found to be differ-
entially expressed between control and mutant mice by 2-fold
or more, of which 143 were upregulated and 80 downregu-
lated (Tables 2 and 3 [20]). The microarray data set was vali-
dated by the evaluation of the mRNA levels of selected genes
by RT-qPCR (Fig. 7).

Numerous genes known to be YAP transcriptional targets
such as Ajuba [30-32], aquaporin 1 (Agp1) [33, 34], fibronec-
tin 1 (Fnl) [35-38], integrin-binding sialoprotein (Ibsp)
[39, 40], insulin-like growth factor 1 (Igf1) [41], insulin-like
growth factor binding protein 2 (Igfbp2) [31, 42], matrix met-
allopeptidase 2 (Mmp2) [43], and thrombospondin 1 (Thbs1)
[44, 45] were upregulated in mutant mice (Table 2 [20]), indi-
cating that YAP transcriptional coregulatory activity is en-
hanced following Mst1/2 inactivation. Interestingly, integrin
alpha 2 (Itga2) [46] and prostaglandin-endoperoxide synthase
2 (Ptgs2)[47], 2 genes known to positively regulate YAP activ-
ity, were among the most downregulated genes (Table 3 [20]),
suggesting the existence of an autoregulatory loop. Together,
these results suggest that MST1/2 regulate YAP activity in the
adrenal cortex.

Interestingly, Gata4 was 1 of the genes upregulated follow-
ing Mst1/2 deletion confirming that AGP-like progenitor cells
were already present in 2-month-old mutant
Furthermore, transcription factor 21 (T¢f21), which is an-
other marker of the AGP-like progenitor cells [29] was also
identified among the upregulated genes again, suggesting the
premature presence of these cells in the adrenal gland of mu-
tant animals. To determine if all the upregulated genes were
solely expressed in the spindle-shaped cells, the expression
of the upregulated gene PIANP was evaluated by immunohis-
tochemistry in the control and the mutant animals. The results
showed that in the adrenal cortex of control animals, PIANP
was detected in the nucleus of some adrenocortical cells in
control animals (Fig. S8A [20]). In Mst11¥/ox; Mgz flox/flox,
NrS5al-cre animals, PIANP was expressed in the spindle-
shaped cells (Fig. S8B [20]) as well as in the nucleus and cyto-
plasm of a larger proportion of adrenocortical cells
(Fig. S8B [20]). Furthermore, a crescent-shaped pattern of
perinuclear PIANP staining was observed in a subpopulation
of adrenocortical cells in the mutant animals (Fig. S8C [20]), a
pattern that was not observed in control animals. PIANP ex-
pression suggests that the increase in the expression of some
upregulated genes might not be solely attributable to the pres-
ence of the spindle-shaped cells.

Unlike the genes that were upregulated in the adrenal cortex
of Mst11oox N fgppfloxlox: Ny §41-cre animals, downregu-
lated genes included several genes known to be specifically
expressed in the zG or overexpressed in the zG compared
with the zF (angiotensin receptor 1b [Agtr1b] [48], esophageal
cancer related gene 4 [Ecrg4] [49], hydroxy-delta-5-steroid
dehydrogenase, 3 beta- and steroid delta-isomerase 6
[Hsd3b6] [50], nuclear receptor subfamily 0, group B, mem-
ber 1 [Nr0b1] [51, 52], Tescalcin [Tesc] [48], and visilin like
1 [Vsnl1] [53]; Table 3 [20]). This suggests that MST1/2 con-
tribute to the regulation of zG cell transcriptional activity, des-
pite the lack of clear differences in the abundance of DAB2+

mice.
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cells or in aldosterone secretion in Mst110¥/0x; pfgg2flox/flox,

NrSal-cre mice.

To further study the biological processes affected by the loss
of Mst1/2 in the adrenal cortex of Mst110¥flox, pfg2flox/flox,
Nr5al-cre animals, both upregulated and downregulated
genes were subjected to gene ontology analysis using
Metascape gene annotation and analysis resources. These ana-
lyses showed that the main biological processes in which upre-
gulated genes are involved include extracellular matrix
organization, regulation of cell adhesion, positive regulation
of cell migration, as well as mesenchyme development and re-
sponse to mechanical stimuli (Fig. S9A [20]). Fewer biological
processes were associated with downregulated genes. This list
included negative regulation of cell proliferation, regulation of
epithelial morphogenesis, and response to steroid hormones
(Fig. S9B [20]). Finally, to obtain a better understanding of
the relationships between genes affected by the loss of
Mst1/2, a functional protein association network was gener-
ated for regulated genes identified by the microarray (Fig. 8,
upregulated genes; Fig. S10, downregulated genes [20]).
Fnl, Ibsp, Mmp2, Thbs1, and Igf1 were identified at the cen-
ter of the network of upregulated genes (Fig. 8), suggesting
that they play key roles downstream of MST1/2.

Discussion

In recent years, Hippo signaling has been identified as one of
the most important signaling pathways involved in tissue de-
velopment and homeostasis including in the adrenal cortex.
Notably, inactivation of Yap/Taz leads to the progressive de-
generation of the adrenal cortex [14], whereas the inactivation
of Lats1/2 leads to the transdifferentiation of adrenocortical
cells into myofibroblast-like cells and fibrosis [15]. Here, we
report that the inactivation of Mst1 and Msz2, the most up-
stream kinases of the Hippo signaling cascade, leads to the
accumulation of subcapsular AGP-like progenitor cells poten-
tially associated with the downregulation of genes specifically
expressed in the zG.

The main phenotypic change observed in Mst
Mst2f0x/0x, NS g1 -cre mice is the premature accumulation
of a GATA4+, WT1+ progenitor-like cell population. This
cell population is normally observed in the adrenal cortex of
aging mice or following gonadectomy [26-29]. Abnormal ac-
cumulation of AGP-like progenitor cells has also been ob-
served in several transgenic mouse models [8, 22-25], and it
has been suggested that their appearance could be associated
with adrenal deficiency, as a supraphysiological accumulation
of progenitor cells would be needed to maintain homeostasis

1 ﬂox/ﬂox;
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in this context. Even though the adrenal cortex of mutant an-
imals in the present study appeared phenotypically normal
(aside from the accumulation of the spindle-shaped cells)
and aldosterone and corticosterone secretion were un-
changed, the microarray data showed that the transcriptional
activity of zG cells was affected, as the expression of genes
known to be specifically expressed or overexpressed in the
2zG was downregulated following conditional deletion of
Mst1 and Mst2. This reduction in transcriptional activity
might be associated with a subtle reduction in the activity of
zG cells that affects adrenal homeostasis and leads to the pre-
mature accumulation of the spindle-shaped cells. On the other
hand, it could also suggest that some zG cells dedifferentiate
into the AGP-like progenitor cells.

Two developmental origins have been proposed for the
AGP-like progenitor cell population. It was originally
shown that the spindle-shaped cells arise from WT1+ capsu-
lar stem cells [29]. However, recent tracing experiments per-
formed in the Ezh20°¥1°%NrSa1-cre model suggest that,
despite not expressing NR5A1, the spindle-shaped cells ob-
served in this mice model can also originate from the dedif-
ferentiation of NR5A1+ cells [25]. Furthermore, the fact
that GATA4 expression preceded WT1 expression in the
AGP-like progenitor cells indicates that spindle-shaped cells
do not originate from WT1+ cells in the Ezh2fox/flox;
Nr5al-cre model [25]. Though our results do not allow us

to conclusively determine the origin of the spindle-shaped
cells in the Mst11ox¥/fox, ps2floxox NS4 -cre model, the
fact that MST?2 is not expressed in the spindle-shaped cells
of the mutant animals but is maintained in their capsular
cells while MST2 is expressed in both the capsular cells
and the spindle-shaped cells of the control animals suggests
that at least some spindle-shaped cells are derived from
NRS5A1+ cells present in the adrenal cortex. Nonetheless,
tracing experiments marking NR5A1+ cells in the context
of the Mst1fox/flox, pfg2floxflox, N, 471 cre model would be
needed to conclusively determine whether the spindle-
shaped cells observed in the mutant animals originate solely
from the dedifferentiation of steroidogenic adrenocortical
cells. Furthermore, NR5A1+ cells in the zG include both
the progenitor cells and the aldosterone-producing cells
and the transdifferentiation of one or the other cell types
could lead to the observed phenotype. Creation of a
M1 flox/flox, pgppfloxiflox A g cre model, in which Mst1/2 are
inactivated specifically in aldosterone-producing cells of
the zG without affecting the progenitor cells would be
needed to test these nonmutually exclusive hypotheses.

As MST1/2 phosphorylate and activate LATS1/2, it was
originally anticipated that the phenotypic changes in the
adrenal cortex of the Mst11o¥10%Mgp2f0¥Mox Ny Sa1-cre
mice would be similar to those observed in Lats11o¥/flox;
Lats2119%,NrSa1-cre animals [12]. Though both models
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Figure 7. Effects of Mst1/2 ablation on gene expression. (A) Validation of the microarray data by RT-qPCR analysis (n =6 for Mst110¥10x: pfs2flox/fox gn g
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expressed as mean (columns) + SEM (error bars). Asterisks indicate significant differences from controls (* P<.05; **P<.01; ***P<.001).

developed spindle-shaped cells in their adrenal cortex, the
spindle-shaped cells in the Lats110¥/ox[ gpspflox/flox,
Nr5al-cre animals were already present by embryonic day
el5.5, leading to massive adrenal fibrosis and adrenal failure
[15]. It is not known if the spindle-shaped cells observed in
both models share some similarities, as high throughput ana-
lyses were not performed for the Lats11o10%;] gps2flox/flox,
Nr5al-cre model. However, it is important to note that

WT1 expression was only detected in rare adrenocortical
cells in Lats110/10%. [ g¢s2f10¥fox. N 541 cre animals whereas
GATA4 was not detected (Abou Nader et al unpublished
data). Another difference between both models is that the
phosphorylation of YAP remains elevated in both the zG
and the zF in Msz110¥10% Msz2f0¥/0x, Ny S 41 -cre animals,
whereas phosphorylation of YAP was drastically reduced in
the adrenal cortex of the Lats11010%, [ gzs2f0¥flox. Ny 541 -cre
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animals by e17.5 [15]. This suggests that MST1/2 are not the
main kinases that activate LATS1/2 and Hippo signaling in
the adrenal cortex. Interestingly, it was shown that the stimu-
lation of GaS-coupled receptors [54, 55] and cyclic adenosine
monophosphate/PKA signaling [56, 57] promote Hippo sig-
naling activity and YAP phosphorylation, whereas disruption
of GaS-PKA signaling inhibits Hippo signaling [58].
Furthermore, GaS-PKA signaling (which is the main driving
force for zF differentiation [7]) can bypass the need for
MST1/2 to phosphorylate LATS1/2 [54, 56], suggesting
that PKA could directly phosphorylate LATS1/2 in the zF.
It was also shown that angiotensin II can regulate Hippo
signaling both positively or negatively depending on the
context [59-62]; however, MST1/2 were not evaluated
in these studies. Aside from PKA signaling, it was shown that
mitogen-activated protein kinase kinase kinase kinases
(MAP4KSs) can also activate Hippo signaling by directly phos-
phorylating LATS1/2 in HEK293A cells [63]. This experiment
again suggests that MST1/2 could have a limited role in
the regulation of Hippo signaling in certain cell types.
Nonetheless, the microarray data shown herein demonstrates
that MST1/2 fine-tune Hippo signaling, as the expression of
known YAP downstream targets is increased in mutant
animals.

Even though MST1/2 do not appear to be the main regula-
tors of Hippo signaling in the adrenal cortex, some spindle-
shaped cells do not express phospho-YAP in Mst1!lox/fex,
M2 N 41 -cre mice, suggesting that MST2 contrib-
utes to the regulation of Hippo signaling in these cells.
Furthermore, the microarray dataset revealed that the

expression of several downstream targets of YAP was upregu-
lated in the adrenal of 2-month-old Msz110¥/ox, ppgz2floxtlox,
NrS5al-cre animals when rare spindle-shaped cells are first ob-
served. Mesenchymal differentiation, cell migration, and ma-
trix organization, all functions known to be regulated by YAP
[12, 64, 65], were also among the main biological processes
associated with upregulated genes, again suggesting that
MST1/2 regulate Hippo signaling in at least a subset of cells
of the adrenal cortex.

Finally, among the genes upregulated by MST1/2, 5 of them
(Fnl, Ibsp, Mmp2, Thbs1, and Igf1) were identified at the cen-
ter of the regulatory network. Interestingly, all 5 of these genes
are associated with epithelial to mesenchymal transition [66—
70] and are involved in extracellular matrix formation [71-
74]. They also have significant roles in tumor formation
and/or progression [75-81]. Furthermore, elevated FN1 ex-
pression is also associated with the formation of adrenocorti-
cal carcinoma [82, 83], and IGF2 (but not IGF1) is
overexpressed in most adrenocortical carcinomas [84-86].
Igf2 overexpression in the adrenal cortex of mutant mice
also leads to a phenotype [22] that is similar to that observed
in Msg1oxox, N 2flox/lox N § 47 cre mice, suggesting that
IGF signaling might contribute to the phenotype observed in
the adrenal gland of Mst11¥19%;Msp2f100x Ny Sa1-cre ani-
mals. Despite the importance of these genes for tumor forma-
tion and progression, loss of Mst1/2 was not sufficient to
initiate onco§enic transformation of the adrenal cortex in
the Mst1fox¥ox, pgp2flox/ox N S 51 -cre model. Nonetheless,
homozygous deletions of MST1 have previously been ob-
served in metastatic adrenocortical carcinoma [87],
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suggesting that loss of MST1/2 activity may facilitate tumor
progression in the adrenal cortex.

In summary, using a transgenic mouse model inactivating
Mst1/2 specifically in cells of the adrenal cortex, we demon-
strated that loss of Mst1/2 causes the premature accumulation
of AGP-like progenitor cells within the adrenal gland by regu-
lating Hippo signaling and expression of genes in zG cells.
Further studies will be required to understand the mechanism
of action of Hippo signaling throughout the development and
maintenance of the adrenal cortex and to better elucidate the
interaction between the main kinases of this pathway in this
tissue.
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