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ARTICLE INFO ABSTRACT

Keywords: Clear cell renal cell carcinoma (ccRCC) is the most lethal form of kidney cancer and effective treatment regimens
Phosphodiesterase 4D are yet to be established. Tyrosine kinase inhibitors (TKI) have widely been used as ccRCC therapeutics, but their
cAMP

efficacy is limited due to accompanying resistance mechanisms. Previous studies have provided substantial ev-

L o idence for crosstalk between cAMP and the MAPK/ERK signaling pathway. Low levels of intracellular cAMP have
Tyrosine kinase inhibitor . . . . i
MAPK/ERK pathway been found in several human malignancies and some data suggest that elevation of cAMP expression can be
CRAF achieved by phosphodiesterase 4 (PDE4) inhibition, resulting in cell growth arrest and/or cell death. The effects
of crosstalk between cAMP and the MAPK/ERK pathway on the development progression in ccRCR, however,
remain to be fully understood. In this study, we sought to explore the involvement of PDE4 in ccRCC and to assess
its potential as a target for therapeutic intervention. We demonstrated that PDE4D is the predominant subtype of
PDE4 expressed in healthy and cancerous renal cell lines, particularly in metastatic Caki-1 cells. We generated a
CRISPR/Cas9-mediated PDE4D-KO Caki-1 cell model and showed that PDE4D depletion reduced cell prolifera-
tion and recovered cAMP expression in these cells. PDE4D-KO and/or PDE4 inhibition with the FDA approved
PDE4 inhibitor, roflumilast, also attenuated MAPK/ERK signaling in a CRAF-dependent manner. Most interest-
ingly, we showed that PDE4D-KO enhanced the effectiveness of the TKI, sorafenib, to stunt cell survival. In
conclusion, we provide preliminary evidence of PDE4 involvement in ccRCC and suggest a rationale for dual
tyrosine kinase/PDE4D targeting in patients with CRAF-dependent MAPK activation.

Renal cell carcinoma

factors and their receptors constitutes one mechanism of RTK dysregu-
lation and of its oncogenic effects. Aberrant signaling through RTKs,
including vascular endothelial growth factor receptor (VEGFR) and

Introduction

Clear cell renal cell carcinoma (ccRCC) is the most common and

aggressive histological type of renal cell carcinoma, accounting for
approximately 75% of all RCC cases and 85% of metastatic tumors. The
overall five-year survival rate of ccRCC patients with metastasis is only
12% [1-3].

Dysregulation of receptor tyrosine kinase (RTK) signaling is a
prominent feature of many cancer types including ccRCC and contrib-
utes to tumor development and progression. Overexpression of growth

platelet-derived growth factor receptor (PDGFR), has been described in
ccRCC. Increased activation of such receptors enhances signaling
through downstream pathways like PI3K/AKT and MAPK/ERK, and
results in oncogenic effects like tumor cell proliferation, angiogenesis,
invasion, and metastasis [4-7]. Several receptor tyrosine kinase in-
hibitors (TKIs) have been developed in the past decade to address the
adverse effects of dysregulated RTK signaling. These therapeutics

Abbreviations: cAMP, cyclic adenosine monophosphate; ccRCC, clear cell renal cell carcinoma; ERK, extracellular signal-regulated kinase; KO, knockout; MAPK,
mitogen-activated protein kinase; PDE4, phosphodiesterase 4; PI3K, phosphatidylinositol 3-kinase; PKA, protein kinase A; sgRNA, single guide RNA; TKI, tyrosine

kinase inhibitor.
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primarily function as anti-angiogenic agents to inhibit endothelial cell
growth and intratumoral vascular formation, but they also impede
signaling involved in the proliferation and survival of tumor cells. TKIs
like sorafenib have become the most successful class of therapeutics in
the treatment of ccRCC [1,8]. Unfortunately, acquired resistance to TKIs
can develop in the first year of treatment and limits their long-term ef-
ficacy [9]. Various mechanisms underlying tumor cell resistance to TKIs
have been postulated; however, the precise mechanisms remain to be
fully understood [8,10,11]. Although pathways like MAPK/ERK, which
are activated directly downstream of surface receptors, may be the
intended targets of TKIs, the effect of their inhibition transitively ex-
tends to other associated signaling mechanisms. In this way, the devel-
opment of resistance can in part be thought of as an unintentional
interference in additional signaling pathways that are secondary to
those such as MAPK/ERK. Sorafenib, which targets intracellular
signaling components of the MAPK/ERK pathway in addition to surface
receptors [12], may be particularly susceptible to developing resistance
due to its wider range of targets. As a consequence, tyrosine kinase in-
hibition can also result in transitive deregulation of negative feedback
mechanisms intrinsic to TKI-targeted pathways and a loss of therapeutic
efficacy. Thus, in order to compensate for such effects of RTK inhibition,
TKIs should be combined with additional therapeutics targeting the
components of inadvertently inhibited RTK-associated pathways. Such
strategies may serve to counteract the development and persistence of
resistance in cancer therapy.

Phosphodiesterases (PDEs) are categorized into 11 families in
humans and function to hydrolyze the cyclic nucleotide secondary
messenger(s) cAMP and/or cGMP. The PDE4 family of enzymes specif-
ically hydrolyze cAMP and include variants categorized into 3 groups
based on the expression of N-terminal upstream conserved region (UCR)
domains (long form, short form, and super-short form). Interestingly,
some residues involved in the regulation of PDE4 activity are located in
the N-terminal UCR domains, which are only present in PDE4 long forms
including PDE4D. It is well established that PDE4D can be activated by
protein kinase A (PKA) and inhibited by ERK [13]. Some studies have
shown that initial elevation of cAMP levels resulting from ERK-mediated
PDEA4D inhibition can lead to PKA activation and net activation of PDE4
enzymatic activity [14]. This type of counter feedback mechanism may
explain the depletion of cAMP levels observed in various human tumors
with enhanced ERK signaling. Moreover, cAMP-activated PKA can also
exert regulatory effects on components of the MAPK/ERK pathway,
namely CRAF and BRAF. Whereas PKA inhibits CRAF directly, it can also
activate BRAF, albeit indirectly [15]. In the context of tyrosine kinase
inhibition, the MAPK/ERK and cAMP/PKA pathways should be
considered critically related because TKI-mediated inhibition of ERK
may impede ERK-mediated PDE4D inhibition and promote
PKA-mediated PDE4D activation, culminating in sustained cAMP
depletion. As a result, cAMP-mediated PKA activation may be hindered,
eliminating PKA-mediated negative feedback of the MAPK/ERK
pathway, particularly in tumor cells with CRAF-dependent ERK activa-
tion. Given that PDEs directly regulate cAMP levels, targeting these
enzymes presents a viable option for therapeutic intervention in con-
ditions where cAMP expression is depleted. Several PDEs have already
been targeted for treatment of a number of physiological conditions and
PDE4 inhibitors have been approved for the treatment of inflammatory
diseases like arthritis and chronic obstructive pulmonary disease [16,
17]. Recent studies have also investigated the potential of PDE4 in-
hibitors as therapeutics for lung cancer, melanoma, and leukemia [16].
While some reports indicate that increased cAMP levels promote cell
proliferation in multiple normal cells and some tumor cells [18,19],
others have demonstrated that cAMP inhibits cell proliferation and
contributes to apoptosis induction [20-22]. Elevation of cAMP levels by
inhibition of PDE4 has also been found to result in growth arrest and cell
death [21-28]. Thus, the network of interactions between cAMP/PKA,
MAPK/ERK, and PDE4 make this an interesting area in cancer research,
particularly in ccRCC, where the expression profiles and involvement of
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PDE4 remain unknown. The present study aimed to answer these
questions and to explore the potential of PDE4 targeting as a combina-
tion strategy to supplement TKIs like sorafenib in the treatment of
ccRCC.

Materials and methods
Cell lines and reagents

All cell lines were obtained from the American Tissue Culture
Collection (ATCC; Manassas, VA, USA). HEK 293T human embryonic
kidney cells, Caki-1 metastatic ccRCC cells, and 786-O, 769-P non-
metastatic ccRCC cells were maintained in RPMI 1640 (ATCC) with
10% FBS and 1% Pen/Strep. Human renal proximal tubule epithelial
cells (RPTEC) were maintained in DMEM:F12 (1:1) (ATCC) supple-
mented according to the manufacturer’s instructions. All cell lines were
cultured at 37 C and 5% CO». Forskolin, roflumilast, and sorafenib were
purchased from Cayman Chemical Company (Ann Arbor, MI, USA).

Vectors and transfection

CRISPR/Cas9 PDE4D-KO plasmid was purchased from GenScript
(Piscataway, NJ, USA). The control lentiCRISPR v2 plasmid was pur-
chased from Addgene (Watertown, MA, USA). The CRISPR/Cas9
PDE4D-KO plasmid encoding the Cas9 nuclease and a target-specific 20
nucleotide single guide RNA (sgRNA) was designed for maximum
knockout efficiency. The PDE4D-specific sgRNA sequence was 5'-
GATTGTGACTCCATTTGCTC-3'. CRISPR/Cas9 PDE4D-KO or control
CRISPR/Cas9 plasmids were transfected into Caki-1 cells using Lip-
ofectamine™ CRISPRMAX™ Cas9 Transfection Reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. Caki-1
cells were seeded in a 6-well plate and cultured for 24 h until the cells
reached 60-70% confluence. The Lipofectamine™ CRISPRMAX™ Cas9
Transfection Reagent was mixed and added directly to the culture
media. At 24 h post transfection, 3 mL of selection medium (complete
medium containing 2 pg/mL of puromycin) was added. After 1 week, the
selection medium was removed and cells were cultured in complete
medium for 1 week. Cells were then seeded in a 96-well plate diluted to
1 cell per well. After another 2 weeks of culture, clones were directly
sequenced and protein expression analyzed to confirm successful
knockout.

gRT-PCR analysis

Total RNA was isolated using an RNA extraction kit (Qiagen, Hilden,
Germany). RNA quantity and quality were assessed using the Nanodrop-
ND-1000 instrument (Nanodrop Technologies, Wilmington, DE, USA).
Single stranded complementary DNA was synthesized using a High-
Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA)
according to the manufacturer’s instructions. Transcript levels were
measured by qRT-PCR using TagMan primer on a 7300 RT-PCR system
(Applied Biosystems) and normalized to GAPDH.

Western blotting analyses

Cells were lysed in RIPA buffer (Invitrogen, Carlsbad, CA, USA)
supplemented with a protease/phosphatase inhibitor cocktail. Cell ly-
sates were resolved by SDS-polyacrylamide gel electrophoresis and
transferred on PVDF membrane. Membranes were probed with the
following primary antibodies: phospho-ERK1/2 (p-ERK), ERK1/2,
phospho-BRAF (p-BRAF), BRAF, phospho-CRAF (p-CRAF), CRAF,
PDE4B, p-actin (Cell Signaling Technology, Beverly, MA, USA); PDE4A
(Santa Cruz Biotechnology, Dallas, TX, USA); PDE4D, phospho-AKT (p-
AKT), AKT, (R&D System, Minneapolis, MN, USA). Protein expression
was visualized using an enhanced chemiluminescence kit (Thermo
Fisher Scientific, Lafayette, CO, USA) on a Syngene ImageQuant Imaging
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System (Frederick, MD, USA) and quantified using Image J software
(NIH, Bethesda, MD, USA).

cAMP assays

Cells were seeded in a 96-well plate (5000 cells/well). Following
overnight incubation at 37 C and 5% COj, cells were treated with
roflumilast (0.1 pM) for 6 h and/or forskolin (20 pM) for 10 min. The
concentration of cCAMP was determined using a cAMP direct immuno-
assay kit (Millipore Sigma, Burlington, MA, USA) according to the
manufacturer’s instructions.

Cell viability assay

Cells were cultured in a 96-well plate and treated with the following
concentrations: 0, 0.01, 0.1, 1, 10, and 100 pM. Dual tyrosine kinase/
PDE4 inhibition was performed by addition of 0.1 pM roflumilast to each
sorafenib concentration group. For combination treatment with roflu-
milast and sorafenib, a constant dose of 0.1 pM roflumilast was used at
varying concentrations of sorafenib (0, 0.01, 0.1, 0.5, 1, 2, 4, 8, 10 and
100 pM). After 72 h of incubation, CellTiter-Glo luminescent cell
viability assay reagent (Promega, Fitchburg, WI, USA) was added ac-
cording to the manufacturer’s instructions. Luminescence was detected
using the Veritas Microplate Luminometer (Turner BioSystems, Inc.,
Sunnyvale, CA, USA). MATLAB software was used to calculate dose-
response curves and IC50.

Cell cycle analysis

For quantification of cell cycle stage distribution, cells were seeded
in a 6-well plate at a density of 3 x 10° cells/well. After 24 h, cells were
harvested and analyzed using propidium Iodide (PI) staining solution
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s in-
structions. Subsequently the samples were analyzed using a BD FACS-
Canto II instrument (BD Biosciences, Franklin Lakes, NJ, USA). A total of
10,000 events were acquired for each sample. Data were analyzed with
FACSDiva software (BD Biosciences).

Apoptosis detection of Annexin V by flow cytometry

Cells were seeded in a 6-well plate at a density of 3 x 10° cells/well.
After 24 h, cells were harvested and analyzed using the Annexin V-FITC
Apoptosis Detection Kit (Cell Signaling Technology) according to the
manufacturer’s instructions. The samples were analyzed using a BD
FACSCanto II instrument (BD Biosciences). A total of 10,000 events were
acquired for each sample. Data were analyzed with FACSDiva software
(BD Biosciences).

Clonogenic assay

To measure clonogenicity, 1 x 10° cells/well were seeded in a 6-well
plate, incubated overnight at 37°C and 5% CO,, then treated with
DMSO, 1 pM sorafenib, and/or 0.1 roflumilast for 7 days at 37°C. Col-
onies were stained with 0.5% crystal violet solution in 25% methanol.

Soft agar assay

WT or PDE4D KO Caki-1 cells (5 x 10° cells/well) were mixed with
0.36% top agar (Sigma-Aldrich; Saint Louis, MO, USA) and seeded on
0.72% bottom agar in a 12-well plate to visualize their anchor-
age-independent growth. Treatment conditions (DMSO, 1 pM sorafenib
and/or 0.1 roflumilast) were maintained for 21 days at 37°C with 5%
COs. Colonies were stained with 0.005% crystal violet solution for 1 h at
room temperature and counted.
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Immunofluorescence staining

Cells were plated on a multi-chamber slide (MilliporeSigma) and
treated with 0.1 uM sorafenib for 72 h. Immunofluorescence staining
was performed as previously described. In brief, cells were fixed with 4%
PFA for 15 min and permeabilized using 1% Triton X-100 for 15 min.
Two percent normal sheep serum containing 5% BSA was used for
blocking for 1 h. Primary antibodies (anti-Caspase 3, dilution of 1:100,
Cell Signaling Technology; anti-FasL, dilution of 1:50, Abcam; anti-Bax,
dilution of 1:50 Santacruz Biotechnology; anti-p53, dilution of 1:100,
MilliporeSigma) were added and incubated overnight at 4 °C in 5x
diluted blocking buffer containing 0.1% Tween 20. After three washes
with PBST (0.1% Tween 20), Alexa Fluor 488 or Alexa Fluor 595 labeled
secondary antibodies (Thermo Fisher Scientific) were added and incu-
bated for 1 h at room temperature. Slides were washed and mounted
using a medium containing DAPI. Images were captured on a Nikon
Confocal Imaging system (Nikon C1 Eclipse, Nikon, Tokyo, Japan).

Apoptosis detection of Annexin V by immunofluorescence

Cells were plated on a multi-chamber slide (MilliporeSigma) and
treated with 0.1 pM sorafenib for 72 h. Cells were incubated with
Alexa488 labeled Annexin V reagent (Thermo Fisher Scientific) for 1 h.
Cells were then fixed with 4% PFA, washed with PBST three times, and
mounted with DAPI-containing medium. Images were captured on a
Nikon Confocal Imaging system (Nikon C1 Eclipse, Nikon).

Statistical analysis

The experiments were performed for a minimum of three indepen-
dent tests. Student’s t-test and/or ANOVA were performed for statistical
analyses. All values were expressed as mean + SD and p < 0.05 was
considered statistically significant.

Results
PDE4D is the predominant subtype of PDE4 in ccRCC cell lines

To gain insight into the involvement of PDE4 in ccRCC, we first
analyzed expression levels of the PDE4 subfamily genes in several ccRCC
cell lines. Our results indicated significantly higher expression of PDE4D
in metastatic Caki-1 cells relative to all other PDE4 subtypes (Fig. 1A).
Moreover, PDE4D gene expression was found to be approximately 60-
fold lower in 769-P cells than in Caki-1 cells, and undetectable in 786-
O cells (Fig. 1A-C). PDE4A, PDE4B, and PDE4C expression was found
to be varying and minimal among the investigated ccRCC cell lines
(Fig. 1A-C). Next, we analyzed protein expression of PDE4A and PDE4D
in ccRCC and healthy renal cell lines. Our results revealed no visible
expression of PDE4A in the ccRCC cell lines, and of our healthy renal cell
lines, only HEK 293T cells showed PDE4A expression, albeit minimal.
Interestingly, PDE4D protein expression was detected in all investigated
cell lines; however, only Caki-1 cells exhibited markedly high expression
relative to the healthy renal cell lines (Fig. 1D, E). Resultantly, Caki-1
cells were selected as the cell model of PDE4D-KO in subsequent ex-
periments. Given that PDE4D functions specifically to hydrolyze cAMP
and that depleted cAMP levels have been found in various other human
tumors, we sought to determine if the observed overexpression of
PDEA4D in Caki-1 cells contributes to cAMP depletion. We measured
intracellular cAMP expression under basal conditions and following
PDE4 inhibition. Our results revealed severely depleted basal cAMP
levels, which were recovered following cell treatment with the subtype-
non-specific PDE4 inhibitor, roflumilast (0.1 pM). Furthermore, treat-
ment of cells with the adenylate cyclase activator, forskolin (20 pM),
also increased cAMP expression, though not nearly to the extent ach-
ieved by PDE4 inhibition with roflumilast. Combined treatment of Caki-
1 cells with roflumilast and forskolin increased cAMP levels in an
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Fig. 1. PDE4D is the predominant subtype of PDE4 in ccRCC. (A) PDE4D gene expression was significantly higher than all other PDE4 subtypes in Caki-1 cells. (B, C)
Gene expression of all investigated PDE4 subtypes was minimal in 769-P and 786-O cells, respectively. (D) PDE4A protein expression was absent in all investigated
ccRCC cell lines and minimal in the HEK 293T healthy renal cell line. PDE4D was detected in all investigated cell lines and found to be significantly overexpressed in
Caki-1 cells. (E) Quantification of protein expression analysis by Western blot. (F) Basal intracellular cAMP expression was depleted in Caki-1 cells and recovered by
PDE4 inhibition with roflumilast (0.1 pM). Mouse brain tissues served as a positive control for PDE4A and PDE4D protein expression analysis. Ctrl, control; Rof,
roflumilast; Frs, forskolin. Mean+SD was used, n = 3, * p < 0.05, ** p<0.001, *** p < 0.0001.

additive manner; however, this increase was not significantly greater
than roflumilast treatment alone (Fig. 1F). Taken together, our results
suggest that although dampened adenylate cyclase activity may lessen
cAMP production in these cells, PDE4 is the predominant component
responsible for the observed cAMP depletion.

PDE4D knockout reduces cell viability and inhibits ERK-mediated signaling
in Caki-1 cells

To gain insight into the therapeutic potential of PDE4D targeting in
ccRCC, we developed a CRISPR/Cas9-mediated PDE4D-KO Caki-1 cell
model (Supplemental Fig. 1A). Single cell sequencing confirmed suc-
cessful deletion of two base pairs at the targeted site (Supplemental
Fig. 1B). Western blot analysis additionally confirmed successful
knockout of PDE4D in Caki-1 cells (clone no. 2; Supplemental Fig. 1C).
Using this cell model, we assessed the effect of PDE4D-KO on cell pro-
liferation by analyzing viability, cell cycle, and apoptosis. Our results
showed significantly reduced viability of PDE4D-KO cells at 24 h post-
recovery, and to an even greater extent, at 48 h (Fig. 2A). Moreover,
PDE4D-KO also resulted in G1 cell cycle arrest and an increased pro-
portion of apoptotic cells; however, these effects appeared to be mod-
erate (Fig. 2B, C). A more comprehensive follow-up analysis of critical
proteins involved in apoptosis confirmed no significant effect of PDE4D-
KO alone on apoptosis induction in Caki-1 cells (Fig. 5A, C). Nonethe-
less, the significant reduction of cell viability in PDE4D-KO -cells
prompted us to analyze the canonical oncogenic pathways, PI3K/AKT
and MAPK/ERK. Interestingly, our results indicated no effect of PDE4D-
KO on AKT phosphorylation, but a significant reduction in ERK phos-
phorylation was observed (Fig. 2D, E). These data suggest that PDE4D
targeting may attenuate cell proliferation by interfering with ERK acti-
vation and downstream oncogenic signaling.

PDE4D targeting by CRISPR/Cas9-mediated knockout or inhibition with
roflumilast recovers intracellular cAMP levels and inhibits MAPK signaling
in a CRAF-dependent manner

To further explore our findings concerning PDE4-associated cAMP
depletion and ERK inhibition, we assessed the expression of cAMP and
activation of the MAPK/ERK pathway upstream kinases, BRAF and
CRAF, in the PDE4D-KO Caki-1 cell model. Our results showed signifi-
cantly elevated intracellular cAMP levels in PDE4D-KO cells versus
vector only (vector) cells (Fig. 3A). The recovery of cAMP expression
observed here mimicked the result of subtype-non-specific PDE4 inhi-
bition with roflumilast (Fig. 1F). Moreover, treatment of vector or
PDE4D-KO cells with roflumilast (0.1 pM) resulted in a moderately ad-
ditive result on elevation of cAMP; however, this increase was not sig-
nificant relative to untreated PDE4D-KO cells (Fig. 3A). These data
confirmed our speculation that PDE4D exerts a profound effect on
regulating cAMP expression in the Caki-1 cell line. Given the well-
described associations between cAMP and the MAPK/ERK signaling
pathway, we analyzed the activation of BRAF and CRAF to gain insight
into the observed attenuation of ERK activation in PDE4D-KO cells.
Interestingly, whereas BRAF phosphorylation was unaltered in PDE4D-
KO cells, phosphorylated-CRAF expression was almost completely
depleted. Additionally, treatment of either vector or PDE4D-KO cells
with roflumilast further depleted phosphorylated-CRAF expression
(Fig. 3B, C). Taken together, our results suggest that although other
PDE4 subtypes may contribute to cAMP regulation and promote acti-
vation of MAPK signaling, PDE4D predominates.

PDE4D targeting by CRISPR/Cas9-mediated knockout or inhibition by
roflumilast enhances the effectiveness of sorafenib to stunt survival of

Caki-1 cells in vitro

Next, we sought to explore the potential of PDE4 targeting as a
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Fig. 3. CRISPR/Cas9-mediated PDE4D knockout or PDE4 inhibition by roflumilast recovered intracellular cAMP expression and inhibited MAPK/ERK signaling in a
CRAF-dependent manner. (A) Intracellular cAMP expression was elevated in PDE4D-KO and roflumilast-treated Caki-1 cells. (B) PDE4D knockout resulted in
depletion of phosphorylated-CRAF and phosphorylated-ERK protein expression. Treatment of PDE4D-KO Caki-1 cells with roflumilast resulted in a slight additive
effect. (C) Quantification for protein expression analysis by Western Blot. Roflumilast concentration was maintained at 0.1 pM. Vector, vector only; Rof, roflumilast.

Mean+SD was used, n = 3, ** p < 0.001, * p < 0.01.

combination strategy with the TKI, sorafenib. To do so, we conducted a
dose-response viability assessment of PDE4D-KO Caki-1 cells and vector
cells treated with the FDA approved PDE4 inhibitor, roflumilast (0.1
pM). Our results showed that targeting PDE4 or PDE4D either by small
molecule inhibition or CRISPR/Cas9-mediated knockout resulted in an
enhancement of the effectiveness of sorafenib to stunt cell survival
compared to untreated vector cells (Fig. 4A). Moreover, the IC50 for

sorafenib-treated cells was determined to be 1.33 uM, 0.60 pM, and 0.59
pM in vector, PDE4D-KO, and roflumilast-treated Caki-1 cells, respec-
tively (data not shown). Thus, no significant additive enhancement of
sorafenib efficacy could be attributed to subtype-non-specific PDE4 in-
hibition, suggesting that PDE4D is largely responsible. To further
explore the effect of PDE4 targeting in combination with sorafenib
treatment, we assessed the colony formation of PDE4D-KO and wild-
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type control cells treated with roflumilast. Our results revealed that both
methods of PDE4 or PDE4D targeting enhanced the ability of sorafenib
to reduce colony formation of Caki-1 cells (Fig. 4B, C). Together, these
findings demonstrate that either selective small molecule inhibition of
PDE4 or CRISPR/Cas9-mediated PDE4D depletion can enhance the
sensitivity of Caki-1 cells to treatment with sorafenib.

PDE4D knockout enhances sorafenib-mediated induction of apoptosis in
Caki-1 cells

To follow up on our findings regarding apoptosis induction in
PDE4D-KO cells, we conducted a comprehensive analysis of apoptotic
proteins with and without sorafenib treatment. Using immunofluores-
cence staining, we assessed the expression of Annexin V, Caspase 3, Fas
ligand, p53, and Bax. Our results showed that PDE4D-KO alone did not
result in any significant upregulation of apoptotic protein expression
(Fig. 5A, C). This confirmed our previous finding that PDE4D-KO did not
result in a substantial increase in the proportion of apoptotic cells
(Fig. 2C). However, we found that when treated with sorafenib, PDE4D-
KO cells exhibited a significant increase in the expression of all analyzed
apoptosis markers versus sorafenib-treated vector cells (Fig. 5B, C).
Thus, we provide additional evidence demonstrating that targeting
PDE4D can enhance the tumor-suppressive function of sorafenib in Caki-
1 cells.

Discussion

The present study sought to provide preliminary insights into the
expression and involvement of PDE4 in ccRCC. Initial analysis of PDE4
subfamily genes revealed varying expression in Caki-1, 769-P, and 786-
O ccRCC cell lines. However, of the investigated cell lines, only the
metastatic Caki-1 cells showed markedly high expression of PDE4,
particularly of the PDE4D subtype. This suggests that PDE4 may be
upregulated in advanced ccRCC. Given the observed upregulation of
PDE4D expression in the Caki-1 cell line, we measured intracellular
cAMP in wild-type cells and found its expression to be severely depleted.
We also found that inhibition of PDE4 with the subtype-non-specific
inhibitor, roflumilast, resulted in a recovery of cAMP expression.
These findings were in accordance with other studies of human malig-
nancies showing depleted cAMP expression that can be recovered with
PDE4 inhibition [21-28]. Furthermore, we showed that combined
treatment with roflumilast and the activator of adenylate cyclase, for-
skolin, did not significantly enhance intracellular cAMP expression. This
suggests that even though adenylate cyclase activity may contribute to
cAMP depletion in Caki-1 cells, PDE4 and PDE4D in particular may be
largely responsible. Resultantly, we generated a CRISPR/Cas9-mediated
PDE4D-KO Caki-1 ccRCC cell model. Analysis of cAMP expression in
PDE4D-KO cells revealed elevated cAMP levels and mimicked the result
of roflumilast-treated wild-type Caki-1 cells. Moreover, treatment of
PDE4D-KO cells with roflumilast did not significantly enhance cAMP
expression, confirming our postulation that PDE4D is the predominant
subtype of PDE4 responsible for cAMP depletion in Caki-1 cells.

To gain insight into the therapeutic potential of PDE4D targeting in
ccRCC, we analyzed several cell proliferation parameters in PDE4D-KO
Caki-1 cells. We found that cell viability was significantly lower in
PDE4D-KO cells at 24 and 48 h post-recovery when compared to vector
only cells. This finding was in agreement with previous studies showing
that cAMP inhibits cell proliferation and contributes to apoptosis in-
duction [20-22]. However, our results showed that cell cycle arrest and
apoptosis were only moderately induced in PDE4D-KO cells. Neverthe-
less, to gain insight into the mechanism involved in the observed
reduction of cell viability, we analyzed signaling through the canonical
oncogenic pathways, PI3K/AKT and MAPK/ERK. Interestingly, we
found that PDE4D-KO had no effect on AKT phosphorylation, but
resulted in a significant reduction in ERK phosphorylation. We suggest
that RAP1B, which, when activated by cAMP, inhibits AKT [29], is
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inefficiently expressed in Caki-1 cells . Lessened RAP1B expression may
also account for the observation that BRAF phosphorylation was unaf-
fected by PDE4 or PDE4D targeting, as will be discussed later on. Our
future work will seek to elucidate the regulatory function of RAP1B in
the crosstalk between cAMP/PKA and MAPK/ERK signaling. To further
explore the finding that PDE4D-KO resulted in phosphorylated-ERK
depletion, we assessed the activation of MAPK/ERK pathway upstream
kinases, BRAF and CRAF. Interestingly, our results showed that
PDE4D-KO had no effect on BRAF phosphorylation; however,
phosphorylated-CRAF expression was found to be nearly completely
depleted. It has been well documented that components of the
cAMP/PKA and MAPK/ERK pathways exert feedback on one another
[30-32]. PDE4, which specifically hydrolyzes cAMP, is an intermediary
component in feedback regulation of these pathways. Previous studies
have shown that cAMP-activated PKA can exert regulatory effects on
components of the MAPK/ERK pathway, namely BRAF and CRAF.
Whereas PKA activates BRAF indirectly through RAP1B [33,34], it can
also directly inhibit CRAF [35,36]. Our finding that
phosphorylated-CRAF was depleted in PDE4D-KO cells may be
explained by direct inhibition of CRAF activation by PKA resulting from
elevated cAMP expression. Taken together, our results suggest that
PDE4D-KO attenuated cell proliferation by interfering with ERK acti-
vation; however, given the slight-to-moderate effects of PDE4D-KO on
cell cycle and apoptosis, PDE4D targeting alone may be insufficient to
suppress survival of these cells. Resultantly, we sought to analyze the
additive therapeutic potential of dual tyrosine kinase/PDE4 targeting.
Dysregulation of RTK signaling is a prominent feature in ccRCC and
results in enhanced oncogenic effects. RTKs mediate these effects
through downstream pathways like PI3K/AKT and MAPK/ERK. TKIs
like sorafenib have become a moderately successful class of therapeutics
to combat dysregulated RTK signaling. Thus, we sought to determine if
treating PDE4D-KO Caki-1 cells with sorafenib could enhance the effects
of PDE4 targeting alone. We conducted a dose-response viability
assessment to sorafenib on PDE4D-KO Caki-1 cells and vector cells
treated with the FDA approved PDE4 inhibitor, roflumilast. Our results
showed that targeting PDE4 either by CRISPR/Cas9-mediated knockout
or small molecule inhibition resulted in an enhancement of the effec-
tiveness of sorafenib to stunt cell survival compared to untreated vector
cells. We likewise assessed the ability of sorafenib to inhibit colony
formation in PDE4D-KO and roflumilast-treated wild-type control cells.
Our results revealed that either method of PDE4 targeting enhanced the
ability of sorafenib to reduce colony formation, again suggesting that
PDEA4D predominates among other PDE4 subtypes. Given these results,
we followed up on our previous finding regarding apoptosis induction in
PDE4D-KO Caki-1 cells. We conducted a comprehensive expression
analysis of the apoptotic markers Annexin V, Caspase 3, Fas ligand, p53,
and Bax in PDE4D-KO and vector cells with and without sorafenib
treatment. Our results showed that PDE4D-KO alone did not result in
significant upregulation of any of the analyzed apoptotic proteins. This
confirmed our previous finding that PDE4D-KO did not result in a sub-
stantial increase in the proportion of apoptotic cells. However, our re-
sults showed that when treated with sorafenib, PDE4D-KO Caki-1 cells
exhibited a significant increase in the expression of all analyzed
apoptosis markers versus sorafenib-treated vector cells. Taken together,
our results suggest that targeting PDE4D can enhance the anti-tumor
function of sorafenib in Caki-1 cells. Although the mechanism by
which this occurs remains to be elucidated, we postulate that it is crit-
ically related with crosstalk between the cAMP/PKA and MAPK/ERK
pathways. Tumor cells exhibiting PDE4D overexpression and cAMP
depletion may be incapable of PKA-mediated CRAF inhibition and this
may contribute to the dysregulation of MAPK/ERK signaling frequently
observed in ccRCC. Since decreased PDE enzymatic activity can elevate
expression of cAMP, which directly activates PKA, targeting PDE4D may
result in a recovery of negative feedback regulation on MAPK/ERK
signaling. Thus, our finding that PDE4 or PDE4D targeting enhances the
effectiveness of sorafenib may be a result of additive sorafenib-mediated
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MAPK/ERK inhibition and induction of negative feedback inhibition of
CRAF. However, since PKA can also activate BRAF indirectly, the
expression of intermediary components facilitating BRAF activation (e.
g., RAP1B) must be analyzed when considering this mechanism for
application in therapy so as not to inadvertently promote BRAF-
mediated ERK activation. Our results showed no effect of PDE4D-KO
on BRAF phosphorylation; therefore, we think that the intermediary
components facilitating BRAF activation are inefficiently expressed in
Caki-1 cells. Although our study focuses only on the expression, func-
tion, and potential of dual tyrosine kinase/PDE4 targeting in ccRCC, our
findings may be of particular relevance in the context of tumor cell
resistance to TKIs. It has previously been shown that initial elevation of
cAMP levels resulting from ERK-mediated PDE4D inhibition can lead to
PKA activation and net activation of PDE4 enzymatic activity [37]. In
spite of the fact that TKIs like sorafenib directly target MAPK/ERK
signaling and inhibit ERK, prevailing ERK activation may explain the
depletion of cAMP levels as a result of the dominant effect of PKA on
PDEA4D activation. Thus, targeting PDE4D may eliminate the interme-
diary component in the crosstalk between cAMP/PKA and MAPK/ERK
signaling. Our future studies will focus on the long-term efficacy of
sorafenib in combination with therapeutics targeting PDE4 or PDE4D.
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