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A ZNRF3-dependent Wnt/p-catenin
signaling gradient is required
tor adrenal homeostasis
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Spatiotemporal control of Wnt signaling is essential for the development and homeostasis of many tissues. The
transmembrane E3 ubiquitin ligases ZNRF3 (zinc and ring finger 3) and RNF43 (ring finger protein 43) antagonize Wnt
signaling by promoting degradation of frizzled receptors. ZNRF3 and RNF43 are frequently inactivated in human
cancer, but the molecular and therapeutic implications remain unclear. Here, we demonstrate that adrenocortical-
specific loss of ZNRF3, but not RNF43, results in adrenal hyperplasia that depends on Porcupine-mediated Wnt ligand
secretion. Furthermore, we discovered a Wnt/B-catenin signaling gradient in the adrenal cortex that is disrupted upon
loss of ZNRF3. Unlike f-catenin gain-of-function models, which induce high Wnt/g-catenin activation and expansion
of the peripheral cortex, ZNRF3 loss triggers activation of moderate-level Wnt/p-catenin signaling that drives pro-
liferative expansion of only the histologically and functionally distinct inner cortex. Genetically reducing p-catenin
dosage significantly reverses the ZNRF3-deficient phenotype. Thus, homeostatic maintenance of the adrenal cortex

is dependent on varying levels of Wnt/p-catenin activation, which is regulated by ZNRF3.
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The Wnt pathway is an essential regulator of development
and homeostasis in many tissues (MacDonald et al. 2009;
Nusse and Clevers 2017). Signaling is initiated by secreted
Wnt ligands, which bind frizzled (FZD) membrane recep-
tors on cells within close proximity (Farin et al. 2016) to
trigger a canonical (B-catenin-dependent or Wnt/B-catenin)
or noncanonical (B-catenin-independent) Wnt response.
As aberrant Wnt signaling is associated with many diseas-
es, including cancer (Nusse and Clevers 2017), the strength
of Wnt signaling must be tightly regulated in vivo.
ZNREF3 (zinc and ring finger 3) and its homolog, RNF43
(ring finger protein 43), are newly identified negative reg-
ulators of Wnt signaling (Fearon and Spence 2012). Znrf3
and Rnf43 were first discovered by gene expression profil-
ing as B-catenin target genes (Hao et al. 2012) that are also
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enriched in LGR5" intestinal stem cells (Koo et al. 2012).
Once induced, ZNRF3 and RNF43 function as transmem-
brane E3 ubiquitin ligases to induce endocytosis of FZD
receptors from the cell surface (Hao et al. 2012; Koo
et al. 2012). Integral components of this signaling module
also include R-spondin (RSPO) proteins (de Lau et al.
2012), which are secreted factors that regulate the activity
of ZNRF3/RNF43. Specifically, RSPOs promote clearance
of ZNRF3/RNF43 from the membrane (Hao et al. 2012)
through both LGR-dependent and LGR-independent
mechanisms (Lebensohn and Rohatgi 2018; Szenker-
Ravi et al. 2018). Consequently, RSPO proteins neutralize
the negative effects of ZNRF3/RNF43 on Wnt signaling.
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Alterations in the RSPO-ZNRF3/RNF43 module have
been frequently identified in human cancer (Hao et al.
2016). These primarily include loss-of-function (LOF)
events in ZNRF3/RNF43 caused by homozygous deletion
or truncation mutation (Ong et al. 2012; Chan-On et al.
2013; Nord et al. 2013; Ryland et al. 2013; Assie et al.
2014; Giannakis et al. 2014; Robinson et al. 2015; Witkie-
wicz et al. 2015; Zheng et al. 2016) and gain-of-function
(GOF) events in RSPOs caused by translocations (Sesha-
giri et al. 2012; Robinson et al. 2015). Unlike many of
the previously identified Wnt pathway mutations in hu-
man cancer that alter the intracellular trafficking and
stability of B-catenin (Kinzler et al. 1991; Nishisho et al.
1991; Morin et al. 1997; Rubinfeld et al. 1997; Satoh
et al. 2000; Nusse and Clevers 2017), perturbations in
RSPO-ZNRF3/RNF43 act upstream to control Wnt recep-
tor availability. Thus, the loss of ZNRF3/RNF43 or gain of
RSPOs has the potential to enhance both p-catenin-depen-
dent and p-catenin-independent signaling, and the precise
molecular consequences remain unclear.

To examine the mechanisms downstream from RSPO-
ZNRF3/RNF43, we used the adrenal cortex as a model tis-
sue. The function of the adrenal cortex is to produce ste-
roid hormones that are essential for life and regulate key
biological processes (Walczak and Hammer 2015). In order
to achieve both a rapid and precise response, the adrenal
cortex uses hormonal feed-forward-feedback systems
that function in the context of histologically distinct adre-
nocortical zones (Xing et al. 2015). These layers, the outer
zona glomerulosa (zG), intermediate zona fasciculata (zF),
and inner zona reticularis (zR), produce mineralocorti-
coids, glucocorticoids, and androgens, respectively. Like
other more prototypical epithelial tissue models, includ-
ing the intestinal crypt (Clevers 2013) and skin epidermis
(Gonzales and Fuchs 2017), cells of the adrenal cortex are
continually renewed throughout life. This process is
governed predominantly by centripetal migration and dif-
ferentiation, where multipotent progenitor cells in the
surrounding mesenchymal capsule and outer zG give rise
to concentric layers of differentiated cortex (King et al.
2009; Freedman et al. 2013; Wood et al. 2013). Accordingly,
the adrenocortical homeostatic unit is an elegant model of
progenitor cell dynamics and cell fate conversion.

Previously, Wnt/B-catenin signaling has been shown to
be essential for normal adrenal gland formation and ho-
meostasis (Kim et al. 2008). High Wnt/p-catenin signaling
is constrained to the outer cortex (Walczak et al. 2014),
where it promotes zG differentiation and subsequent min-
eralocorticoid production (Berthon et al. 2014). However,
as cells of the zG are centripetally displaced, Wnt/-cate-
nin signaling is inhibited to allow conversion into zF cells
(Drelon etal. 2016). Spatial restriction of Wnt/p-catenin ac-
tivation to the outermost cortex is established in part by
capsular RSPO3, which promotes Wnt/p-catenin signaling
and is required for zG cell fate (Vidal et al. 2016) as well as
active PKA signaling in the zF, which represses Wnt/
p-catenin signaling (Drelon et al. 2016). Notably, genetic
mouse models of constitutive f-catenin activation, where
such restriction is lost, display expanded zG differentiation
and mineralocorticoid excess with concomitant loss of the
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zF (Berthon et al. 2010). These observations suggest that
the level of Wnt/B-catenin signaling in the adrenal cortex
must be tightly regulated to maintain functional zonation
and proper steroid hormone production.

Here, we investigated the potential role of ZNRF3 and
RNF43 in homeostatic regulation of the adrenal cortex.
We show that loss of ZNRE3, but not RNF43, leads to
severe adrenocortical hyperplasia. Through ablation of
porcupine (PORCN), a key enzyme required for Wnt li-
gand secretion, we demonstrate that the effects of
ZNREFS3 loss are highly dependent on Wnt signaling. Fur-
thermore, using high-resolution single-cell techniques,
we discovered a Wnt/B-catenin signaling gradient in the
adrenal cortex. We show that loss of ZNRF3 increases
Wnt/B-catenin activity specifically in the inner cortex, re-
sulting in disruption of this gradient. Moreover, genetical-
ly reducing the dosage of B-catenin significantly rescues
the ZNRF3-deficient phenotype. These results suggest
that adrenocortical cells are highly sensitive to varying
levels of Wnt/B-catenin activation and that ZNRF3 plays
an essential role in the adrenal cortex to maintain a
Wnt/B-catenin signaling gradient.

Results

ZNRF3 is expressed throughout the adrenal cortex,
beneath the RSPO-producing capsule

We sought to generate a conditional knockout (cKO)
mouse model to study the molecular mechanisms down-
stream from RSPO-ZNRF3/RNF43 signaling. In order to
design an appropriate targeting strategy, we first assessed
the expression and localization of Rspos, Rnf43, and
Znrf3 in the normal adrenal glands of 6-wk-old mice. Con-
sistent with previous studies (Vidal et al. 2016), we found
that Rspo3 from the outer adrenal capsule was the main
source of RSPOs (Supplemental Fig. S1). Next, we mea-
sured the expression and localization of Rnf43 and Znrf3,
which we hypothesized would be enriched in the zG, since
they have been characterized previously as Wnt/p-catenin
target genes (Hao et al. 2012). Indeed, Rnf43 was predomi-
nately expressed at low levels in the zG (Fig. 1A). In con-
trast, Znrf3 was more highly expressed and displayed a
wider expression pattern that included the zG as well as
the zF (Fig. 1B). This broad range of Znrf3 expression corre-
sponded to a 6.1-fold and 3.5-fold higher level of Znrf3
compared with Rnf43 in female and male mice, respective-
ly (Fig. 1C,D). Thus, ZNREF3 is the dominant homolog ex-
pressed in the adrenal gland. Furthermore, since RSPO3 is
predicted to neutralize ZNRF3 (Hao et al. 2012), these ob-
servations suggest a gradient of increasing ZNRF3 activity
toward the inner cortex.

Loss of ZNRF3 during adrenal development triggers
hyperplasia due to proliferative expansion of the zF

Based on the wide expression pattern of Znrf3, we chose
Steroidogenic factor 1 (SF1)-Cre, in which Cre is expressed
in all cells of the adrenal cortex (Bingham et al. 2006), to
generate a cKO mouse model. We crossed SF1-Cre mice
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Figure 1. ZNRF3 is expressed throughout the adrenal cortex, be-
neath the RSPO-producing capsule. (A,B) Rnf43 is expressed pre-
dominately in the zG (A), while Znrf3 is expressed throughout the
cortex (B). The dashed line marks the histological zG/zF boun-
dary. Bars, 50 pm. Representative images of single-molecule in
situ hybridizations (ISHs) from 6-wk-old female mice are shown.
(C,D) Quantification of ISHs based on pixel area. Statistical anal-
ysis was performed using two-tailed Student’s ¢-test. (*) P<0.05.

with Znrf3- and/or Rnf43-floxed mice, which contain
loxP sites flanking the RING domain of each gene (Koo
et al. 2012). This approach resulted in single-cKO mice
lacking functional ZNRF3 or RNF43 in all adrenocortical
cells as well as double-knockout mice to assess potential
compensation. At 6 wk of age, we observed a marked in-
crease in the size of the adrenal glands in Znrf3 cKO,
but not Rnf43 cKO, mice (Fig. 2A; Supplemental Fig.
S2A). Loss of ZNREF3 specifically resulted in an average
8.4-fold (female) (Fig. 2B) and 7.7-fold (male) (Supplemen-
tal Fig. S2B) increase in normalized adrenal weight. This
significant enlargement in adrenal size was accompanied
by an increase in cellularity (Fig. 2C; Supplemental Fig.
S2C) and loss of normal adrenocortical architecture, as vi-
sualized by immunohistochemistry (IHC) for the vascular
marker CD31 (Fig. 2D). These results support a critical
role for ZNREF3 in regulating adrenal growth and indicate
that Rnf43 does not compensate for Znrf3 loss in the adre-
nal cortex (Supplemental Fig. S3).

To define the histological changes caused by ZNRF3
deficiency, we next evalulated the expression of distinct
adrenal markers. Znrf3 ¢cKO and double-knockout mice
displayed an increase in SF1-positive adrenocortical cells
and disruption of the innermost tyrosine hydroxylase
(TH)-expressing medulla (Fig. 3A; Supplemental Fig.
S4A). Immunofluorescence (IF) staining for the zG marker
aldosterone synthase (AS; CYP11B2) and the zF marker
steroid 11B-hydroxylase (CYP11B1) revealed that the
expanded cell population expressed CYP11B1 but not
CYP11B2, suggesting a zF phenotype (Fig. 3B; Supplemen-
tal Fig. S4B). To rule out potential involvement of the
X zone, a transient region of the mouse adrenal cortex

ZNRF3 governs adrenal homeostasis via Wnt gradient

that forms adjacent to the medulla and ultimately regress-
es (Xing et al. 2017}, we stained for 20a-hydroxysteroid de-
hydrogenase (20a-HSD). In contrast to control and Rnf43
cKO mice, we were unable to detect 20a-HSD-positive
cells in Znrf3 cKO and double-knockout mice (Fig. 3C;
Supplemental Fig. S4C), indicating that the increase in
SF1-positive adrenocortical cells observed with ZNRF3
loss was not due to either expansion or failed regression
of the X zone. Since we could not readily visualize the X
zone by IHC, we also performed quantitative PCR on
whole adrenals for Pik3c2g and Akric18 (the gene encod-
ing 20a-HSD). As opposed to 6-wk-old male mice that un-
dergo X-zone regression at puberty, we detected Pik3c2g
and Akrlc18 in 6-wk-old female control and Znrf3 cKO
mice (Supplemental Fig. S5), suggesting that X-zone cells
were still present in Znrf3 cKOs but had become highly
dispersed, similar to the medulla. Finally, we performed
THC for Ki67 to measure cell proliferation and assessed
EdU incorporation to more specifically detect cells in
S phase. We observed a significant increase in both Ki67-
positive and EdU-positive cells within the zF of Znrf3
cKO mice (Fig. 3D-G; Supplemental Fig. S4D,E). Taken to-
gether, these results suggest that loss of ZNRF3 leads to
hyperplastic growth of the zF.

Since the zF normally functions to synthesize glucocor-
ticoids, we next evaluated hormone production in control
and Znrf3 cKO mice. We observed no significant differ-
ence in plasma concentrations of corticosterone (Fig.
3H), which is the main glucocorticoid produced in ro-
dents. However, glucocorticoid production is dynamically

A [ Control Bnfiacko | B

SF1-Cre: 6-week-old female|
6 .

Normalized
adrenal weight

0
Control Rnf43 Znrf3 dKO

cKO cKO
Fold
change: 1.00 1.36 8.40 8.79
C D

Control [ Control

Znrf3 cKO

Figure 2. Lossof ZNRF3inducesrapidadrenal growth. (A) Whole
adrenals from Znrf3 ¢cKO and Rnf43;Znrf3 double-knockout (dKO)
mice are significantly larger in size at 6 wk compared with control
or Rnf43 cKO mice. Bars, 1 mm. (B) Normalized adrenal weights
shown as mean and 95% confidence interval (CI). Statistical anal-
ysis was performed using Welch’s one-way ANOVA followed by
Games-Howell post hoc test. (**) P <0.01; (***) P<0.001. (C,D) Loss
of ZNRE3 disrupts normal adrenocortical architecture, as shown
by H&E (C) and THC (D) for the vascular marker CD31. Bars, 100
um. All data shown are from female mice.
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Figure 3. Loss of ZNRF3 results in proliferative expansion of the
zF. (A-C) ZNREF3 loss expands the zF and disrupts organization of
the inner adrenal medulla. Dashed lines mark histological corti-
cal/medullary and zG/zF boundaries. SF1 (cortex), TH (medulla),
B2 (zG), BI (zF), and 20a-HSD (X zone) were used as markers.
(D,E)ZNRF3losssignificantly increasesproliferationin thezFbased
onTHC forKi67 (D) and EAU (E) incorporation. DAB2 marks the zG.
(F,G) Quantification of Ki67 and EdU based on the number of posi-
tive cells per high-power field (HPF) within the histological zG or
zF.Resultsare shown asmean + SEM with threebiological replicates
per genotype. Statistical analysis was performed using two-way
ANOVA followed by Tukey’s post hoc test. (***) P <0.001; (****) P <
0.0001. Reported statistical results represent comparison between
zF compartments (gray). No significant difference was observed be-
tween zG compartments (black). (H,I) Znrf3 ¢cKO mice maintain
normal plasma corticosterone concentrations (H) concomitant
with decreased adrenocorticotropichormone (ACTH] (I). Statistical
analysis was performed using two-tailed Welch’s t-test. (**) P<0.01.
All data shown are from female mice. Bars, 50 pm.

regulated by adrenocorticotropic hormone (ACTH) from
the anterior pituitary as part of the hypothalamic—pitui-
tary—adrenal (HPA) axis. This classic endocrine system
is predicated on the integration of feed-forward activation
and negative feedback regulation. We found that plasma
ACTH was suppressed in Znrf3 cKO mice compared
with controls (Fig. 3I), consistent with an increase in the
number of steroidogenic zF cells and intact negative feed-
back. These results suggest that loss of ZNRF3 leads to
functional expansion of the zF and that the observed in-
crease in proliferation is not ACTH-dependent.

ZNRF3 deficiency in the adrenal glands of adult mice
disrupts homeostasis

Our SF1-Cre-driven cKO mouse model strongly implicat-
ed a critical role for ZNRF3 in regulating growth of the
zF. However, SF1-Cre is expressed as early as embryonic
day 10.5 (E10.5) in the developing embryo (Bingham et al.
2006), and a developmental analysis of Znrf3 cKO mice re-
vealed expansion of the adrenal cortex as early as postnatal
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day O (PO) (Supplemental Fig. S6). Therefore, whether
ZNREF3 functions primarily during embryonic and postna-
tal adrenal development or also during homeostatic main-
tenance of the adult cortex (after 6 wk of age) remained
unclear. Moreover, SF1-Cre is also expressed in the ventro-
medial hypothalamic nucleus, anterior pituitary, spleen,
and gonads (Bingham et al. 2006). Given that ACTH-pro-
ducing corticotroph cells within the anterior pituitary
directly regulate adrenal function, we confirmed that there
were no significant histological changes in the pituitary of
Znrf3 cKO mice compared with controls (Supplemental
Fig. S7A). These results are consistent with SF1-Cre activ-
ity being restricted to gonadotrophs rather than cortico-
trophs in the anterior pituitary (Supplemental Fig. S7B;
Bingham et al. 2006). However, we still could not
completely exclude the possibility that ZNRF3 loss in oth-
er tissues affected adrenocortical growth. To clarify the
function of ZNRF3 in the adrenal gland, we generated a
cKO mouse model driven by AS-Cre (Freedman et al.
2013). AS (CYP11B2)is an essential steroidogenic enzyme
required for mineralocorticoid production (i.e., aldoste-
rone) and thus is expressed only in the adrenal cortex,
where itis restricted to the zG (Giroud et al. 1956). Howev-
er, since the adrenal cortex is maintained by a continual
process of centripetal migration and differentiation, AS-
expressing cells in the zG replenish the inner cortex over
time (Freedman et al. 2013). Notably, as confirmed by lin-
eage tracing (Fig. 4A), the majority of the zF is derived from
AS-expressing cells by 12 wk of age in female mice (Freed-
man et al. 2013; Dumontet et al. 2018).

Using AS-Cre, we generated Znrf3 ¢cKO mice and as-
sessed the size of the adrenal gland beginning at 6 wk of
age (data not shown). We first observed a significant in-
crease (2.58-fold) in normalized adrenal weight at 30 wk
of age, which progressed to an average 5.52-fold increase
by 52 wk (Fig. 4B,C). Consistent with our SF1-Cre-driven
Znrf3 cKO mouse model, AS-Cre-driven loss of ZNRF3 re-
sulted in an expanded zF and disrupted adrenocortical or-
ganization (Fig. 4D,E; Supplemental Fig. S8), concomitant
with increased proliferation in the zF (Fig. 4F). These re-
sults demonstrate that adrenal-specific loss of ZNRF3 is
sufficient to induce adrenocortical hyperplasia. Moreover,
since the phenotype is not observed until after the zF is
fully derived from the AS-expressing cell lineage, these re-
sults also support a key role for ZNRF3 in homeostatic
maintenance of the zF.

Loss of ZNRF3 acts through a Wnt-dependent
mechanism

Previous studies have implicated ZNRF3 as a critical Wnt
inhibitor that acts by reducing the level of FZD receptors
on the cell surface (Hao et al. 2012, 2016; Koo et al.
2012). Based on these observations, we next genetically in-
activated Porcn to test whether the hyperplastic adrenal
phenotype seen in ZNRF3-deficient mice was Wnt-
dependent. PORCN is an enzyme that posttranslationally
modifies all Wnt ligands before their secretion (Lum and
Clevers 2012; Rios-Esteves and Resh 2013). As a result,
loss of PORCN acts upstream in the Wnt pathway to block
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Figure 4. AS-Cre recapitulates SF1-Cre-driven ZNRF3 loss, sup-
porting an adrenal-specific defect in the zF. (A) AS-Cre expression
begins in the zG, which gives rise to the zF. Bars, 20 um. (B) Ad-
renal glands from AS-Cre-driven Znrf3 cKO mice are significantly
larger in size by 30 wk compared with controls. Bars, 1 mm.
(C) Normalized adrenal weights are shown as mean and 95%
CI. Statistical analysis was performed using two-tailed Welch’s
t-test. (**) P<0.01; (****) P<0.0001. (D,E) AS-Cre-driven loss of
ZNRF3 recapitulates the phenotype observed with SF1-Cre, in-
cluding progressive disruption of the innermost TH-expressing
medulla by SF1-positive (D) and CYP11B1-positive (E) zF cells.
Bars, 100 um. (F) AS-Cre-driven loss of ZNREF3 significantly in-
creases proliferation. Quantification of Ki67 based on the number
of positive cells per high-power field (HPF) within the histological
zG or zF. Results are shown as mean + SEM with at least three bi-
ological replicates per genotype. Statistical analysis was per-
formed using two-way ANOVA followed by Tukey’s post hoc
test. (**) P<0.01; (***) P<0.001. Reported statistical results repre-
sent comparison between zF compartments (dashed line). No sig-
nificant difference was observed between zG compartments
(solid line). Dashed lines mark histological cortical/medullary
and zG/zF boundaries. All data shown are from female mice.

ligand availability (Barrott et al. 2011). We used SF1-Cre to
generate conditional Porcn;Znrf3 double-knockout mice
and assessed adrenal size and morphology at 6 wk of age.
Loss of PORCN alone had little effect on the cortex (Fig.
5A,B; Supplemental Fig. S9), likely due to ligand secretion
being maintained in SF1-negative capsular cells. However,
Porcn;Znrf3 double-knockout mice displayed signifi-
cantly reduced adrenal weight compared with Znrf3
cKOs (Fig. 5A). Moreover, Porcn;Znrf3 double-knockout
mice had relatively normal adrenocortical architecture
(Fig. 5B), including a more consolidated medullary com-
partment and the presence of radial cords within the zF.
Thus, loss of ZNRF3 promotes adrenal hyperplasia via
Wnt signaling.

ZNRF3 loss disrupts a Wnt ligand gradient
in the adrenal cortex

Next, to identify candidate Wnt ligands that may contrib-
ute to the ZNRF3-deficient phenotype, we performed sin-

ZNRF3 governs adrenal homeostasis via Wnt gradient

gle-molecule in situ hybridizations (ISHs) for Wnt ligands
in adrenals from 6-wk-old cKO mice. Given the short range
across which Wnt ligands are thought to act (Boutros and
Niehrs 2016; Farin et al. 2016), we were particularly inter-
ested in those expressed in the zF, where loss of ZNRF3
drives adrenocortical expansion. Here, we identified only
two ligands, Wnt4 and Wnt5a, which were expressed in
the zF of the normal adrenal cortex and induced in Znrf3
cKOs (Fig. 5C,D, Supplemental Fig. SI0A,B).

WNT4 has been implicated previously as a driver of
Wnt/B-catenin signaling in the adrenal cortex that serves
to promote zG differentiation (Drelon et al. 2016; Vidal
etal.2016). Consistent with these studies, Wnt4 was high-
ly expressed in the zG of control mice (Fig. 5C). However,
we also observed a Wnt4 gradient that continued into the
upper zF of the normal adrenal cortex (Fig. 5C,D). Znrf3
cKO mice showed comparable levels of high-intensity
Wnt4 expression in the zG (Fig. 5C,D), consistent with
the observed normal CYP11B2 levels in these mice.
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Figure 5. Manifestation of the ZNRF3-deficient phenotype re-
quires Wnt ligand secretion. (A,B) Loss of PORCN significantly
rescues the increase in adrenal weight (A) and disrupted adreno-
cortical architecture (B) observed with ZNREF3 loss. (dKO) Double
knockout. Normalized adrenal weight is shown as mean and 95 %
CI. Statistical analysis was performed using one-way ANOVA fol-
lowed by Tukey’s post hoc test. (**) P<0.01; (****) P<0.0001. Rep-
resentative H&Es from male cKOs are shown. The dashed line
marks the histological cortical/medullary boundary. Insets
show zF. Bars, 100 um. (C) Wnt4, which is expressed along a gra-
dient in the normal adrenal cortex, is significantly increased in
the inner cortex of Znrf3 cKOs. Single-molecule ISHs were per-
formed in 6-wk-old females. The dashed line marks the histolog-
ical zG/zF boundary. Bars, 50 pm. (D) Quantification of Wnt4 ISH
data based on pixel area within five equal-sized regions (R1-R5)
extending from the outer capsule. Results are shown as mean =
SEM with five biological replicates per genotype. The mean pixel
area for each region is noted in red. Statistical analysis was per-
formed using one-way ANOVA followed by Tukey’s post hoc
test. (¥) P<0.05; (**) P<0.01; (****) P <0.0001.
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Unexpectedly, Znrf3 cKO mice lost the Wnt4 gradient in
the zF and instead displayed moderate-level Wnt4 expres-
sion throughout the entire zF (Fig. 5C,D). These results
were also observed in 52-wk-old AS c¢cKO mice (Sup-
plemental Fig. SI0C,D). In addition, Wnt5a, which has
not been characterized previously in the adrenal cortex,
was restricted to the zG and upper zF of control mice
(Supplemental Fig. S10A,B) but showed significantly
increased expression throughout the zG and zF in
ZNREF3-deficient mice (Supplemental Fig. SI0A,B). Taken
together, these results suggest that loss of ZNRF3 acts
through a Wnt-dependent mechanism that may be mediat-
ed by an elevated and broader expression pattern of WNT4
and/or WNT5A.

Loss of ZNRF3 increases Wnt/B-catenin signaling
in the zF to promote adrenal hyperplasia

Given the known role of WNT4 as a driver of Wnt/p-
catenin signaling in the adrenal cortex (Drelon et al.
2016; Vidal et al. 2016), we next assessed B-catenin activa-
tion in Znrf3 cKO mice. We performed IHC for nonphos-
pho (active) B-catenin and found that control mice
displayed high-intensity active B-catenin staining only in
the zG (Fig. 6A, top panel), similar to reported in vivo
TCF/LEF reporter activity (Ferrer-Vaquer et al. 2010;
Walczak et al. 2014). In addition, however, we observed
a gradient of B-catenin activation in the inner cortex,
with moderate signal in the upper zF and no signal in
the innermost zF. This p-catenin pattern corresponded
precisely to the Wnt4 gradient. High-intensity active -
catenin was similarly confined to the zG in Znrf3 cKO
mice (Fig. 6A, bottom panel). However, consistent with
the expansion of Wnt4 expression, moderate-intensity f-
catenin staining was present throughout the zF. To con-
firm these observations, we performed single-molecule
ISH for Axin2, a well-characterized Wnt/p-catenin target
gene (JTho et al. 2002; Lustig et al. 2002). Mirroring activat-
ed B-catenin, we detected a gradient of Axin2 expression
in the normal adrenal gland and sustained moderate-level
Axin2 expression throughout the zF of Znrf3 ¢KOs (Fig.
6B,C; Supplemental Fig. S11). These results suggest that
loss of ZNRF3 in the adrenal cortex results in a significant
increase in Wnt/B-catenin activity within the zF that dis-
rupts the normal signaling gradient.

Previously, combined loss of ZNRF3 and RNF43 in
the intestinal epithelium was reported to robustly and
uniformly activate Wnt/p-catenin signaling (Koo et al.
2012). By comparison, ZNRF3 loss in the mouse adrenal
cortex appeared to specifically increase moderate-level
Wnt/B-catenin activity. To extend these observations,
we assessed differential Wnt/p-catenin pathway activa-
tion in normal human adrenal tissue, where each zone
was isolated by laser capture microdissection, and in hu-
man adrenocortical carcinomas (ACCs), where activating
mutations in CTNNBI (the gene encoding p-catenin) and
LOF alterations in ZNRF3 are found in a mutually exclu-
sive 16% and 20% of cases, respectively (Assie et al. 2014;
Zheng et al. 2016). We developed a Wnt/p-catenin activa-
tion score based on the combined expression of five bona
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Figure 6. Loss of ZNRF3 increases moderate-level Wnt/p-cate-
nin signaling to promote adrenal hyperplasia. (A-C) ZNRF3
loss increases activated B-catenin (A) and Axin2 (B,C) expression
in the zF. Representative images from 6-wk-old females are
shown. The dashed line marks the histological zG/zF boundary.
Bars, 50 um. Axin2 quantification based on pixel area within
five equal-sized regions (R1-R5) extending from the outer cap-
sule. Results are shown as mean + SEM with four biological repli-
cates per genotype. The mean pixel area for each region is noted in
red. Statistical analysis was performed using one-way ANOVA
followed by Tukey’s post hoc test. (*) P<0.05; (**) P<0.01; (***)
P<0.001; (****) P<0.0001. (D) Wnt/B-catenin activation follows
a gradient in the normal human adrenal cortex. Each zone was
isolated by laser capture microdissection (LCM). Statistical anal-
ysis was performed using one-way ANOVA followed by Tukey’s
post hoc test. (*) P<0.05; (***) P<0.001.

fide adrenocortical Wnt/-catenin target genes: APCDD]1,
AXIN?, LEF1, LGR5, and NKD1 (Kim et al. 2008; Berthon
et al. 2010; Walczak et al. 2014; Drelon et al. 2016). We
then measured the relative level of Wnt/B-catenin activity
in each zone of the normal human adrenal gland (Nishi-
moto et al. 2015) as well as in tumors from The Cancer
Genome Atlas (TCGA) ACC project (Zheng et al. 2016).
In the normal human adrenal, the zG showed the highest
level of Wnt/p-catenin activation, as expected. However,
in agreement with our observations of mice, the zF showed
a lower level of Wnt/p-catenin activation compared with
the zG that was significantly higher than the innermost
zR (Fig. 6D). We validated these results by single-molecule
ISH for AXIN? in a normal human adrenal sample, where
we visualized a gradual decrease in AXIN? from the outer
to the inner cortex (Supplemental Fig. S12). In human tu-
mors, ACCs harboring CTNNBI-activating mutations
had a significantly higher Wnt/B-catenin activation score
compared with those without known Wnt pathway muta-
tions (Fig. 7A). However, tumors with ZNRF3 alterations
(either homozygous deletion or mutation) showed sig-
nificantly lower levels of Wnt/B-catenin activation com-
pared with CTNNB1-mutated tumors.
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Figure 7. Reduced B-catenin dosage significantly reverses the
ZNRF3-deficient phenotype. (A) Wnt/p-catenin activation in
ZNRF3-altered human ACCs is significantly lower compared
with CTNNBI-activated tumors. Statistical analysis was per-
formed using Welch’s one-way ANOVA followed by Games-
Howell post hoc test. (****) P<0.0001. (B,C) Loss of a single
copy of Ctnnb1 in the context of ZNRF3 loss significantly rescues
adrenal weight (B) and proliferation (C). Normalized adrenal
weights are shown as mean and 95% CI. Statistical analysis
was performed using Welch’s one-way ANOVA followed by
Games-Howell post hoc test. (¥) P<0.05; (***) P<0.001; (****) P<
0.0001. Quantification of Ki67 based on the number of positive
cells per high-power field (HPF) within the histological zG or
zF. Results are shown as mean + SEM with three biological repli-
cates per genotype. Statistical analysis was performed using two-
way ANOVA followed by Tukey’s post hoc test. (*) P <0.05; (****)
P<0.0001. Reported statistical results represent comparison be-
tween zF compartments (gray). No significant difference was ob-
served between zG compartments (black). (D) Model for how
varying levels of Wnt/p-catenin signaling regulate adrenal ho-
meostasis. High Wnt/B-catenin signaling in the zG, which is driv-
en in part by capsular-derived Wnts and RSPOs, helps promote zG
differentiation. As zG cells migrate centripetally, moderate-level
Wnt/p-catenin signaling supports proliferation and conversion
into zF. Wnt/B-catenin signaling is ultimately shut off in the in-
nermost cortex to facilitate proper homeostatic turnover. With
loss of ZNRF3, moderate-level Wnt/B-catenin signaling is sus-
tained throughout the inner cortex, resulting in increased prolif-
eration and hyperplasia.

Depletion of f-catenin levels partially restores adrenal
homeostasis after loss of ZNRF3

Taken together, our observations in both mouse and hu-
man models of ZNRF3 deficiency in the adrenal gland
suggested that loss of ZNRF3 specifically increases mod-
erate-level Wnt/B-catenin signaling. To test the functional
significance of these results, we sought to generate a cKO
mouse model lacking both Znrf3 and p-catenin (Ctnnb1).
However, since SF1-Cre-driven loss of Ctnnb1 precludes
adrenal development beyond E16.5 (Kim et al. 2008), we
were unable to generate any Znrf3;Ctnnb1 double-knock-

ZNRF3 governs adrenal homeostasis via Wnt gradient

out animals (data not shown). Instead, we assessed the role
of B-catenin in our ZNRF3-deficient phenotype by inacti-
vating a single copy of CtnnbI. We found that adrenals
from compound Ctnnb1 heterozygous:Znrf3 ¢cKO mice
were significantly smaller (Fig. 7B; Supplemental Fig.
S13) and had significantly reduced proliferation (Fig. 7C)
compared with Znrf3 cKOs. Specifically, Ctnnb1 hetero-
zygosity resulted in an average 42.3% reduction in adrenal
size. These results demonstrate that the phenotype of
Znrf3 cKOs is at least in part p-catenin-dependent. Fur-
thermore, these results suggest that adrenocortical cells
are sensitive to varying levels of Wnt/B-catenin activity
and that ZNRF3 acts in the adrenal cortex to maintain a
Wnt/B-catenin gradient required for normal homeostasis.

Discussion

Using high-resolution single-molecule approaches, we
discovered a Wnt/B-catenin signaling gradient in the adre-
nal cortex. Furthermore, ZNREF3 is required to maintain
this gradient and adrenal homeostasis. Consistent with
previous studies, high Wnt/p-catenin signaling is restrict-
ed to the zG (Kim et al. 2008; Walczak et al. 2014; Drelon
et al. 2016). However, Wnt/B-catenin activity is not uni-
formly inhibited throughout the zF. Rather, signal
strength gradually decreases as cells of the zG move cen-
tripetally and convert to zF cells. Genetic inactivation of
ZNREF3 in the adrenal cortex leads to aberrant Wnt/p-cat-
enin signaling specifically in the zF, which disrupts the
normal Wnt/B-catenin gradient. We demonstrate the
functional significance of these observations by genetical-
ly reducing the dosage of p-catenin, which significantly
rescues the ZNRF3-deficient phenotype.

Although consistent with an expected increase in Wnt/
B-catenin signaling, our Znrf3 cKO mouse model displays a
fundamentally different phenotype than previous models
of B-catenin GOF. Specifically, B-catenin GOF in the adre-
nal cortex expands the zG, resulting in an overproduction
of aldosterone (Berthon et al. 2010), while ZNRF3 LOF ex-
pands the zF. These results suggest that the dosage of Wnt/
B-catenin activity influences adrenocortical cell fate. High
levels of Wnt/B-catenin, which are achieved with direct -
catenin stabilization, help drive proliferation as well as
glomerulosa differentiation. f-Catenin has been shown
to activate transcription of key zG genes, including
ATIR and CYP11B2, in vitro (Berthon et al. 2014}, and ac-
tivating mutations in CTNNBI are associated with in-
creased glomerulosa function in both mice (Berthon
etal. 2010) and humans (Akerstrom et al. 2016). Converse-
ly, inactivation of Wnt/B-catenin in the adrenal gland
through deletion of either Ctnnbl (Kim et al. 2008),
Wnt4 (Heikkili et al. 2002; Drelon et al. 2016), or Rspo3
(Vidal et al. 2016) leads to a reduction in CYP11B2 expres-
sion and impaired aldosterone production (when mea-
sured). These data indicate that high Wnt/p-catenin
signaling is required for functional zG differentiation. In
contrast, lower levels of Wnt/B-catenin activation, which
are achieved with loss of ZNRF3, are not sufficient to drive
zG identity and primarily promote proliferation. This is
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observed in the normal adrenal cortex, where the highest
levels of proliferation occur at the zG/zF boundary
(Kataoka et al. 1996) along the Wnt/B-catenin gradient, as
well as in Znrf3 cKO mice, where proliferation and moder-
ate levels of Wnt/p-catenin signaling are sustained. Taken
together, these observations suggest that throughout the
process of centripetal differentiation, varying levels of
Wnt/B-catenin signaling have different functional conse-
quences (Fig. 7D). High Wnt/p-catenin signaling is neces-
sary in the outer cortex to drive zG differentiation,
moderate Wnt/p-catenin signaling in the intermediate cor-
tex allows for proliferation and zF cell fate conversion, and
complete inhibition of Wnt/-catenin signaling is impor-
tant in the innermost cortex for proper homeostatic
turnover.

At the molecular level, it remains unclear how ZNRF3
LOF in the adrenal cortex sustains only moderate levels
of Wnt/B-catenin activation as compared with the high
levels that might have been initially predicted based on
previous studies in other tissues. One potential mecha-
nism, which has been described recently in the adrenal
cortex, is active repression of Wnt/B-catenin signaling by
PKA. Specifically, PKA signaling in the zF has been shown
to inhibit zG differentiation through WNT4 repression
(Drelon et al. 2016). Thus, in our model, the competing ef-
fects of ZNREF3 loss (WNT4 activation) and PKA activa-
tion (WNT4 repression) in a zF cell may result in an
overall moderate level of WNT4 ligand and subsequent
Wnt/p-catenin signaling. In addition, the level of Wnt/p-
catenin activation in response to ZNRF3 loss may be con-
strained by the physical distance between the capsule,
where RSPOs (Vidal et al. 2016) and additional Wnt ligands
(Drelon et al. 2015) are produced, and the zF, where the
ZNREF3-deficient phenotype is manifest. Capsule-derived
RSPOs and Wnts would likely have minimal impact on
cells greater than one to two cell diameters away due to
the short range over which they are thought to act (Kazan-
skaya et al. 2004; Rocha et al. 2015; Farin et al. 2016). Con-
sequently, despite an increase in membrane receptor
complexes, zF cells in Znrf3 ¢cKO mice may not receive
the Wnt ligands/agonists necessary for high Wnt/p-
catenin signaling. Finally, the level of Wnt/p-catenin
activation with ZNRF3 LOF may be dampened by cross-
talk with B-catenin-independent signaling, including the
planar cell polarity (Wnt/PCP) and calcium (Wnt/Ca>*)
pathways. FZD proteins that are regulated by ZNRF3
and required for Wnt/p-catenin signaling are also integral
to Wnt/PCP and Wnt/Ca>* (Katoh and Katoh 2007; Hao
et al. 2012). As a result, loss of ZNRF3 may concurrently
activate Wnt/PCP or Wnt/Ca>*, which have been shown
previously to inhibit Wnt/B-catenin signaling (Grumolato
et al. 2010). Activation of Wnt/PCP or Wnt/Ca?* would be
Wnt ligand-dependent and could be mediated by WNT5A,
which is ectopically expressed in Znrf3 cKO mice. Howev-
er, noncanonical Wnt signaling and the role of WNT5A in
the adrenal cortex have yet to be elucidated. Further stud-
ies are needed to test the functional impact of PKA, stro-
mal RSPOs/Wnts, and noncanonical Wnt activation on
ZNREF3 LOF. These studies will shed light on the molecu-
lar basis for the observed functional difference between
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B-catenin GOF (i.e., Wnt/p-catenin-high) and ZNRF3
LOF (i.e., Wnt/p-catenin-moderate).

Somewhat surprisingly, we observed a difference in the
level and expression pattern of Rnf43 and Znrf3 in the ad-
renal cortex. Moreover, we did not observe functional re-
dundancy or compensation between the homologs,
which suggests that these proteins may be inherently dis-
tinct. These observations are particularly interesting given
the differences between RNF43 and ZNRF3 revealed pre-
viously by their crystal structures (Zebisch et al. 2013).
An unexpected and highly conserved dimerization mode
specific to ZNRF3 was identified, which was speculated
to mediate a yet unknown difference in their function
and/or regulation. While we cannot conclude a definitive
difference in function given the higher Znrf3 expression
level, Rnf43 and Znrf3 are clearly differentially regulated
in the adrenal cortex. Rnf43 expression is restricted to
the Wnt/B-catenin-high zG, while Znrf3 is expressed at
higher levels and in both the zG (Wnt/B-catenin-high)
and zF (Wnt/p-catenin-moderate and Wnt/p-catenin-off).
Notably, a similar paradigm has been observed in the liver,
where Rnf43 is limited to the first few layers surrounding
the central vein, while Znrf3 is expressed in all hepato-
cytes (Planas-Paz et al. 2016). These observations suggest
a broader function for ZNRF3 beyond the progenitor cell
niche. Furthermore, these results suggest that Rnf43 and
Znrf3 are differentially regulated, which could be ex-
plained by varying thresholds of Wnt/p-catenin signaling
activating different transcriptional targets or by additional
pathways that may regulate Znrf3 expression.

In addition to progenitor cell dynamics, our studies
have important implications for human cancers, where
the RSPO-ZNRF3/RNF43 signaling module is frequently
altered. ZNRF3 was identified recently as the most com-
monly altered gene in ACC, with an average 20% of cases
harboring biallelic inactivation (Assie et al. 2014; Zheng
et al. 2016). However, ZNRF3 is also recurrently deleted
in osteoblastoma (Nord et al. 2013) and advanced prostate
cancer (Robinson et al. 2015) and down-regulated in gas-
tric adenocarcinoma (Zhou et al. 2013) and papillary thy-
roid cancer (Qiu et al. 2016). RNF43 mutations range from
4.0% to 18.9% in a variety of cancers, including colorectal
adenocarcinoma (Giannakis et al. 2014), mucinous ovari-
an carcinoma (Ryland et al. 2013), pancreatic cancer (Wit-
kiewicz et al. 2015), and cholangiocarcinoma (Ong et al.
2012; Chan-On et al. 2013), and RSPO fusions are fre-
quently observed in advanced prostate cancer (Robinson
et al. 2015) and colon cancer (Seshagiri et al. 2012). Impor-
tantly, these alterations are predicted to confer Wnt ligand
sensitivity, which can be therapeutically targeted with
newly developed PORCN inhibitors (Liu et al. 2013;
Madan and Virshup 2015). Although our mouse model
of ZNREF3 deficiency does not fully recapitulate human
tumors, our studies demonstrate a critical role of Wnt li-
gands in mediating the effects of ZNRF3 loss. Notably,
we observed a highly significant rescue with genetic abla-
tion of Porcn, which supports further testing of PORCN
inhibitors against ZNRF3-deficient human tumors, in-
cluding ACCs. Since loss of Porcn did not completely res-
cue the ZNRF3-deficient phenotype, it is possible that
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ZNRF3 may have additional Wnt-independent functions.
However, due to the use of SF1-Cre in this experiment,
secretion of Wnt ligands from the outer mesenchymal
capsule was maintained and could account for the incom-
plete rescue. Pharmacological PORCN inhibitors may be
more effective at inhibiting Wnt activation in this model,
since they will target Wnt production in both the capsular
and cortical compartments. Thus, our results support
further testing of upstream Wnt pathway inhibitors in
RSPO-ZNRF3/RNF43-altered tumors.

In conclusion, our data demonstrate that ZNRF3 is a
critical mediator of adrenal homeostasis. Through a series
of in vivo genetic manipulations, we show that ZNRF3
specifically controls a Wnt/B-catenin signaling gradient,
which is essential for maintaining cortical cell renewal
and zonal differentiation.

Materials and methods

Mice

All experiments were carried out in accordance with protocols
approved by the Auvergne Ethics Committee (Porcn) and the Uni-
versity Committee on Use and Care of Animals at the University
of Michigan (all others). All mouse lines—SF1-Cre?8® (Bingham
et al. 2006), AS*/“* (Freedman et al. 2013), Znrf3%/*::Rnf43%/*
(Koo et al. 2012), Ctnnb1™/* (Brault et al. 2001), Porcn™/* (Barrott
et al. 2011), and ROSA™T/™S (Muzumdar et al. 2007)—have
been described previously. Adrenals were cleaned of excess fat,
weighed, and frozen in liquid nitrogen or fixed as described. Adre-
nal weights were compared based on the sum of both adrenal
glands and normalized to body weight. We observed no significant
difference in body weight between genotypes (Supplemental Fig.
S14). SF1-Cre-driven control and Znrf3 cKO cohorts from all ex-
periments performed at the University of Michigan were com-
bined for analysis.

Single-molecule ISH

Adrenals were fixed in 10% normal buffered formalin (VWR) for
24 h at room temperature, paraffin-embedded, and cut into 5-
um sections. The RNAscope Brown detection kit (Advanced
Cell Diagnostics) was used according to the manufacturer’s in-
structions. Probes are listed in Supplemental Table S1. Images
were acquired on an Olympus BX-51 microscope with an Olym-
pus DP-70 camera. Automated image analysis was performed
on 40x images using Image]J (version 1.48) as described previously
(Grabinski et al. 2015). A description of image analysis with ex-
amples is in Supplemental Figure S15. The average of three inde-
pendent images per sample and at least three biological replicates
per condition was analyzed.

Histology

Adrenals were fixed in 4% paraformaldehyde for 1 h at 4°C, paraf-
fin-embedded, and cut into 5-pm sections. Antibody information,
dilutions, and unmasking conditions are listed in Supplemental
Table S1. For DAB-based detection, the InmPRESS Excel staining
kit (Vector Laboratories) was used according to the manufacturer’s
instructions and images were acquired on an Olympus BX-51 mi-
croscope with an Olympus DP-70 camera. For IF, unmasked slides
were blocked for 1 h at room temperature followed by primary an-
tibody incubation overnight at 4°C. Primary antibodies were de-
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tected with Dylight-conjugated secondary antibodies (1:800;
Jackson ImmunoResearch) or HRP-polymer solution (Vector Lab-
oratories) and Alexa fluor tyramide reagent (Thermo Fisher). Non-
specific staining was blocked using 10% normal goat serum (NGS)
and 0.5% SDS in TBS (anti-CYP11B1-555), 2.5% horse serum, and
1% bovine serum albumin (BSA; detection with HRP polymer) or
5% NGS and 3% BSA in TBST. The M.O.M. kit (Vector Laborato-
ries) was used for all primary mouse antibodies according to the
manufacturer’s instructions, and nuclei were counterstained
with DAPIL Slides were mounted using ProLong Gold (Life Tech-
nologies) and imaged on a Zeiss ApoTome microscope with an
AxioCam MRm camera. Quantification of Ki67 or EdU was per-
formed on 40x images using ImageJ (version 1.48). The average of
three independent images per sample and at least three biological
replicates per condition was analyzed.

EdU

EdU (Invitrogen) was resuspended in 10 mg/mL sterile PBS, and
mice were injected intraperitoneally 2 h prior to sacrifice (100
mg/kg). The Click-iT EdU Alexa fluor imaging kit (Invitrogen)
was used according to the manufacturer’s instructions.

Wnt/B-catenin score

Relative Wnt/B-catenin activation in each tumor from TCGA
ACC was calculated using gene set variation analysis (GSVA)
(Hinzelmann et al. 2013). A composite enrichment score was
determined based on the “gsva” function and five selected bona
fide Wnt/p-catenin target genes: APCDD1, AXIN2, LEF1, LGRS,
and NKDI1. Wnt/B-catenin activation was compared between
tumors based on Wnt pathway mutation status. Two tumors
with APC deletions and one tumor with an unknown Wnt muta-
tion status were excluded. For normal human adrenals, laser cap-
ture microdissection microarray data were downloaded from
Gene Expression Omnibus (.CEL files; GSE68889), and the R/Bio-
conductor “affy” package was used to read the data and perform
RMA normalization. Expression values for probes 225016_at,
222695_s_at, 221558_a_at, 210393_at, and 229613_at (APCDD1,
AXIN2, LEF1, LGR5, and NKD1, respectively) were used to calcu-
late the Wnt/B-catenin activation score in each zone as described.

Hormone measurements

Blood samples were obtained between 9:00 a.m. and 10:00 a.m. by
decapitation and within 30 sec of handling to minimize stress-in-
duced ACTH secretion. Core trunk blood was collected using
sodium heparin-coated evacuated tubes (Fisher Scientific) and
centrifuged at 568¢ for 15 min at 4°C to obtain plasma. When
>75 pL was obtained, samples were divided into two aliquots
for ACTH and steroid measurement and stored at —80°C prior
to analysis. If <75 uL was obtained, samples were assigned ran-
domly for ACTH or steroid measurement. ACTH levels were
determined by immunoassay (MD Bioproducts) in duplicate ac-
cording to the manufacturer’s instructions. Two independent
samples with known concentrations of synthetic ACTH were in-
cluded in each assay as internal controls. Plasma corticosterone
concentrations were determined by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) as described in the Sup-
plemental Material.

Statistics

Statistical analyses were performed using R and Graphpad Prism
7. For comparison of two groups, a two-tailed Student’s t-test or
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two-tailed Welch’s t-test (if normal distribution could not be as-
sumed) was performed. For more than two groups, one-way
ANOVA followed by Tukey’s post hoc test or Welch’s one-way
ANOVA followed by Games-Howell post hoc test (if normal dis-
tribution could not be assumed) was performed. Two-way
ANOVA followed by Tukey’s post hoc test was used when ana-
lyzing two independent variables. Supplemental Table S2 con-
tains detailed statistical information.
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