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Abstract

Autosomal dominant polycystic kidney disease (ADPKD) is driven by mutations in the PKD1 and PKD2 genes, and it is characterized
by renal cyst formation, inflammation and fibrosis. Forkhead box protein M1 (FoxM1), a transcription factor of the Forkhead box (Fox)
protein super family, has been reported to promote tumor formation, inflammation and fibrosis in many organs. However, the role
and mechanism of FoxM1 in regulation of ADPKD progression is still poorly understood. Here, we show that FoxM1 is an important
regulator of cyst growth in ADPKD. FoxM1 is upregulated in cyst-lining epithelial cells in Pkd1 mutant mouse kidneys and human ADPKD
kidneys. FoxM1 promotes cystic renal epithelial cell proliferation by increasing the expression of Akt and Stat3 and the activation of
ERK and Rb. FoxM1 also regulates cystic renal epithelial cell apoptosis through NF-κB signaling pathways. In addition, FoxM1 regulates
the recruitment and retention of macrophages in Pkd1 mutant mouse kidneys, a process that is associated with FoxM1-mediated
upregulation of monocyte chemotactic protein 1. Targeting FoxM1 with its specific inhibitor, FDI-6, delays cyst growth in rapidly
progressing and slowly progressing Pkd1 mutant mouse kidneys. This study suggests that FoxM1 is a central and upstream regulator of
ADPKD pathogenesis and provides a rationale for targeting FoxM1 as a therapeutic strategy for ADPKD treatment.

Introduction
Autosomal dominant polycystic kidney disease (ADPKD) is an
inherited genetic disease caused by mutations in one of two genes,
PKD1 or PKD2, which encode the proteins polycystin-1 (PC1) and
polycystin-2 (PC2), respectively (1). With an inherited autosomal
dominant trait in families, an individual can inherit the PKD gene
mutation, or defect, from only one parent (2). ADPKD can also
occur in an individual without a family history of ADPKD, resulting
from a new genetic mutation in one of the ADPKD genes (3).
ADPKD is a progressive disease and symptoms vary in age of
onset and severity, and tend to get worse over time. The most
common symptoms of ADPKD are kidney cysts, pain in the back
and sides and headaches. Other symptoms include high blood
pressure (hypertension), blood in the urine (hematuria), recurrent
urinary tract infections, kidney stones, heart valve abnormalities
and brain aneurysms. About half of people with ADPKD will
develop kidney failure in adulthood, requiring kidney dialysis
and/or kidney transplantation (4). The diagnosis of ADPKD is
based on the symptoms, clinical examination, family history and
imaging studies of the kidneys. Genetic testing can also be used
to help confirm the diagnosis. Treatment for ADPKD involves
managing the symptoms (both kidney and non-kidney symptoms)
and slowing disease progression. To slow disease progression will

require a comprehensive understanding of the molecular mech-
anisms of ADPKD. Diverse PKD-associated signaling pathways
have been identified in the regulation of cystic renal epithelial
cell proliferation and apoptosis and ferroptosis as well as renal
inflammation and fibrosis (5,6). However, the roles and mech-
anisms of one of the key transcriptional factors, forkhead box
protein M1 (FOXM1), in ADPKD remain elusive.

FOXM1 is a critical proliferation-associated transcription factor
of the forkhead box (Fox) protein superfamily with a central role
in a wide range of biological processes, including embryonic and
fetal development as well as adult tissue homeostasis and repair
(7,8). The FOXM1 protein contains a conserved forkhead DNA-
binding domain (DBD), an N-terminal repressor domain (NRD) and
a C-terminal acidic transactivation domain (TAD). The transac-
tivation activity of TAD can be suppressed by direct interaction
with the NRD (9). Murine FoxM1 displays the same DNA-binding
specificity as human FOXM1, which can bind to DNA-binding
sites with the consensus sequence 5′-A-C/T-AAA-C/T-AA-3′ (10),
suggesting that FOXM1 of the two species may share target genes.
This would suggest that the study of murine FOXM1 may apply
to human FOXM1, and that the mouse is a suitable experimental
model for the mechanistic investigation of FOXM1 in disease and
the development of novel FOXM1 inhibitors.
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During the cell cycle, FOXM1 promotes the entry of S-phase and
M-phase by regulating the expression of genes, whose products
control the G1/S-transition, S-phase progression, G2/M-transition
and M-phase progression. Additionally, FOXM1 regulates a
network of proliferation-associated genes critical to mitotic
spindle assembly and chromosome segregation, and depletion
of FoxM1 results in cell cycle arrest (9). FOXM1 also targets genes
involved in differentiation, senescence, stem cell renewal, DNA
damage response, attenuation of oxidative stress, epithelial–
mesenchymal transition (EMT), angiogenesis, metastasis and pre-
metastatic niche formation (11,12). Aberrant up-regulation of
FOXM1 has been shown to be a key driver of cancer progression
and has been proposed as an initiating factor of oncogenesis
(13). It is apparent that the inhibition of FOXM1 expression (at
the levels of transcription, translation or post-translationally)
and/or its interactions with target sites (by blocking the DBD,
nuclear localization or other protein–protein interactions) may
be effective ways to inhibit FOXM1-mediated biological effects.
The pharmacological inhibition of FOXM1 in cancer has been
successful (9).

In this study, we have shown that the expression of FoxM1 is
elevated in Pkd1 mutant renal epithelial cells and tissues. The
upregulation of FoxM1 was shown to promote cystic epithelial cell
proliferation, inhibit cystic epithelial cell apoptosis and increase
the recruitment and retention of macrophages through several
mechanisms in Pkd1 mutant mouse kidneys. Targeting FoxM1
with its specific inhibitor, FDI-6, delayed cyst growth, suggesting
that FOXM1 inhibition may be a novel therapeutic approach for
the treatment of ADPKD with the potential for translation into
the clinic.

Results
The expression of FoxM1 is upregulated in Pkd1
mutant renal epithelial cells and ADPKD tissues
To understand the role of FoxM1 in ADPKD, we first examined
expression levels. FoxM1 expression was found to be upregulated
in Pkd1 null mouse embryonic kidney (MEK) collecting duct cells
and postnatal Pkd1 homozygous mutant proximal tubule PN24
cells compared to Pkd1 wild-type (WT) MEK cells and postnatal
Pkd1 heterozygous PH2 cells as examined by Western blot (Fig. 1A)
and quantitative real-time PCR (qRT-PCR) analysis (Fig. 1B). The
expression of FoxM1 protein was also increased over time in day 7,
day 14 and day 21 kidneys from Pkd1fl/f l:Pkhd1-Cre mice (Fig. 1C–F),
a Pkd1 conditional knockout mouse model in which cyst growth is
initiated around postnatal day 8 and passes the critical time point
at postnatal day 14, following by a rapid cyst progression period
(14). The upregulation of FoxM1 was detected in collecting ducts
(marked by DBA) and proximal tubules (marked by LTL) in kidneys
of Pkd1fl/f l:Pkhd1-Cre and tamoxifen induced Pkd1fl/f l:Tam-Cre mice
compared to control mice as examined by immunofluorescence
(IF) staining (Fig. 1G and H). The expression of FoxM1 was also
increased in the cyst-lining epithelial cells of Pkd1 mutant mouse
kidneys and human ADPKD patient kidneys compared to that in
normal kidneys as examined with immunohistochemistry (IHC)
staining (Fig. 1I and J).

Treatment with a specific FoxM1 inhibitor, FDI-6,
delays cyst growth in Pkd1 mutant kidneys
Given that FoxM1 was upregulated in cystic renal epithelial cells
and tissues, we investigated whether targeting FoxM1 with its
specific inhibitor, FDI-6, would delay cyst growth in vivo. We first
treated Pkd1nl/nl mice, a hypomorphic Pkd1 mouse model with cyst

development at early stage, with FDI-6 (5 mg/kg) (n = 6) or vehicle
(n = 6) by daily intraperitoneal (IP) injection from post-natal day
7 (PN7) to PN21 and sacrificed the mice at PN22. The dosage,
route and time frames of FDI-6 administration in Pkd1 mutant
mice were based on previous publications (15). We found that
treatment with FDI-6 (n = 6) decreased cystic index (Fig. 2A–C),
kidney weight/body weight (KW/BW) ratios (Fig. 2D) and blood
urea nitrogen (BUN) levels (Fig. 2E) in the Pkd1nl/nl mice compared
to vehicle treated control animals. Furthermore, we found that
treatment with FDI-6 decreased cyst-lining epithelial cell pro-
liferation as analyzed by Ki67 staining (Fig. 2F), and increased
cyst-lining epithelial cell apoptosis as analyzed by the terminal-
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay (Fig. 2G) in kidneys from Pkd1nl/nl mice.

To extend the translational significance of the in vivo findings
in the younger Pkd1nl/nl mice, we also tested the effects of FDI-
6 on renal cyst growth in Pkd1fl/f l:Tam-Cre mice, in which the
Cre is driven by the Esr1+ promoter at a later stage (16). We
induced Pkd1 deletion with tamoxifen, and then administered
FDI-6 (10 mg/kg) (n = 6) to these mice through intraperitoneal
injection up to 6 months (Fig. 3A) (see Materials and Methods)
(16). We found that treatment with FDI-6 delayed cyst growth
as seen by decreased of cyst index, KW/BW ratios, BUN levels,
cyst-lining epithelial cell proliferation and increased cyst-lining
epithelial cell apoptosis (Fig. 3B–I). These results suggest that
targeting FoxM1 with pharmacological inhibition might delay cyst
growth in ADPKD patients.

FoxM1 regulates renal epithelial cell proliferation
through the activation of PKD associated
signaling pathways in Pkd1 mutant renal
epithelial cells and kidneys
FoxM1 can directly or indirectly activate the expression of target
genes at the transcriptional level to regulate cell proliferation (13).
We found that knockdown of FoxM1 with siRNA and inhibition of
FoxM1 with its inhibitor FDI-6 decreased the expression and/or
the phosphorylation of Akt, ERK, Rb and Stat3 as well as the
expression of CDK6 and Plk1 but increased the expression of
p21 in PN24 cells (Fig. 4A and B). We also found that treatment
with FDI-6 decreased the expression and/or the phosphorylation
of Akt, ERK, Rb and Stat3 as well as the expression of CDK6
and Plk1, but increased the expression of p21 in Pkd1fl/f l:Tam-
Cre kidneys (Fig. 4C). In addition, treatment with FDI-6 decreased
the expression of FoxM1 in Pkd1 mutant renal epithelial cells
and kidneys of Pkd1fl/f l:Tam-Cre mice (Fig. 4B and C). These results
suggest that FoxM1 is able to regulate multiple PKD associated
signaling pathways to promote cystic epithelial cell proliferation
and cyst growth.

Inhibition of FoxM1 induces Pkd1 mutant renal
epithelial cell apoptosis via NF-κB signaling
Treatment with FDI-6 was also found to induce cyst-lining epithe-
lial cell death in Pkd1 knockout kidneys (Figs 2G and 3I). Inhibition
of FoxM1 with FDI-6 also induced Pkd1 homozygous PN24 cell
apoptosis as analyzed by TUNEL assay (Fig. 5A) and characterized
by the increase of active caspase 3 in FDI-6 treated PN24 cells
(Fig. 5B). The activation of caspase-3 was further confirmed by
the appearance of cleaved poly (ADP-ribose) polymerase (PARP),
a substrate of caspase-3 (Fig. 5B) (17). These results suggest a
beneficial role of FDI-6 in induction of Pkd1 homozygous cell
death specifically, with no effect on WT or Pkd1 heterozygous
renal epithelial cells. It has been reported that FoxM1 can reg-
ulate apoptosis through the NF-κB signaling pathway (18). To
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Figure 1. Pkd1 mutant renal epithelial cells and tissues demonstrated increased expression of FoxM1. (A) Western blot analysis of FoxM1 expression
from whole cell lysates in Pkd1 WT, Pkd1null/null MEK cells (Null), Pkd1-heterozygous PH2 cells, and Pkd1-homozygous PN24 cells. Representative data
from three independent experiments are shown. The quantitative and statistical analysis (n = 3) of band intensities were showed in the graphs, in that
the density of each protein band was normalized to actin (right panel). (B) qRT-PCR analysis of relative FoxM1 mRNA expression in WT, Null, PH2 and
PN24 cells. n = 3. (C–E) Western blot analysis of FoxM1 protein in days 7, 14 and 21 Pkd1+/+:Pkhd1-Cre (WT) and Pkd1fl/f l:Pkhd1-Cre (HOMO) kidneys (n = 3
of each time point). The quantitative and statistical analysis of the band intensities were shown in the graphs, in that the density of each protein band
was normalized to actin (right panel in C–E). (F) Western blot analysis of FoxM1 levels in three kidneys from Pkd1 HOMO mice (n = 3) at three stages. We
repeated this experiment in another three kidneys from Pkd1 HOMO mice and we included the quantitative and statistical analysis of the FoxM1 levels
in total six Pkd1 HOMO kidneys at each time point in right panel. ∗ represents the comparison between HOMO 7 kidneys with HOMO 14 and 21 kidneys,
respectively (P < 0.01), and # represents the comparison between HOMO 14 kidneys with HOMO kidneys (P < 0.05), as calculated by a one-way ANOVA
test. (G, H) Representative images of immunofluorescence staining indicated that FoxM1 expression was increased in Pkd1fl/f l:Pkhd1-Cre kidneys (G) and
Pkd1fl/f l:Tam-Cre mice (H) compared to Pkd1 WT kidneys, co-stained with DBA (top panel), LTL (bottom panel) and DAPI. Scale bars: 200 μm. Representative
data from three independent experiments are shown. (I and J) IHC analysis of FoxM1, indicating that FoxM1 is upregulated in cyst-lining epithelial
cells in kidneys from Pkd1fl/f l:Pkhd1-Cre mice (I, right panel) and ADPKD patients (J, right panel) but not that in kidneys from Pkd1+/+:Pkhd1-Cre mice and
normal human kidneys (left panel). Representative image from three PKD1 mutant ADPKD patients was shown in J. Scale bars: 100 μm. Animal data are
representative of three independent experiments. P values were calculated by one-way ANOVA test in A, B.
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Figure 2. FDI-6 treatment delayed cyst growth in Pkd1-knockout mice. (A, B) Histological examination of kidneys from Pkd1nl/nl mice injected daily with
FDI-6 or DMSO vehicle control from P7 to P21. (A) Gross pathology of kidneys. Scale bar: 5 mm. (B) Hematoxylin and eosin (H&E) staining, scale bar:
2 mm. Representative image was shown. n = 6. (C) Percent cystic area relative to total kidney area of kidneys from Pkd1nl/nl mice treated with FDI-6
(n = 6) or DMSO (n = 6). Three male and three female animals were used for all experiments, and comparable experimental results were obtained with
each sex. (D, E) Treatment with FDI-6 compared with DMSO decreased KW/BW ratios (D) and BUN levels (E) in Pkd1nl/nl mice. n = 6. (F) FDI-6 treatment
reduced cyst-lining epithelial cell proliferation in kidneys from Pkd1nl/nl mice, as detected with Ki67 staining. The percentage of Ki67-positive nuclei in
cystic epithelial cells was calculated from an average of 1000 nuclei per mouse kidney section. It was calculated as Ki67 positive cyst-lining epithelial
cells/total cyst-lining epithelial cells x 100%, and five images of each animal were counted, n = 6 animals were scored. Scale bars: 50 μm. (G) FDI-6
treatment induced cyst-lining epithelial cell death in kidneys from Pkd1nl/nl mice as detected by TUNEL assay. It was calculated as TUNEL-positive
cyst-lining epithelial cells/total cyst-lining epithelial cells x 100%, and five images of each animal were counted, n = 6 animals were scored. Scale bars:
50 μm. The P-values in B–F were compared FDI-6 treated to DMSO treated mouse kidneys as calculated by one-way ANOVA test.

understand whether targeting FoxM1 with FDI-6 regulates Pkd1
mutant renal epithelial cell death through NF-κB signaling, we
found that inhibition of FoxM1 with FDI-6 significantly induced
Pkd1 homozygous PN24 cell apoptosis as analyzed by TUNEL
assay (Fig. 5A). However, inhibition of NF-κB with BAY-11-7085
significantly increased apoptosis induced by FDI-6 treatment in
PN24 cells (Fig. 5A, top panel). To further determine the depen-
dence of FDI-6 mediated apoptosis on NF-κB signaling, we tried
to test the effect of NF-κB activator on FDI-6 mediated apoptosis.
However, there is a lack of a specific NF-κB activator. Thus far, the
commercially available NF-κB activators, including PMA, betulinic
acid and prostratin, are through activating PKC and targeting
other mediators to activate NF-κB, and all these compounds have
severe side effects on cell survival in addition to activation of NF-
κB, which cannot be used in this study (19–21). Our previous study
has shown that recombinant TNFα activates NF-κB signaling and
results in cell survival (22). Thus, we used recombinant TNFα

to activate NF-κB and found that treatment with TNFα alone
did not induce cell death in PN24 cells, whereas treatment with
TNFα decreased FDI-6 induced apoptosis of PN24 cells compared
to those cells treated with FDI-6 alone (Fig. 5A). Treatment with
FDI-6 also decreased the expression of p65 and active caspase-
3 in Pkd1 mutant PN24 cells (Fig. 5C). These results suggest that
targeting FoxM1 may induce cystic epithelial cell apoptosis via NF-
κB signaling.

Treatment with FDI-6 decreases the
accumulation of macrophages at interstitial and
pericystic regions in Pkd1 mutant mouse kidneys
It has been reported that the recruitment of macrophages to
interstitial and pericystic regions contributes to cyst growth in
kidneys in PKD mouse models (5,14,17). We found that treatment
with FDI-6 dramatically reduced the recruitment and/or accumu-
lation of macrophages to pericystic sites and interstitial regions in
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Figure 3. Treatment with FDI-6 delayed cyst growth in Pkd1fl/f l:Tam-Cre mice. (A) Schedule of the induction and treatment of Pkd1 inducible knockout
mice. The Pkd1fl/f l:Tam-Cre mice were treated three times per week starting 10 days (PN42) after Pkd1 deletion up to 3.5 months and only one time per
week during 3.5 months to 6 months. (B, C) Histological examination of kidneys from Pkd1fl/f l:Tam-Cre mice injected with FDI-6 (n = 6) or DMSO vehicle
control (n = 6) from P42 to 6 months. Scale bar: 5 mm. (C) H&E staining scale bar: 2 mm. (D) Percent cystic area relative to total kidney section area
of kidneys from Pkd1fl/f l:Tam-Cre mice treated with FDI-6 (n = 6) or DMSO (n = 6). (E, F) Treatment with FDI-6 compared with DMSO decreased KW/BW
ratios (E) and BUN levels (F) in Pkd1fl/fo:Tam-Cre mice. (G) Treatment with FDI-6 had no effect on the body weights of these mouse models compared
to the controls. n = 6. (H) FDI-6 treatment reduced cyst-lining epithelial cell proliferation in kidneys from Pkd1fl/f l:Tam-Cre mice as detected with Ki67
staining. The percentage of Ki67-positive nuclei in cystic epithelial cells was calculated from an average of 1000 nuclei per mouse kidney section. Scale
bars: 100 μm. (I) FDI-6 treatment induced cyst-lining epithelial cell death in kidneys from Pkd1fl/f l:Tam-Cre mice as detected by TUNEL assay. Scale bars:
100 μm. There were three male and three female animals used for all experiments, and the comparable experimental results were obtained with each
sex. The P-value in D–F, H, and I was calculated between FDI-6 and DMSO treated mouse kidneys by one-way ANOVA test.

kidneys from Pkd1nl/nl mice and Pkd1fl/f l:Tam-Cre mice, as compared
to kidneys from DMSO treated control mice (Fig. 6A and B). These
results suggest that there is a role for FoxM1 in regulating the
recruitment of macrophages to pericystic sites and interstitial
regions in ADPKD kidneys.

Treatment with FDI-6 decreases the expression
of MCP-1 in Pkd1 mutant renal epithelial cells
and Pkd1 fl/f l :Tam-Cre mouse kidneys
Accumulation of macrophages was associated with increased
expression of monocyte chemotactic protein 1 (MCP-1) in the
kidneys of Han:SPRD polycystic rats, a nonorthologous model
of ADPKD (23). MCP-1 has been reported to be involved in
macrophage recruitment and cyst formation (14). We found
that the expression of MCP-1 was increased in Pkd1 homozygous
PN24 cells and Pkd1fl/f l:Tam-Cre mouse kidneys compared to Pkd1
heterozygous PH2 cells and control kidneys (14). Treatment with
FDI-6 decreased the expression of MCP-1 in PN24 cells (Fig. 6C)
and Pkd1fl/f l:Tam-Cre mouse kidneys (Fig. 6D and E) as examined
by qRT-PCR and Western blot analysis and by IHC staining in kid-
neys from Pkd1fl/f l:Tam-Cre mice compared to untreated controls
(Fig. 6F). Our results suggest that FoxM1 is an upstream regulator
of MCP-1, and thus that FoxM1 might regulate the recruitment of
macrophages to pericystic regions in cystic kidneys via MCP-1.

Discussion
FOXM1 is required for a wide spectrum of essential biological
functions, including cell proliferation, cell cycle progression, DNA
damage repair, cell renewal, cell differentiation and tissue home-
ostasis. Its potential as a target for future cancer treatment led to
it being designated the 2010 Molecule of the Year (24). However,
the functional role and mechanisms of FoxM1 in ADPKD have
not been explored. In this study, we have shown that FoxM1 is
upregulated in Pkd1 mutant renal epithelial cells and tissues.
Targeting FoxM1 with its specific inhibitor FDI-6 delayed cyst
growth in rapidly progressing, early stage and more slowly pro-
gressing, milder Pkd1 mutant mouse models. We further showed
that FoxM1 regulates cyst growth through (1) the activation of
several PKD-associated signaling pathways, including Akt, ERK, Rb
and Stat3, promoting the expression of Cdk6, CyclinD1 and Plk1 to
increase cystic renal epithelial cell proliferation; (2) the induction
of the expression and activation of NF-κB to repress cystic renal
epithelial cell apoptosis; and (3) the recruitment of macrophages
at interstitial and pericystic regions in Pkd1 conditional knockout
mouse kidneys, a process that is likely to be regulated by FoxM1-
mediated the upregulation of MCP-1 (Fig. 7). These results support
the idea that FoxM1 plays a critical role in promoting of ADPKD
progression and thus may be a novel therapeutic target for ADPKD
treatment.
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Figure 4. Suppression of FDI-6 normalized PKD associated signaling pathways in Pkd1 mutant renal epithelial cells and tissues. (A) Western blot analysis
of the expression and phosphorylation of Rb, Akt, Stat3, ERK, Plk1, Cdk6, Cyclin D1 and p21 in PN24 cells treated with or without siRNA of FoxM1 for
48 h. Data are representative of three independent experiments. Statistical analysis of the expression (n = 3) of these proteins was shown in the graphs
(bottom panel). The P-value was compared siRNA FoxM1 treated to siRNA control treated PN24 cells as calculated by one-way ANOVA test. (B) Western
blot analysis of the expression and phosphorylation of ERK, Akt, Stat3, Rb, Plk1, Cdk6, Cyclin D1 and p21 in PN24 cells treated with or without FDI-6
for 24 h. Data are representative of three independent experiments (n = 3), and the statistical analysis of the expression of these proteins is shown
in the graphs (bottom panel). ∗ represents the comparison of these proteins in PN24 cells without FDI-6 treatment (0 μm) to those cells treated with
10, 20 and 40 μm FDI-6 as calculated by a one-way ANOVA test (P < 0.01). (C) Western blot analysis of the expression and phosphorylation of PKD
associated proteins in Pkd1fl/f l:Tam-Cre mouse kidneys treated with FDI-6 compared to those in DMSO control treated mice. Representative data from
three independent experiments are shown (n = 3), and the statistical analysis of the expression of these proteins is shown in the graphs (bottom panel).
P-values were calculated by one-way ANOVA test.
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Figure 5. Inhibition of FoxM1 induces cystic epithelial cell apoptosis via NF-κB. (A) NF-κB was involved in FoxM1 mediated cell death in renal epithelial
cells. Treatment with FoxM1 inhibitor FDI-6 alone or NF-κB inhibitor BAY-11-7085 alone induced renal epithelial cell death in Pkd1 homozygous PN24
cells, treatment with both FDI-6 and BAY-11-7085 induced more cell death in PN24 cells compared to those in FDI-6 and BAY-11-7085 alone treated
cells, whereas treatment with TNFα blocked FDI-6 induced cell death as detected by TUNEL assay. Scale bar: 100 μm. Data are representative of three
independent experiments. Statistical analysis of apoptotic cells treated with FDI-6 alone or co-treatment with NF-κB inhibitors/activators is shown in
the graphs (right panel). ∗ indicates P < 0.05 as compared to cells with no treatment, # indicates P < 0.05 as compared to the FDI-6 treated cells. P values
were calculated by one-way ANOVA test. (B) Western blot analysis of the expression of phosphorylated p65 (p-p65) and active caspase-3, as well as
the cleaved poly (ADP-ribose) polymerase (PARP), a substrate of caspase-3 in Pkd1-homozygous PN24 cells treated with FDI-6 (20 μm) at the indicated
time points. The expression of active caspase-3, as well as the cleaved PARP, was gradually increased in PN24 cells treated with FDI-6 up to 24 h, while
the expression of phosphorylated p65 was gradually decreased in the same ones, compared with untreated cells (0 h). The quantitative and statistical
analysis of the levels of these proteins (n = 3) is shown in the bottom panels. ∗ represents the comparison of these proteins in PN24 cells without FDI-6
treatment (0 h) to those cells treated with FDI-6 for 0.5, 2, 4, 12 and 24 h, as calculated by a one-way ANOVA test (P < 0.01). (C) Western blot analysis of
the expression of phosphorylated p65 and active caspase-3 in PN24 cells treated with FDI-6 (20 μm) combined with or without BAY-11-7085 (20 μm) for
24 h. Representative data from three independent experiments are shown. ∗ represents the comparison of these proteins in PN24 cells without FDI-6 or
BAY-11-7085 treatment to those cells treated with FDI-6, BAY-11-7085 or both FDI-6 and BAY-11-7085 (P < 0.01), and # represents the comparison between
FDI-6 treated cells with cells treated with BAY-11-7085 or both FDI-6 and BAY-11-7085 (P < 0.05), as calculated by a one-way ANOVA test.
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Figure 6. Treatment with FDI-6 decreases the expression of MCP-1 and macrophage accumulation in pericystic and interstitial regions of Pkd1 conditional
knockout mouse kidneys. (A and B) The accumulation/recruitment of macrophages to pericystic sites and interstitium in kidneys from Pkd1nl/nl mice
(n = 6) (A) and Pkd1fl/f l:Tam-Cre mice (n = 6) (B) was dramatically reduced compared to that from age matched Pkd1nl/nl mice and Pkd1fl/f l:Tam-Cre mice
treated with DMSO. Scale bar: 20 μm. (C–E) The expression levels of MCP-1 mRNA (C and D) and protein (E) were decreased in Pkd1 homozygous PN24
cells (C) and Pkd1fl/f l:Tam-Cre mouse kidneys (D) with treatment of FDI-6 compared to DMSO vehicle as examined by qRT-PCR and western blot analysis
(E). The statistical analysis of the expression of MCP-1 in three kidneys from Pkd1fl/f l:Tam-Cre mice (n = 3) was shown in the graphs (right panel). (F)
MCP-1 expression was decreased in Pkd1fl/f l:Tam-Cre mouse kidney tissues as examined by immunohistochemical staining with anti-MCP-1 antibody in
Pkd1fl/f l:Tam-Cre mice. Data are representative of three independent experiments. P-values were calculated by one-way ANOVA test in A–D.

Increased expression of FOXM1 is observed in a variety of
human cancers, including ovarian cancer, breast cancer, prostate
cancer, hepatoma, angiosarcoma, colorectal cancer, melanoma,
lung cancer and gastric cancer, and dysregulation of FOXM1 is
associated with almost all hallmarks of tumor cells (13). In this

study, we report for the first time that FOXM1 is upregulated in
ADPKD kidneys. To understand the mechanism for the dysregula-
tion of FOXM1 in cystic kidneys, we examined the core promoter
of the FOXM1 gene and found that it contains several regulatory
elements, including E-boxes, and other cis-acting elements that
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Figure 7. Working model for FoxM1 in the regulation of cyst growth in
ADPKD. A schematic diagram depicting FoxM1-mediated pathways in
Pkd1 mutant renal epithelial cells and kidneys. Pkd1 mutation results
in the upregulation of FoxM1 and upregulated FoxM1 (i) increases Pkd1
mutant renal epithelial cell proliferation through the regulation of the
expression and the phosphorylation and/or activation of Akt, ERK, Rb
and Stat3 signaling as well as the expression of Cdk6, cyclin D1, p21 and
Plk1; (ii) decreases Pkd1 mutant renal epithelial cell apoptosis through NF-
κB signaling and (iii) is responsible for the recruitment of macrophages
to pericystic and interstitial regions in Pkd1 mutant mouse kidneys, a
process likely to be enhanced by FoxM1-mediated upregulation of MCP-1.
Targeting FoxM1 with its specific inhibitor, FDI-6, delays cyst growth in
Pkd1 mutant mouse kidneys.

can function as response elements for other transcription factors,
such as cAMP responsive element-binding protein (CREB), CCCTC-
binding factor (CTCF), glioma-associated oncogene homolog 1
(Gli1) (25–27), signal transducer and activator of transcription 3
(STAT3) and E2F. These factors interact directly with their binding
sites to positively regulate FOXM1 expression (28–30). Importantly,
all these factors have been associated with the regulation of cyst
progression in ADPKD animal models (16,31,32), supporting the
idea that a direct interaction between these factors and their
binding sites may contribute to the upregulation of FOXM1 in
Pkd1 mutant renal epithelial cells. In addition, FOXM1 can be regu-
lated post-transcriptionally by microRNAs (miRNAs), the endoge-
nous, highly conserved, non-coding RNAs of approximately 21–24
nucleotides that can guide mRNA degradation or repress trans-
lation by binding to complementary sequences in the 3′ untrans-
lated regions (3’UTRs) of targeted mRNAs (13). Several miRNAs
have been identified that promote cyst growth in ADPKD and
the targeting of miRNAs can delay cyst progression (33). A com-
prehensive understanding of the regulation of FOXM1 expression
by known and novel transacting factors at the FOXM1 promoter
should provide novel insights into FoxM1 signaling in ADPKD that
will facilitate the development of therapeutic strategies for the
inhibition of FOXM1 and its regulators.

As a classic proliferation-associated transcription factor,
FOXM1 directly or indirectly activates the expression of a network
of proliferation-associated target genes at the transcriptional level
to regulate the cell cycle, including G1/S phase transition, mitotic
spindle assembly, chromosome segregation and G2/M transition
(24,34,35). Once activated, FOXM1 promotes G1/S phase transition
or S phase progression by activating the transcription of genes
regulating the G1/S checkpoint (36). For example, FoxM1 can
regulate the transcription of Skp2 and Cks1, which are required
for targeting p21(Cip1) and p27(Kip1) for degradation during

G1/S phase transition (36). FoxM1 regulates G2/M transition or
M phase entry through the elevation of the transcription of genes
regulating the G2/M checkpoint, including PLK1, CDC25B, CCNB1,
NEK2 and BIRC5 [37–39]. In addition, FOXM1 promotes faithful
mitotic progression by activating genes involved in mitotic spindle
assembly and chromosome segregation, such as Aurora B kinase
(AURKB), KIF20A, centromere protein A (CENPA), CENPB and
CENPF (36). Our results show that FOXM1 regulates the expression
of PLK1, CyclinD1, CDK6 and p21, and the activation of signaling
intermediates, including but not limited to Akt, Erk, Rb and Stat3,
in the regulation of cystic epithelial cell proliferation and disease
progression. Targeting FOXM1 with its inhibitor FDI-6 normalized
the expression of those genes and perhaps other signaling
intermediates to delay cyst growth in Pkd1 mutant kidneys.

In the past decades, an increasing number of studies have
demonstrated that apoptosis plays an essential role in the regu-
lation of cystogenesis in ADPKD. However, whether apoptosis is
increased or decreased in ADPKD kidneys, and whether induc-
tion of apoptotic cell death promotes, or delays cyst growth has
remained controversial (22). In addition to promoting cell prolif-
eration, overexpression of FoxM1 inhibits apoptosis in hypopha-
ryngeal squamous cell carcinoma, resulting in a poor clinical
prognosis (37). Previous studies demonstrated that FoxM1 can
regulate apoptosis through the NF-κB signaling pathway (18), and
that targeting NF-κB and FOXM1 with panepoxydone inhibits pro-
liferation but induces apoptosis in breast cancer (38). In addition,
FOXM1 depletion sensitizes both normal keratinocytes and squa-
mous cell carcinoma cells to ROS-induced apoptosis, suggesting
that squamous cell carcinoma cells may use FOXM1 to control
oxidative stress to escape premature senescence and apoptosis
(39). FoxM1 knockdown was also seen to sensitize human cancer
cells to apoptotic cell death induced by proteasome inhibitors,
such as, MG132, bortezomib and thiostrepton, while it did not
affect the levels of autophagy following treatment with these
drugs (40). Our results support the notion that FoxM1 can regulate
cystic epithelial cell apoptosis through the NF-κB signaling path-
way and the idea that targeting FoxM1-induced apoptosis may
contribute to delay cyst growth in ADPKD kidneys.

The roles of the inflammation response in the pathogen-
esis of ADPKD have become a focus of research in the past
decade (14,41–43). Accumulating evidence supports the idea
that interstitial macrophages promote cyst growth in human
ADPKD and rodent cystic models (42,44). It has been shown
that depletion of macrophages can delay cyst growth and
improve renal function in Pkd1 mutant mouse kidneys. Our
group further found that macrophage migration inhibitory factor
(MIF) regulated the recruitment of macrophages to pericystic
regions as well as regulating other signaling pathways to promote
cyst growth in Pkd1 mutant mice (14). It has been reported
that FoxM1 is required for macrophage migration during lung
inflammation and tumor formation (45). Knockdown of FOXM1
attenuates the inflammatory response in human osteoarthritis
chondrocytes (46). Moreover, FOXM1 silencing has been shown
to inhibit the generation of inflammatory cytokines induced by
lipopolysaccharides (LPS), including IL-1β, IL-6 and TNFα (47),
and pharmacologic inhibition of FoxM1 was shown to reduce
liver inflammation in models of liver injury. Liver inflammation
was associated with increased levels of hepatic and serum
chemokine (C-C motif) ligand 2 (CCL2), which is also referred
to as MCP-1, and in vitro transcriptional analysis confirmed that
CCL2 is a direct target of FoxM1 in murine hepatocytes (48). Our
results showed that targeting FoxM1 decreases the expression of
MCP-1 and the recruitment of macrophages in Pkd1 mutant
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kidneys, suggesting that FoxM1-mediated expression of cytokines,
such as MCP-1, IL-1 and 6 and TNFα, may be an alternative mech-
anism for the recruitment of macrophages in ADPKD kidneys.

Pharmacological inhibition of FOXM1 expression and/or its
interactions with target sites (by blocking the DBD, nuclear
localization or protein–protein interaction) should be an effective
way to inhibit FOXM1-mediated biological effects. Over the last
decade, significant progress has been made in the inhibition
of FOXM1 in cancer therapy (13). Several recent studies have
found that small molecule inhibitors work well to inhibit FOXM1
(49). Among those small FOXM1 inhibitors, FDI-6 has been
characterized in depth and has been shown to bind directly
to FOXM1 protein in a 1:1 stoichiometry to reversibly block its
DNA binding activity and to displace FOXM1 from chromatin and
genomic targets, resulting in a concomitant transcriptional down-
regulation of FOXM1-activated genes as well as the pathways
known to be controlled by FoxM1 transactivation (49), including
transcriptional down-regulation of FOXM1 itself. It is worth
noting that there is a positive autoregulation loop for FOXM1
(50), which was demonstrated by two transcriptional inhibitors
of FOXM1, siomycin A and thiostrepton, that downregulated both
the transcriptional activity and expression levels of FOXM1 (50).
Our current study has also shown that FDI-6 can downregulate
both the transcriptional activity and expression levels of FOXM1.
The promise that FDI-6 shows with its anti-tumor activities (51)
and in delaying cyst growth suggests that it has the potential to be
developed as a novel treatment for ADPKD. Although much work
has been done, there is much more to accomplish to validate FDI-
6 in clinical trials, as a single agent or in combination for ADPKD
treatment.

Materials and Methods
Cell culture and reagents
Pkd1 WT and Pkd1 null MEK cells, which were derived from
collecting ducts and sorted using the collecting duct marker
dolichos bif lorus agglutinin (DBA) from kidneys of WT and Pkd1-
null mice, were generated from Jing Zhou’s laboratory at Harvard
Medical School (Boston, MA, USA), which were maintained as
previously described in our recent publications (14,16,17). Pkd1
heterozygous PH2 cells and homozygous PN24 cells were provided
by Stefan Somlo through the George M. O’Brien Kidney Center
at Yale University (New Haven, CT, USA) and were cultured as
described (14). FDI-6 was purchased from AXON MEDCHEM (Cat-
alogue ID:2384) and dissolved in DMSO (Sigma-Aldrich) as a stock
solution of 20 mm. PN24 cells were treated with FDI-6 for 24 h, and
then were harvested and analyzed by Western blot. BAY-11-7085
was purchased from Cayman Chemical and dissolved in DMSO
(Sigma-Aldrich) as a stock solution of 20 mm. All stock solutions
were stored at −20◦C.

Antibodies used for Western blot analysis included (a) anti-
FoxM1 (sc-502), anti-STAT3 (sc-482), anti-p65 (sc372 and sc-
8008), anti-p21 (sc-53 870), anti-CyclinD1 (sc-8396) and anti-
Plk1(sc-17 783) purchased from Santa Cruz Biotechnology Inc.;
(b) anti-ERK (no. 4696), anti-Rb (no.9309) and anti-AKT (no. 9272)
purchased from Cell Signaling Technology; and (c) the antibodies
for phosphorylated STAT3-Y705 (no. 9131), p65-S536 (no. 3031),
ERK-T202/Y204 (no. 9101), AKT-S473 (no. 9271) and Rb-S780 (no.
9307), also purchased from Cell Signaling Technology.

Western blot analysis
Cell pellets were collected and resuspended in lysis buffer (20 mm
Tris-HCl, pH 7.4, 150 mm NaCl, 10% glycerol, 1% Triton X-100,

1 mm Na3VO4, 25 mm β-glycerol phosphate, 0.1 mm PMSF, Roche
complete protease inhibitor set, and Sigma-Aldrich phosphatase
inhibitor set). The resuspended cell pellet was vortexed for 20 s
and then incubated on ice for 30 min and centrifuged at 20 000 g
for 30 min. The supernatants were collected for Western blot
analysis.

Histology and IHC
Kidneys were fixed with 4% paraformaldehyde (pH 7.4). Paraffin-
embedded sections (5 μm) were subjected to H&E staining and
IHC. For FoxM1 staining, a polyclonal goat anti-FoxM1 antibody
(Santa Cruz Biotechnology Inc.; 1:100 dilution), biotinylated sec-
ondary antibody (Santa Cruz Biotechnology Inc.; 1:100 dilution)
and DAB substrate system were used. Kidney sections were coun-
terstained by hematoxylin. Images were analyzed with a Nikon
TI2-E microscope.

IF staining
For Ki67 staining, a rabbit anti-Ki67 antibody (ab15580; Abcam)
and Alexa Fluor 488 anti-rabbit IgG secondary antibody were
used. Macrophages were detected by IF staining with a pan-
macrophage marker, F4/80. After antigen retrieval, tissue sections
were incubated with a rat anti-mouse F4/80 antibody (14-4801-
82; eBioscience Inc.; 1:100 dilution) overnight, and then were
incubated with Fluro-555 anti-rat IgG secondary antibody and
mounted in Prolong Gold Antifade reagent with DAPI (Invitrogen).
Images were analyzed using a Nikon TI2-E microscope.

Quantitative reverse-transcription PCR
Total RNA was extracted using the RNeasy Plus Mini Kit (QIAGEN).
Total RNA (1 μg) was used for RT reactions in a 20-μl reaction to
synthesize cDNA using an iScript cDNA Synthesis Kit (Bio-Rad).
RNA expression profiles were analyzed by real-time PCR using
iTaq SYBR Green Supermix with ROX (Bio-Rad) in an iCycler
iQ Real-Time PCR Detection System. The complete reactions
were subjected to the following program of thermal cycling:
40 cycles of 10 s at 95◦C and 20 s at 60◦C. A melting curve
was run after the PCR cycles, followed by a cooling step. Each
sample was run in triplicate in each experiment, and each
experiment was repeated three times. Expression levels of
target genes were normalized to the expression level of actin.
Genes were amplified using the following primers: FoxM1-F,
5′-ATCGCTACTTGACATTGGACC-3′; FoxM1-R, 5′-CAGTGGGAT
TTCAGTTTTGATGG-3′; Mcp-1-F, 5′- GTCCCTGTCATGCTTCTGG-
3′; Mcp-1-R, 5′- GCTCTCCAGCCTACTCATTG-3′; actin-F, 5′-
AAGAGCTATGAGCTGCCTGA-3′; actin-R, 5′-TACGGATGTCAACGT
CACAC-3′.

TUNEL assay
TUNEL assays for homozygous PN24 cells with FDI-6 or DMSO or
BAY-11-7085 or combined with FDI-6 as well as TNFα or combined
with FDI-6, and kidneys treated with FDI-6 or DMSO were per-
formed according to the manufacturer’s protocols (In Situ Death
Detection Kit; Roche Diagnostics). ProLong Gold Antifade reagent
with DAPI (Invitrogen) was used. IF images were obtained with a
Nikon TI2-E microscope.

Mouse strains and treatments
Hypomorphic Pkd1nl/nl mice, generated by cross-breeding Pkd1nl/+

females with Pkd1nl/+ males, were used to test the effects of FDI-6
on cyst progression at postnatal day 28 (P28). Pkd1nl/nl pups were
injected i.p. with FDI-6 (5 mg/kg, dissolved in DMSO, with a final
DMSO concentration of 10% [v/v] in PBS) or DMSO (control) daily



1124 | Human Molecular Genetics, 2023, Vol. 32, No. 7

from postnatal day 7 (P7) to postnatal day 27 (P27), and kidneys
and serum were collected at P28, 24 h after last dose as described
in our publication (52).

Pkd1fl/f l mice (B6; 129S4-Pkd1tm2Ggg/J; stock 010671; Jackson Lab-
oratory) possess loxP sites on either side of exons 2–4 of Pkd1
(53). Pkd1fl/f l:Pkhd1-Cre mice were generated by cross-breeding
Pkd1fl/+:Pkhd1-Cre female mice with Pkd1fl/+:Pkhd1-Cre male mice.

Pkd1fl/f l:tamoxifen-Cre mice were generated by cross-breeding
Pkd1fl/f l female mice with Esr1+ -Cre male mice (Esr1-Cre, stock
#: 017911, Jackson Laboratory), in which the Cre is driven by the
Esr1+ promoter (54). These mice were treated with tamoxifen
(125 mg/kg body weight, formulated in corn oil) by daily intraperi-
toneal (IP) injection on two sequential postnatal days (P31 and
P32) to induce Pkd1 deletion in the test group. Ten days (P42)
after Pkd1 deletion, Pkd1fl/f l:tamoxifen-Cre mice were treated with
FDI-6 (10 mg/kg body weight) with (1) a three-times-per-week
schedule from day 42 to 3.5 months, and (2) an one-time-per-week
schedule from 3.5 to 6 months. We collected blood samples 24 h
after the last dose and harvested kidneys from 6-month-old FDI-
6- and vehicle-treated (DMSO-treated) mice for histopathological
and biochemical analysis.

We treated hypomorphic Pkd1nl/nl mice and Pkd1fl/f l:tamoxifen-
Cre mice with FDI-6 by using i.p. injection for two reasons: (1)
comparing with oral administration, administration of FDI-6 to
animals with i.p. injection was more efficient, and (2) the amount
of FDI-6 administered to animals was more controllable. In addi-
tion, three male and three female animals were used for all
experiments, and comparable experimental results were obtained
with each sex.

Measurement of cyst area
The cyst volume was quantified in whole kidney after H&E stain-
ing using Image-Pro Plus v5 software (Media Cybernetics). The cyst
area was calculated as (cyst area/total area) × 100 Three sections
from both kidneys were analyzed for each mouse.

Quantitative BUN determination
Serum samples were first diluted 5-fold in distilled water prior to
assay. Next, 5 μl water (blank), 5 μl standard (50 mg/dl) and 5 μl
sample were transferred in triplicate into wells of a clear-bottom
96-well plate. Approximately 200 μl of working reagent was added
and tapped lightly to mix, and the samples were incubated 20 min
at room temperature. Optical density was read at 520 nm.

Statistics
All data are presented as mean ± SEM. All statistical analyses
were performed using SPSS Statistics 22 software. P values were
calculated by teo-tailed unpaired Student’s t-test and one-way
ANOVA; and a P-value less than 0.05 was considered significant.

Study approval
All animal protocols were approved by and conducted in accor-
dance with Laboratory Animal Resources of Mayo Clinic and
Institutional Animal Care and Use Committee regulations.
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