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Key Points

� The fundamental science behind the genetic associations of Shroom3 with CKD is a knowledge gap in molecular
nephrology.

� Shroom3 regulates actomyosin dynamics in kidney tubular epithelium after AKI.
� This study supports that Shroom3 is a molecular player in tubular repair and provides insight into the genetic

associations of Shroom3 and CKD.

Abstract
Background Ischemia-induced AKI resulting in tubular damage can often progress to CKD and is a common
cause of nephrology consultation. After renal tubular epithelial damage, molecular and cellular mechanisms are
activated to repair and regenerate the damaged epithelium. If these mechanisms are impaired, AKI can progress
to CKD. Even in patients whose kidney function returns to normal baseline are more likely to develop CKD.
Genome-wide association studies have provided robust evidence that genetic variants in Shroom3, which
encodes an actin-associated protein, are associated with CKD and poor outcomes in transplanted kidneys. Here,
we sought to further understand the associations of Shroom3 in CKD.

Methods Kidney ischemia was induced in wild-type (WT) and Shroom3 heterozygous null mice (Shroom3Gt/1)
and the mechanisms of cellular recovery and repair were examined.

Results A 28-minute bilateral ischemia in Shroom3Gt/1 mice resulted in 100% mortality within 24 hours. After
22-minute ischemic injury, Shroom3Gt/1 mice had a 16% increased mortality, worsened kidney function, and
significantly worse histopathology, apoptosis, proliferation, inflammation, and fibrosis after injury. The cortical
tubular damage in Shroom3Gt/1 was associated with disrupted epithelial redifferentiation, disrupted Rho-kinase/
myosin signaling, and disorganized apical F-actin. Analysis of MDCK cells showed the levels of Shroom3 are
directly correlated to apical organization of actin and actomyosin regulators.

Conclusion These findings establish that Shroom3 is required for epithelial repair and redifferentiation through
the organization of actomyosin regulators, and could explain why genetic variants in Shroom3 are associated
with CKD and allograft rejection.
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Introduction
The kidney has evolved tubular reparative mecha-
nisms after AKI that facilitate complete recovery and
re-establishment of kidney function (1). This involves
poorly functioning or damaged tubular cells being
removed by cell death (2), and the remaining undam-
aged epithelium undergoing dedifferentiation to mes-
enchymal cells (3). The dedifferentiated epithelial cells
then proliferate, undergoing cell migration and
changes in cell shape (4). This results in the integra-
tion of the newly formed tubular epithelial cells,
which repair the damaged tubular regions. Although

many patients make a full functional recovery, an AKI
is associated with increased incidents of CKD, ESKD,
and mortality (5,6). Although the mechanisms of
recovery after AKI are multifactorial, maladaptive or
incomplete epithelial repair at the subcellular level is
a major contributing factor (7).
Large-scale genome-wide association studies have

consistently identified numerous genetic variants in
SHROOM3 as being highly associated with CKD
(8,9), reduced eGFR (9), increased albumin-creatinine
ratio (10), and low serum magnesium levels (11). Fur-
thermore, donor kidneys with genomic variants in
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SHROOM3 transplanted into a recipient are associated
with chronic allograft rejection, characterized by reduced
eGFR, increased fibrosis, and nephropathy (12). Shroom3 is
an actin-binding protein that facilitates the subcellular
localization of actin to the apical region of epithelial cells
(13–15). Subsequently, the recruitment and interaction of
Shroom3 with Rho-kinase (ROCK) and downstream activa-
tion of nonmuscle myosin II results in the contraction of
actomyosin, leading to cell shape changes and tissue mor-
phogenesis (16). These Shroom3-regulated morphologic
processes are essential for epithelial morphogenesis during
the development of several organs, including the neural
tube (17), lens (18), gut (19), thyroid (20), heart (21), and kid-
ney (22). During embryonic kidney development, Shroom3
homozygous null mice exhibit several abnormally forming
nephrons early in kidney development, which leads to
a reduced glomerular number at birth (22). Although
Shroom3 homozygous null mice are embryonically lethal
due to exencephaly (23), the postnatal analysis of 1-year-old
Shroom3 heterozygous null mice exhibit podocyte foot
process effacement and kidney disease, resulting from dis-
rupted ROCK/nonmuscle myosin II signaling, which dis-
rupts actin dynamics (22). Several other studies analyzing
Shroom3 genomic variants also demonstrated podocyte
cytoskeletal abnormalities leading to albuminuria and CKD
(24–26). Altogether, these studies confirm essential roles for
Shroom3 in kidney development and maintenance of kid-
ney function.
The remarkable reparative processes of the kidney, from

initial injury to repair and cell migration, are dependent on
the modulation of the actin cytoskeleton (27). Yet, the mole-
cules and pathways that modulate the actin dynamics dur-
ing kidney injury and repair are not well understood.
Given Shroom3 is associated with CKD, transplant rejec-
tion, and reduced kidney function, we hypothesize that
Shroom3 may be a contributing factor in recovery and
repair after a kidney injury, and investigated this possibil-
ity in this manuscript.

Materials and Methods
Mice Procedures
Shroom3 heterozygous mutant mice were originally gen-

erated by Hildebrand and Soriano (1999) by the insertion
of a gene-trap (Gt) SAbgalCrepA cassette between exons 3
and 4 of the Shroom3 gene. The insertion blocks splicing
from exon 3 and 4 and creates a fusion RNA encoding
beta-galactosidase and cre recombinase (23). Because of the
gene-trap insertion, there is no detectable mRNA encoded
by exon 4 and onwards. These mice are therefore termed
Shroom3Gt/1 (Gt) and the other allele is Wild-type (WT),
(1 for WT). Genotyping was performed as previously
described (22). Shroom3Gt/1 were bred to WT CD1 mice and
WT littermates were used as controls. All animal studies
were performed in accordance with animal care guidelines
set by the Animal Research Ethics Board at McMaster Uni-
versity (Animal Utilization Protocol #18–03–12). Ischemia/
reperfusion (I/R) surgical procedures were performed on
3-month-old Shroom3Gt/1 heterozygous and wild type as
described for 28 and 22 minutes (48). Sham-operated con-
trol mice did not receive the ischemia/reperfusion. Kidney
function was assayed by serum creatinine assay kit (Sigma

Aldrich, St. Louis, MO, USA) using retro-orbital blood sam-
ples at 0 hours (baseline, before ischemia reperfusion kid-
ney injury [IRI]), 24 hours, 48 hours, 3 days, 5 days, 7 days,
and 10 days after ischemia/reperfusion.

Histology and Immunologic Techniques
Kidneys were resected 48 hours and 10 days after ische-

mia/reperfusion, and fixed in 4% paraformaldehyde for 24
hours, processed for histology, and stained with H&E,
PAS, and PSR (Sigma Aldrich, Oakville, ON, Canada).
Immunohistochemistry (IHC) and immunofluorescence
was performed as described (41). For mouse monoclonal
primary antibodies, mouse-on-mouse blocking reagents
(Vector Laboratories, Burlingame, CA, USA) were used,
per manufacturer protocols. Primary antibodies used were
Shroom3 (gift from Dr. Timothy Plageman, Ohio State Uni-
versity), aSMA-IF (Sigma Aldrich, 1:100), F4/80 (Santa
Cruz Biotechnology, 1:200), aSMA-IHC (Agilent (Dako),
1:100), PDGFRb (Cell Signaling Technology, 1:100), CD206
(Abcam, 1:1500), Caspase-3 (Invitrogen, 1:200), Vimentin
(Santa Cruz Biotechnology, 1:200), neural cell adhesion
molecule (NCAM) (Sigma Aldrich, 1:100), Ki-67 (Abcam,
1:200), N-cadherin (Santa Cruz Biotechnology, 1:100),
E-cadherin (Abcam, 1:100), beta-catenin (BD Biosciences,
1:200), kidney injury molecule 1 (Kim1; Novus Biologicals,
1:100), F-actin (Bioss Antibodies, 1:200), and phospho-
myosin light chain (Cell Signaling Technology, 1:200). Sec-
ondary antibodies used were biotinylated anti-mouse or
anti-rabbit (Vector Laboratories, 1:200), anti-mouse Dylight
594 (Thermo Fisher Scientific, 1:1000), and anti-rabbit Alex-
aFluor 488 (Thermo Fisher Scientific, 1:1000). All images
were captured using the CellSens acquisition software
(Olympus Life Science, Waltham, MA, USA) from the
Olympus BX80 light and fluorescence microscope.

Quantification of Fibrosis, F4/80, Apoptosis, Proliferation,
and Kim1

In total, 10 randomly selected fields from six WT and six
Shroom3Gt/1 mice were obtained under 4003 magnification
from the cortical and medullary region for fibrosis, F4/80,
apoptosis, proliferation, and Kim1 levels. ImageJ (v1.51)
processing software was used to manually determine
threshold values until the regions of interest were
highlighted. Identical threshold values were used for all
images for fibrosis, F4/80, and Kim1. The percentage of
fibrosis, F4/80, and Kim1 staining was calculated relative
to the total kidney area of the tissue field. The number of
Caspase 3 and Ki-67 cells were counted for renal cor-
puscles, cortical, and medullary tubules, and divided by
total number of cells in each field. Two-tailed t test was
performed using GraphPad Prism (v8.1.2, USA) to compare
levels in WT and Shroom3Gt/1 mice, P values of ,0.05 were
considered statistically significant, and data are reported as
mean6SEM.

MDCK Cell Culture Experiment
The fluorescent mCherry tag was inserted in frame 59 of

the Shroom3 coding sequence in the pCMV-Shroom3-Flag
vector as described (15). Then, mCherry-Shroom3 was cloned
into the Eag1 restriction site of the pTre3G plasmid (Takara
Bio, USA). Stable MDCK cell lines were generated with the
Tet-On inducible expression system (Clontech, USA) using
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the pCMV-Tet3G and pTre3G-mCherry-Shroom3 plasmids,
and hygromycyin/G418 dual selection. Cells were plated on
Lumox culture dishes, allowed to reach confluency,
treated with doxycycline (1 mg/ml) for 24 hours, and fixed
with 4% PFA for 1 hour. Cells were then immunolabeled
using primary antibodies (a-Flag, Sigma F3165; a-non-
muscle myosin IIB, #PRB-445P), stained for F-actin
(phalloidin-647, Invitrogen) and imaged by fluorescence
microscopy. ImageJ was utilized to measure the intensity
of .50 random bicellular junctions from three different
experiments images using the line tool, and the apical cor-
tex of .50 cells from three different experiments using the
ellipse tool.

Results and Discussion
Shroom3 is a risk gene for CKD (8,9), reduced eGFR

(8,9), and post-transplant renal fibrosis (12,28,29), yet its
causative mechanisms in kidney disease and kidney repair
are unknown. Several of the Shroom3 variants associated
with impaired kidney function are predicted to alter the
expression levels of Shroom3, alter Shroom3 function, and
some variants are predicted to be damaging to protein
function (26). To begin to understand the associations of
Shroom3 with kidney disease, we initially defined the
Shroom3 protein expression in 3-month-old WT kidneys.
In WT mice, Shroom3 primarily localized to the apical
regions of the cortical tubular epithelium (Figure 1, A and
B). To better understand Shroom39s potential pathologic
role in kidney disease and repair, we utilized WT and
Shroom3 heterozygous null mice (Shroom3Gt/1) and sub-
jected them to IRI. The Shroom3Gt/1 mutant mice do not
exhibit any overt phenotypic alterations when compared
with WT littermates (Supplemental Figure 1). Furthermore,
both WT and Shroom3Gt/1 mutants exhibited identical
Shroom3 protein expression pattern after AKI (IRI),
although the Shroom3 protein levels were reduced, as
expected in heterozygous mice (Figure 1B). Further, no
expression of Shroom3 was observed in cells of the intersti-
tium in WT or Shroom3Gt/1 mutants before or after IRI (Fig-
ure 1, A and B and Supplemental Figure 1). We utilized
Shroom3Gt/1 heterozygous null mice in this analysis,
rather than Shroom3Gt/Gt homozygous null mice. The
Shroom3Gt/Gt homozygous null mice die at birth due to
exencephaly, which prevents any postnatal analysis (23).
Taken together, these studies confirm the Shroom3Gt/1 het-
erozygous null mice are phenotypically similar to WT mice
at 3 months, with the exception of exhibiting reduced
Shroom3 expression levels.
To investigate the potential pathologic role of Shroom3 in

kidney disease and kidney repair, WT and Shroom3Gt/1mice
were subjected to IRI by clamping the renal pedicles bilat-
erally for 28 minutes. This AKI resulted in all Shroom3Gt/1

mice dying within 24 hours of the procedure (n56). This
prevented any further functional and histologic analysis
(Figure 1C). This prompted us to perform the IRI proce-
dure for 22 minutes. After 48 hours, WT mice had a mor-
tality rate of 7% (one of 14) and Shroom3Gt/1 mice had 23%
(six of 26) (Figure 1D). After 10 days, the mortality rate
was 14% (two of 14) in WT mice and 35% (nine of 26) in
Shroom3Gt/1 mice (Figure 1D). Although the increased

mortality could be caused by extensive tissue damage to
the kidney itself, there could be other contributing factors.
AKI can affect other organ systems such as the brain,
heart, and lungs. Considering Shroom3 is expressed in
each of these organs, it would be interesting to determine
if an AKI injury has effects in these organs and whether
Shroom3 plays a role.
To better understand the consequences of reduced

Shroom3 expression on the kidney, we next analyzed the
histopathology at 48 hours after injury. The WT mice
demonstrated focal areas of dilated cortical tubules con-
taining small amounts of cellular debris in cortical tubule
lumens (Figure 1E). The medullary tubules exhibited no
marked alterations (Figure 1I). In contrast, the cortical
tubules in Shroom3Gt/1 mice exhibited a substantial num-
ber of dilated tubules containing cellular debris and pro-
tein casts (Figure 1F). These tubules exhibited epithelial
flattening, loss of brush border, and cell detachment (Fig-
ure 1F). Almost all of the medullary tubules were also
dilated and contained protein casts (Figure 1J). By 10
days, WT kidneys demonstrated little observable tissue
damage in the cortex or medulla (Figure 1, G and K). Con-
versely, Shroom3Gt/1 kidneys at 10 days still exhibited
severe cortical and medullary histopathology (Figure 1, H
and L). The analysis of the Sham-operated controls in
Wild-type or Shroom3Gt/1 kidneys did not exhibit any
observable histopathology (Supplemental Figure 2, A–C).
This analysis indicates the WT mice progress through the
tissue reparative processes after an AKI, but the
Shroom3Gt/1 mice do not. We next performed a kidney
function analysis after IRI using serum creatinine assay.
The WT mice exhibited a two-fold increase in serum creat-
inine at 24 hours, which returned to baseline after 48
hours (Figure 1M). In contrast, Shroom3Gt/1 mice demon-
strated a 3.8-fold increase in serum creatinine at 24 hours
when compared with baseline levels (Figure 1M), indicat-
ing a more severe effect on kidney function after 24 hours.
The levels remained elevated in the Shroom3Gt/1 mice at 48
hours and trended toward baseline levels by 7 days (Figure
1M). This indicates that Shroom3Gt/1 mice do make a full
functional recovery, but this recovery is delayed and is
associated with poor histopathology.
After an AKI, several cellular and molecular processes

are activated to repair the kidney (30). However, if the
repair processes are altered or inefficient, this can result in
extensive tissue remodelling and renal fibrosis. Our analy-
sis of Shroom3Gt/1 mice after 10 days demonstrated a signif-
icant amount of interstitial fibrosis around the renal
corpuscles (Figure 2, A and B), proximal tubules (Figure 2,
A and B), and collecting ducts (Figure 2, D and E). Quanti-
tative analysis demonstrated a 4.35-fold increase in cortical
fibrosis (Figure 2, A–C) and a 5.86-fold increase in the med-
ullary fibrosis when compared with WT (Figure 2, A–C).
We were therefore interested in the mechanisms of how
Shroom3Gt/1 mice exhibited increased fibrosis. Myofibro-
blasts are the dominant cells that contribute to the deposi-
tion of extracellular matrix and thus leading to fibrosis
(30,31). Therefore, we analyzed WT and Shroom3Gt/1 kid-
neys for aSMA, a marker of myofibroblasts. In WT, aSMA
was observed in select tubular epithelial cells but was
largely absent in the interstitium at both 48 hours and 10
days (Figure 2D). In contrast, widespread aSMA
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expression was observed primarily in the tubules and inter-
stitium of Shroom3Gt/1 kidneys at 48 hours and 10 days
(Figure 2E). This indicated there was an extensive expan-
sion of myofibroblasts and fibrosis in the Shroom3Gt/1

kidneys in response to the AKI, suggesting a potential
mechanism of the worse kidney injury.

There has been some debate as to the origin of the
expanding myofibroblast cell population. Studies have
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demonstrating Shroom3 expression primarily in cortical tubular epithelium (arrowhead). (B) Shroom3 expression continues to be expressed
in cortical tubules 48 hours and 10 days after IRI (arrowhead). The levels of Shroom3 expression are reduced in Shroom3Gt/1 tubules but
the spatial pattern remains identical. (C) and (D) Shroom3Gt/1 mice have higher mortality rates after a 28-minute and 22-minute IRI. (E)–(L)
Representative H&E-stained kidney tissue 48 hours and 10 days after IRI. After 48 hours Shroom3Gt/1 kidneys exhibit more severe cortical
and medullary tubular damage (arrowheads) when compared with WT (E)–(H). After 10 days the Shroom3Gt/1 kidneys exhibit severe histo-
pathology although the WT mice have recovered (I)–(L). (M) Analysis of kidney function. Wild-type mice show a two-fold increase in
serum creatinine levels at 24 hours after IRI, P50.02 (*), which returned to baseline levels by 48 hours. In contrast, Shroom3Gt/1 mice show
a 3.8-fold increase in serum creatinine levels after 24 hours, P,0.0001 (**), which persisted at 48 hours after IRI, P,0.0001 (***) and trended
to baseline levels by day 10. Scale bars 5 400 mm (A), 10 mm (B), 200 mm (E)–(L). WT 5 wild-type.

54 KIDNEY360



48hr

Wild-type Shroom3Gt/+

Cortex

Medulla

Cortex

Medulla

10day 48hr Cortex

Medulla

Cortex

Medulla

10day

10day 10day

G

Wild-type

48hr

48hr

Cortex

Shroom3Gt/+

0

20

Medulla Renal
Corpuscles

40

60

80

P
er

ce
nt

 fi
br

os
is

pe
r 

fie
ld

0

20

40

60

Cortex Medulla Renal
Corpuscles

0

5

15

10

Wild-type 10 day Shroom3Gt/+ 10 day 

10 days post IRI

P
S

R

Cortex Medulla

Wild-type

Shroom3Gt/+

Wild-type

Shroom3Gt/+

# 
of

 F
4/

80
 c

el
ls

 p
er

 m
m

2  
# 

of
 F

4/
80

 c
el

ls
 p

er
 m

m
2  

A B

C

Wild-type Shroom3Gt/+

F

H

I

R

J L MK N

Shroom3Gt/+Wild-type

48hr 10dayD E 48hr 10day

PSR

P
S

R

�
S

M
A

F
4/

80
F

4/
80

�
S

M
A

P
D

G
F

R
C

D
20

6

48 hours 10 days 48 hours 10 days 10 days

* *

*
*

* *

*

*

48 hours post IRI

10 days post IRI

Figure 2. | Shroom3Gt/1 mice exhibit expanded fibrosis after renal IRI. (A) (B) Representative low- and high-power picrosirius red–stained
kidney tissue from WT and Shroom3Gt/1. (A)–(C) Qualitative and quantitative analysis demonstrates increased cortical and medullary inter-
stitial fibrosis surrounding cortical and medullary tubules (arrowheads). (D) and (E) IF of aSMA expression in WT and Shroom3Gt/1(arrow-
head). In contrast to WT (D), Shroom3

Gt/1

exhibit an expanded expression at 48 hours and 10 days after IRI in the tubular epithelium and
interstitium. (F)–(I) Representative images of F4/80 IHC in cortex and medulla from WT and Shroom3Gt/1 at 48 hours and 10 days after
IRI. (H) and (I) Quantitation of F4/801 cells demonstrating Shroom3Gt/1 mice exhibit more F4/801 cells around the cortex, renal
corpuscles, and medulla. (J)–(N) Representative images of serial sections of WT and Shroom3Gt/1 mutants 10 days after IRI and IHC per-
formed for aSMA, PDGFRb, CD206 demonstrating aSMA cells primarily derive from resident fibroblasts in Shroom3Gt/1 mutants (arrow-
heads). *P,0.0001. Scale bars 5 400 mm (A) and (B) insets 5 40 mm, 40 mm (D)–(G) and (N), 80 mm (J)–(M). WT 5 wild-type.

KIDNEY360 3: 51–62, January, 2022 Shroom3 Modulates Epithelial Recovery after Kidney Injury, Li et al. 55



Wild-type Shroom3Gt/+

48 hours

Wild-type Shroom3Gt/+

V
im

en
tin

N
-c

ad
he

rin
E

-c
ad

he
rin

0

0.5

%
 A

po
pt

os
is

Cortex Medulla Renal Corpuscles

1.0

1.5

Cortex Medulla Renal Corpuscles

0

0.5

1.0

1.5

%
 A

po
pt

os
is

Wild-type

Shroom3Gt/+

Cortex Medulla Renal Corpuscles

0

10

20

30

40

50

0

10

20

30

40

50

Cortex Medulla Renal Corpuscles

%
 P

ro
lif

er
at

io
n

%
 P

ro
lif

er
at

io
n

B
et

a-
ca

te
ni

n
10 days 48 hours 10 days

48 hours

10 days

A
po

pt
os

is
 

(C
as

pa
se

-3
)

48 hours

10 days

48 hours 10 days 48 hours 10 days

A B

C

D

O

P

E F G H

Q R S T

U V W X

Y AAZ BB

P
ro

lif
er

at
io

n 
(K

i6
7) M N

N
C

A
M

Wild-type Shroom3Gt/+

48 hours 10 days 48 hours

Wild-type Shroom3Gt/+

48 hours 10 days 48 hours 10 days

10 days

I J K L

*

*

*

*

*

*

*

*

*

Tubule 
lumen

Tubule 
lumen

Tubule 
lumen

Tubule 
lumen

Tubule 
lumen

Model of tubule orientation

Model of tubule orientation

Apical

Basal

Apical

Basal

Apical

Basal

Apical

Basal

Figure 3. | Shroom3Gt/1 mice exhibit altered recovery and epithelial differentiation after IRI. (A) and (B) Representative low- and high-
power images demonstrating caspase-3 immunohistochemistry indicating dying cells (arrowheads). (A)–(D) Qualitative and quantitative
analysis demonstrates a significant increase in the number of apoptotic cells in the cortex and renal corpuscles in Shroom3Gt/1 mutants 10
days after IRI. (E)–(L) Representative low- and high-power images of IHC for vimentin (E)–(H) and NCAM (I)–(L) in kidney tissue from

56 KIDNEY360



suggested it could be due to macrophage transdifferentia-
tion and/or interstitial fibroblast activation (32). Therefore,
we next analyzed WT and Shroom3Gt/1 kidneys for F4/
801, a marker of circulating and resident macrophages
(33). In WT, scarce F4/801 cells were found in the intersti-
tium surrounding the nephrons and medullary tubules at
48 hours and the number of these F4/801 cells was
reduced significantly by 10 days (Figure 2, F, H, and I). In
contrast, Shroom3Gt/1 mice exhibited a substantial number
of F4/801 cells surrounding the glomeruli and cortical and
medullary tubules at 48 hours, and the number of F4/801
cells increased at 10 days (Figure 2, G, H, and I). This
means there is an expansion of the macrophage cell popu-
lation, but whether the macrophages are resident or infil-
trating from the circulation is not known. Therefore, we
next performed serial section IHC for aSMA, CD206, and
PDGFRb. CD206 is a marker of infiltrating and alterna-
tively activated profibrotic macrophages (34,35), and
PDGFRb is a marker of resident fibroblasts (36,37). In WT
tissue, some aSMA-positive cells expressed PDGFRb (Fig-
ure 2, J and K), but no overlapping expression of CD206
was observed at 48 hours or 10 days (Figure 2, J and K).
Shroom3Gt/1 mice exhibited overlapping aSMA and
PDGFRb expression at 48 hours, however, very little
CD206 expression was observed and no overlap was
observed (Figure 2L). After 10 days, many of the aSMA
cells overlapped with PDGFRb-expressing cells (Figure 2,
M and N). However, clusters of CD206-expressing cells
exhibited minimal overlap with aSMA cells (Figure 2, M
and N). These data demonstrate the majority of the
expanding myofibroblast population in our model system
is derived from resident fibroblasts. Our data also support
that a small proportion of infiltrating macrophages also
contributes to the myofibroblast population. The data that
we observed in our model system are consistent with
other reports in different model systems (32).
We next analyzed apoptosis using a morphologic and

biochemical analysis. The analysis of cell death after 48
hours revealed a modest increase in the cortical and medul-
lary tubules and renal corpuscles in Shroom3Gt/1 kidneys
when compared with WT (Figure 3, A–D). However, after
10 days of recovery, Shroom3Gt/1 kidneys exhibited signifi-
cant levels of apoptosis in the tubular epithelium, culminat-
ing in a four-fold increase in cortical apoptosis and a three-
fold increase in renal corpuscle apoptosis in Shroom3Gt/1

kidneys (Figure 3, C and D). Programmed cell death after
AKI removes the damaged or dying cells usually by shed-
ding them into the tubular lumen (38) or through phagocy-
tosis by neighboring epithelial cells. These data suggest a
large number of damaged cells are being removed during
the initial stages of re-establishing the functional epithe-
lium (38,39). As the damaged cells are removed, there is an

onset of mesenchymal cell marker expression such as
vimentin and NCAM, which indicates epithelial-to-mesen-
chymal transition (40,41,42). At 48 hours after IRI, vimentin
and NCAM expression are observed in the tubular epithe-
lium in both WT and Shroom3Gt/1 kidneys (Figure 3, E, G, I,
and K). By 10 days, low levels of vimentin and NCAM are
observed in a few tubular epithelial cells in WT mice (Fig-
ure 3, F and J). In contrast, the Shroom3Gt/1 kidneys exhib-
ited increased vimentin and NCAM expression in the tubu-
lar epithelium and in cells directly adjacent to the tubules
(Figure 3, H and L). After dedifferentiation, the injured epi-
thelia begin the repair process through proliferation of the
dedifferentiated tubular epithelia to restore the cells lost
during the injury. In Shroom3Gt/1 mutants after 48 hours, a
seven-fold and four-fold increase in proliferating cells was
observed in the cortex and medulla, respectively, when
compared with WT (Figure 3, M–P). The proliferating cells
can be observed in the tubular epithelium and to a lesser
extent in the interstitium and renal corpuscle (Figure 3, M
and N). By 10 days, the cortical cell proliferation in
Shroom3Gt/1 mutants remained significantly higher when
compared with WT (Figure 3, M and N). Altogether the
continued apoptosis, dedifferentiation, and cell prolifera-
tion is consistent with the inability to recover after the IRI
AKI (43).
Essential to tubular repair is that dedifferentiated epithe-

lial cells re-establish epithelial markers, such as E-cadherin
and N-cadherin (3). In both WT and Shroom3Gt/1 mutants
after 48 hours of recovery, N-cadherin, primarily a marker
of the proximal tubule, was mostly cytoplasmic (Figure 3,
Q and S). By 10 days, WT kidneys re-established
N-cadherin in the basolateral membrane of the cortical
tubules, but the Shroom3Gt/1 mutants did not recover this
basolateral expression (Figure 3, R and T). This indicates
the proximal tubules in Shroom3Gt/1 mutants are not able to
recover the normal epithelial protein expression pattern. At
both 48 hours and 10 days, tubular E-cadherin, a primary
marker of the distal convoluted tubule, localized between
cell to cell junctions and in basolateral membranes in
tubular epithelial cells in WT (Figure 3, U and V). In
Shroom3Gt/1 mutants at 48 hours, E-cadherin was also
observed in the basolateral membranes, although this
appeared to be at lower levels in cell to cell junctions
(Figure 3, W and X). Although this indicates both major
cortical tubules are affected, the reduced expression of
Shroom3 affects the proximal tubule more severely. The
stabilization of adherens junctions is also essential for
re-establishing the tubular epithelium (44). The analysis of
beta-catenin, a key adherens junction protein, confirmed the
disrupted tubular epithelium and poorly established junc-
tions in Shroom3Gt/1 mutant tubular epithelium (Figure 3,
Y–BB). Altogether, these data demonstrate that after IRI, WT

Figure 3. | Continued. WT and Shroom3Gt/1. In contrast to WT, Shroom3Gt/1 mutants exhibit increased expression of Vimentin and
NCAM after 10 days of IRI (arrowheads). (M) and (N) Representative low- and high-power images of Ki67 IHC in WT and Shroom3Gt/1

mutants 48 hours and 10 days after IRI indicating cell proliferation (arrowheads). (O) and (P) Qualitative and quantitative analysis demon-
strates significant increases in the number of proliferating cells in Shroom3Gt/1 mutants 48 hours and 10 days after IRI. (Q)–(BB) Represen-
tative low- and high-power images of IHC for N-cadherin (Q)–(T), E-cadherin (U)–(X), and beta-catenin (Y)–(BB) in kidney tissue from WT
and Shroom3Gt/1. Wild-type kidneys re-establish the tubular epithelial junctional proteins 10 days after IRI, which is not observed in the
Shroom3Gt/1 mutants (arrowheads). *P#0.0001. Scale bars 5 200 mm (A), (B), (M), and (N), 40 mm (E)–(L), insets 5 10 mm, 20 mm
(Q)–(BB) insets 5 10 mm. WT 5 wild-type.

KIDNEY360 3: 51–62, January, 2022 Shroom3 Modulates Epithelial Recovery after Kidney Injury, Li et al. 57



pMLC

S
hr

oo
m

3G
t/+

10 days

0

20

40

60

80

100

48hr 10 days

Wild-type

F-actin

W
ild

-t
yp

e

48 hours 48 hours 10 days

S
hr

oo
m

3G
t/+

W
ild

-t
yp

e

10 days48 hours
10 days

10 days

B C
C’

E F F’
10 days48 hours

G

H H’ I I’

ML’ M’

J K

N O

J’ K’

N’ O’

A

D

Shroom3 NMIIB F-actin Merge

S
hr

oo
m

3
E

xp
re

ss
io

n
Lo

w
H

ig
h

P

Q

R

Kim1 Kim1
Kim1

Kim1 Kim1 Kim1

1–4
Relative Shroom3 intensity of bicellular junctions

4–7 7–10 10–13
0
1
2
3
4
5
6
7
8
9

10

R
el

at
iv

e
in

te
ns

ity

S

Shroom3Gt/+

S
hr
oo
m
3G

t/+

NMIIB

F-Actin
*

*

*

*

*

*

*

*

*

*

Tubule
lumen

Tubule
lumen

Tubule
lumen

Tubule 
lumen

Model of tubule orientation

Model of tubule orientation

Apical

Basal

Apical

Basal

T Wild-type Shroom3Gt/+

Apoptotic cells
Myofibroblasts

Matrix

Actin
reorganization

Epithelial
redifferentiation

De-differentiated
epithelial cells

Normal
epithelial repair

Persistent
proliferation

Persistent
apoptosis

Poorly-differentiated 
tubular epithelium

Increased 
myofibroblasts

Increased 
apoptosis

Increased
proliferation 

Disorganized
actin Poor epithelial

redifferentiation

De-differentiated
epithelial cells 

Expanded myofibroblast
and fibrosis

U

W
ild

-t
yp

e

L
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and Shroom3Gt/1 epithelial cells are capable of dedifferentiat-
ing and expressing mesenchymal markers, demonstrating
that reduced Shroom3 levels do not disrupt this process.
However, the Shroom3Gt/1 dedifferentiated epithelial cells
continue to express mesenchymal markers, and therefore
these data support a role for Shroom3 in epithelial repair by
affecting the epithelial redifferentiation.
Although the kidney function in Shroom3Gt/1 mice fully

recovers, H&E analysis demonstrates significant histopa-
thology characterized by marked tubular damage, indicat-
ing a lack of tubular repair (Figure 4, A and D). To confirm
the kidneys still exhibit kidney injury, we analyzed tissue
for Kim1, a protein that is expressed in injured tubules (45).
In WT cells, Kim1 was upregulated in the apical boarder of
the tubular epithelium at 48 hours and its protein expres-
sion was nearly absent by 10 days (Figure 4, B, C, and G).
In Shroom3Gt/1 mutants, Kim1 protein expression was also
upregulated after 48 hours (Figure 4E). However, at 10
days Kim1 expression continued to be expressed at high
levels in the apical border of Shroom3Gt/1 mutants (Figure
4, F and G). These data support that the Shroom3Gt/1

mutants continue to exhibit injury and therefore the mecha-
nisms of tubular repair could be altered. Actin cytoskeleton
organization and reassembly is essential for re-establishing
epithelial polarity during epithelial repair (27). Further,
Shroom3 modulates the actin intracellular distribution by
recruiting and binding actin to the apical region of cells
(18). The analysis of F-actin demonstrated it was distrib-
uted in a cytoplasmic pattern in both WT (Figure 4H) and
Shroom3Gt/1 mutants (Figure 4L) in the tubular epithelium
at 48 hours. After 10 days, WT kidneys exhibited strong
apical localization of F-actin in majority of the tubular epi-
thelium, indicating actin was redistributed to the apical
portion of the cell (Figure 4I). However, the tubular epithe-
lium in Shroom3Gt/1 mutant kidneys clearly lacked the api-
cal expression pattern (Figure 4M). Instead, the Shroom3Gt/1

mutants exhibited a more basolateral and intracellular pat-
tern, suggesting defects in its redistribution to the apical
region of the cells (Figure 4M). We next analyzed phos-
phorylation of myosin light chain (pMLC), which is a
downstream effector in the Shroom3/ROCK signaling
pathway and is necessary for cell contractility (17,46). In
WT kidneys after 48 hours, pMLC was absent from the api-
cal portion of the cell, but the apical expression returned by
10 days in the tubular epithelium (Figure 4, J and K). As
expected, pMLC in Shroom3Gt/1 mutants was not apically
observed at 48 hours (Figure 4N). However, at 10 days
pMLC remained absent in the apical region of the cell in
Shroom3Gt/1 mutants and instead remained in the basolat-
eral aspect of the cell (Figure 4O). The transition to an

epithelial morphology and integration into the tubule is
dependent on proper actomyosin organization and contrac-
tility. Our in vivo results suggest reduced Shroom3 expres-
sion disrupts the actin localization to the apical membrane
after an IRI, thereby disrupting the proper regulation of the
actomyosin dynamics.
We next confirmed the mislocalization of F-actin and

pMLC in the tubular epithelium in Shroom3Gt/1 mutants
using MDCK cells, which are isolated kidney tubular cells
that naturally express low levels of Shroom3 (15). MDCK
cells stably transfected with Shroom3 demonstrate variable
amounts of Shroom3 expression (Figure 4P, asterisks for
high expressing, arrowheads for low expressing). In the
higher Shroom3-expressing cells, the costaining for Shroom3,
nonmuscle myosin IIB, and F-actin revealed immunofluo-
rescence of all three proteins was robustly apically colocal-
ized at bicellular junctions (Figure 4, P and Q). However, in
low Shroom3-expressing MDCK cells (Figure 4P, arrow-
heads) the reduced expression of Shroom3 was consistently
associated with reduced nonmuscle myosin IIB and F-actin
in the apical region of the cells (Figure 4, P and R). We next
quantitated the average pixel density of muscle myosin
IIB/and F-actin immunolabeled MDCK cells expressing
variable amounts of Shroom3. In low-expressing Shroom3
cells, the expression of nonmuscle myosin IIB and F-actin
were consistently reduced when compared with the higher
expressing Shroom3 MDCK cells (Figure 4S). These in vitro
results support our in vivo data that show Shroom3 regu-
lates proper tubular epithelial repair through the regulation
of actomyosin organization.
In the search for new genes associated with kidney dis-

ease, genome-wide association studies have identified
numerous genetic variants in SHROOM3 that are associ-
ated with kidney function and kidney disease. Despite
these strong and numerous association studies, the
Shroom3 functions and the mechanistic understanding
behind these associations remain a knowledge gap in
molecular nephrology. Taken together, the absence of the
correct dose and function of Shroom3 results in worse
tubular epithelial damage, leading to increased apoptosis,
proliferation, inflammatory cell infiltration, and expanded
myofibroblast activity leading to fibrosis (Figure 4, T and U).
Further, the lack of proper actin and actomyosin regulation
and organization results in a reduced reestablishment of
epithelial markers, indicative of altered epithelial rediffer-
entiation resulting in continued tubular epithelial damage
and remodeling. On the basis of the incomplete repair of
the kidney tissue, it is likely additional kidney challenges
could progress to CKD (Figure 4, T and U). Further, the
tubular epithelial cells are constantly undergoing repair

Figure 4. | Continued. expression in the cortical tubular epithelium in WT and Shroom3Gt/1 mutants 10 days after IRI. (H)–(O) Representa-
tive low- and high-power images of immunostaining for F-actin and phosphorylation of myosin light chain (pMLC) in WT and Shroom3Gt/1

mutants 48 hours and 10 days after IRI. Then 10 days after kidney injury, F-actin and pMLC protein expression is apically localized in WT
tubular epithelium but not in Shroom3Gt/1 mutants (dotted line and arrowheads). (P)–(R) Representative low- (P) and high-power (Q), (R)
images of the MDCK apical cell membrane after immunolabeling for Shroom3, nonmuscle myosin IIB (NMIIB), and F-actin. (Q) High
expressing Shroom3 cells exhibit robust immunofluorescent signal in the apical membrane (*). (R) Low-expressing Shroom3 cells exhibit a
reduced apical NMIIB and F-actin expression (arrowheads). (S) Quantitation of pixel density of MDCK cells immunolabeled for Shroom3,
NMIIB, and F-actin. Low-expressing Shroom3 cells express lower levels of NMIIB and F-actin compared with the higher expressing
Shroom3 MDCK cells. *P#0.0001. Scale bars 5 40 mm (A)–(O), insets 5 10 mm. WT 5 wild-type.
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and regeneration under normal physiologic conditions (47).
Therefore, disruptions in Shroom3 expression or function
could lead to incomplete epithelial repair, which may also
culminate in CKD. Altogether, we provided novel experi-
mental evidence into the molecular mechanisms of cortical
tubular repair post-AKI and identified Shroom3 as an
important player. Further, these studies could also provide
key mechanistic insight to explain why genetic variants in
Shroom3 are strongly associated with allograft rejection
and CKD. Our hope is that this fundamental knowledge
will provide improved risk stratification and the generation
of novel therapeutic strategies.
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