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Clear-cell renal cell carcinoma (ccRCC), the most common
subtype of renal cancer, has a poor clinical outcome. A hallmark
of ccRCC is genetic loss-of-function of VHL (von Hippel-Lin-
dau) that leads to a highly vascularized tumor microenviron-
ment. Although many ccRCC patients initially respond to
antiangiogenic therapies, virtually all develop progressive, drug-
refractory disease. Given the role of dysregulated expressions of
cytoskeletal and cytoskeleton-regulatory proteins in tumor pro-
gression, we performed analyses of The Cancer Genome Atlas
(TCGA) transcriptome data for different classes of actin-bind-
ing proteins to demonstrate that increased mRNA expression of
profilinl (Pfn1), Arp3, cofilin1, Ena/VASP, and CapZ, is an indi-
cator of poor prognosis in ccRCC. Focusing further on Pfn1, we
performed immunohistochemistry-based classification of Pfnl
staining in tissue microarrays, which indicated Pfnl positivity
in both tumor and stromal cells; however, the vast majority of
ccRCC tumors tend to be Pfnl-positive selectively in stromal
cells only. This finding is further supported by evidence for dra-
matic transcriptional up-regulation of Pfnl in tumor-associated
vascular endothelial cells in the clinical specimens of ccRCC. In
vitro studies support the importance of Pfnl in proliferation
and migration of RCC cells and in soluble Pfn1’s involvement in
vascular endothelial cell tumor cell cross-talk. Furthermore,
proof-of-concept studies demonstrate that treatment with a
novel computationally designed Pfnl-actin interaction inhibi-
tor identified herein reduces proliferation and migration of
RCC cells in vitro and RCC tumor growth in vivo. Based on these
findings, we propose a potentiating role for Pfnl in promoting
tumor cell aggressiveness in the setting of ccRCC.

The estimated incidence of and number of deaths from renal
cell carcinoma (RCC) in the United States in 2019 are 73,280
and 14,770, respectively (1). The most common subtype, clear-
cell RCC (ccRCC), occurs in >75% of RCC patients. Approxi-
mately 20-30% of those patients present with metastasis at the
time of diagnosis. Another one-third of patients, following ini-
tial treatment, develop either local recurrence and/or distant
metastases. Disquietingly, the 5-year survival of patients with
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advanced-stage ccRCC remains only 10% (2—4). A distinguish-
ing hallmark of ccRCC is its highly vascularized tumor micro-
environment (TME) arising from the genetic loss of function
(LOF) of the tumor-suppressor protein VHL (von Hippel-Lin-
dau; inactivated in >90% of cases of sporadic ccRCC), leading
to hypoxia-inducible factor-1 and -2 stabilization and up-regu-
lation of the proangiogenic factor VEGF (4). Although many
ccRCC patients initially respond to therapies targeting VEGF
or other proangiogenic signaling pathways, very few patients
exhibit durable treatment-associated benefits, and virtually all
develop progressive, drug-refractory disease (5-7). Deeper mo-
lecular understanding of the pathogenesis and progression of
ccRCC and its sequelae is expected to lead to the development
of novel targeted interventions capable of providing improved
clinical benefit.

Dynamic control of the actin cytoskeleton is a key feature of
all actin-dependent biological processes that includes cell
migration and proliferation in both physiological and patholog-
ical contexts. Actin cytoskeletal regulation in cells involves the
concerted actions of several major classes of actin-binding pro-
teins (ABPs). Among them, the Pfn (profilin) family of ABPs
play a key role in promoting actin polymerization in cells
through their nucleotide-exchange activity on G-actin (facili-
tates ADP-to-ATP exchange on G-actin) and ability to act as a
carrier of ATP—G-actin to a number of other actin assembly
factors bearing polyproline motifs during F-actin elongation.
Pfn’s importance in the regulation of actin dynamics and actin-
based cellular processes, such as cell migration and prolifera-
tion, is well-established in the literature (8—13). Differential
proteomic analyses of supernatants from the cultures of RCC
cells versus normal kidney epithelial cells supported by RT-
PCR and qualitative immunohistochemistry (IHC) analyses of a
small number of RCC (14 cases) versus normal kidney tissues
provided the first evidence of overexpression of Pfn1 (the major
isoform of Pfn family of ABPs) in human ccRCC (14). Proteo-
mic studies further identified Pfnl to be one of the candidate
markers of late stage ccRCC (15, 16). In concordance with these
findings, semiquantitative IHC studies performed on a larger
cohort of patient samples (384 cases) subsequently established
higher Pfnl expression correlated with shorter overall survival
(OS) and progression-free survival (PFS) of ccRCC patients
(17). This particular study reported no statistically significant
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difference in % Pfn1'" versus %Pfn1"e" expression between tu-
mor and matched noncancerous regions of kidney in ccRCC
patients. However, because those stratifications were based on
percentages of Pfnl-immunoreactive regions on a semiquanti-
tative evaluation scale, an accurate assessment of Pfnl expres-
sion in different cell compartments in tumor versus normal ad-
jacent regions of kidney in ccRCC patients is lacking in the
literature. Overall, these studies suggest Pfn1’s positive associa-
tion with advanced disease features and adverse clinical out-
comes in the setting of ccRCC. In this study, we first analyzed
publicly available transcriptome data sets to identify other
ABPs in addition to Pfnl that have prognostic significance in
ccRCC. We further demonstrate dysregulated expression of
Pfnl and a subset of those ABPs queried herein in tumor-asso-
ciated (TA)-VECs in ccRCC patients. Additional experimental
evidence developed in our studies support the role of Pfnl in
promoting proliferation and migration of RCC cells, and VEC-
tumor cell cross-talk. Finally, we demonstrate proof-of-concept
for a novel Pfnl—actin interaction inhibitor identified herein to
reduce RCC cell aggressiveness in vitro and tumor growth in
vivo.

Results

Pfn1, CapZ, Cofilin1, Arp3, and ena/VASP are markers of poor
prognosis in ccRCC

We first queried a The Cancer Genome Atlas (TCGA) tran-
scriptome data set (downloaded from CBioportal) representing
all 537 clinical cases of ccRCC to examine alteration character-
istics (overexpression, gene amplification, down-regulation,
deep-deletion, missense, and/or truncating mutations) of a
total of eight major classes of actin cytoskeleton regulatory
factors (Fig. 1). We included ABPs that are involved in (i)
actin nucleotide exchange and shuttling (Pfn), (ii) G-actin
sequestration (thymosin 4; maintains the cellular pool of
polymerization-competent ATP-bound G-actin), (iii) actin
nucleation (Arp2/3 complex, mammalian diaphanous (mDia)),
(iv) activation of actin-nucleating factors (N-WASP (neural
Wiskott—Aldrich syndrome protein), WAVE (W ASP-associ-
ated verprolin homology)), (v) F-actin elongation (mDia and
Ena (enabled)/VASP (vasodilator-stimulated phosphopro-
tein)), (vi) F-actin depolymerization and/or severing (cofilin
and gelsolin), (vii) F-actin capping (CapZ), and (viii) F-actin
cross-linking (filamin). As for Pfn, we restricted our analyses to
Pfnl and Pfn2 isoforms only because PFN3 transcript was
undetectable, and the average transcript abundance of PFN4
(5.98 = 5.45) was essentially negligible compared with that of
either PFNI (10958.0 = 4594.6) or PFN2 (1821.1 *2996.3,
expressed at a 6-fold lower abundance than Pfnl) in ¢ccRCC
tumors (Fig. 24). Genes that are predominantly up-regulated
(either through mRNA overexpression or gene amplification)
include PFN isoforms (PFN1 and PFN2), ARPC3 (encodes
Arp3 subunit of the Arp2/3 complex), DIAPHI (encodes
mbDial; exhibits the highest alteration frequency at 38%),
DIAPH3 (encodes mDia3), ENAH (encodes Mena), VASP,
EVL, CFLI (encodes cofilinl), WASL (encodes N-WASP), and
various CAPZ subunits. The most consistent down-regulated
gene was FLNB (encodes Filamin-B), which involved deep de-
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letion. For the remainder of the queried genes, no significant
bias in any particular direction of change was evident. A sub-
set of queried ABPs demonstrated association with disease
features and/or clinical outcome in ccRCC (summarized in
Table S1). Tumors of advanced Fuhrman grade (3 or 4) and
stage (3 or 4) and associated with distant metastasis (M1)
exhibited higher values of mRNA expression of PFNI (but
not the minor isoform PFN2), ARPC3, CFL1, CAPZ subunits
(CAPZol and CAPZp), and VASP relative to lower grade/
stage (1 or 2) and nonmetastatic (M0) tumors, and these dif-
ferences were statistically significant. Accordingly, higher
expressions (more than the median value) of these genes also
correlated with lower OS, as well as PFS of ccRCC patients.
ENAH and EVL (the other two members of Ena/VASP pro-
tein family genes) also exhibited similar trends as seen for
VASP with the only exceptions that ENAH expression was
not different between M0 and M1 tumors and that high EVL
expression only negatively impacted OS in a statistically sig-
nificant manner (note however that EVL’s association with
PES was very close to significance with p value equal to
0.056). Collectively, these data suggest that elevated expres-
sions of PFN1, CFL1, CAPZ, ARPC3, and ENAH/VASP genes
are poor prognostic features of ccRCC (disease association
and survival plots pertinent to PFNI are shown in Fig. 2 (B
and C); disease association and survival plots for CFLI,
CAPZ, ARPC3, and ENAH/VASP genes are shown in Figs. S1
and S2, respectively). We also found that expressions of a
subset of ABP-encoding genes represent indicators of better
prognosis in ccRCC (Table S1). Specifically, higher expres-
sions of WASL (encodes N-WASP), WASF2 (encodes
WAVE?2), and GSN (encodes gelsolin) appeared to represent
signatures of low-grade/stage and nonmetastatic tumors in
association with improved survival (OS and/or PFS) in
ccRCC patients. Furthermore, although the mDial-encoding
DIAPHI gene is frequently overexpressed/amplified in
ccRCC, higher expression of DIAPHI also correlated with
improved patient survival. Interestingly, there was no signifi-
cant trend in DIAPH1 gene expression versus the clinicopa-
thological features of tumors (survival curves for these four
genes are shown in Fig. S3).

Given that PFNI, ARPC3, ENAH/VASP, CFL1, and CAPZ
represented poor prognostic indicators in the ccRCC setting,
we further analyzed the TCGA transcriptome data set to
examine the expression of these select ABP-encoding genes
with clinical outcome in chromophobe (n = 63 patients) and
papillary cell (n = 292 patients) histological subtypes of RCC.
With the exception of ENAH, for which higher expression is
correlated with shorter OS (p = 0.009) and PFS (p = 0.009),
none of the other ABPs demonstrated any association with
patient outcome in the setting of chromophobe RCC. How-
ever, we cannot dismiss the possibility that lack of clinical
association of at least some of these ABP-encoding genes could
be due to the small number of patient samples available for
this subtype of RCC in the TCGA database. In the case of pap-
illary cell RCC, higher expression of only ENAH and CAPZal
genes correlated with statistically significant shorter OS (p val-
ues equal to 0.025 and 0.019 for ENAH and CAPZal, respec-
tively), whereas higher expression of only EVL and ARPC3
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Figure 1. A graphical summary of alteration of different classes of ABPs assembled from the transcriptome data of 537 ccRCC patients (TCGA data
set plotted on cBioportal). Each vertical line represents a clinical case. For these analyses, an absolute value of mRNA expression z score of >1.5 was used as a
cutoff for defining overexpression and down-regulation with the mean and variance calculated based on the expression distribution of tumors diploid for any
given gene.
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Figure 2. Adverse association of Pfn1 with patient outcome in human ccRCC. A, relative transcript abundance of different variants of Pfn in ccRCC. ***, p
< 0.0001. B and C, association of transcript expressions of Pfn1 with disease features (grade, stage, metastasis) (B) and survival (OS and PFS) (C) of ccRCC
patients (these data are based on the analyses of TCGA data representing 537 clinical cases). ***, p < 0.0001. Samples with missing stage, grade, and metasta-
sis information were excluded (numbers in parentheses in B denote number of clinical cases in each category). For survival analyses (available for all 537
patients), transcript expression was dichotomized at the median value. Red and blue lines in Kaplan-Meier survival plots indicate higher and lower than me-
dian expression, respectively.

genes was associated with diminished PFS (p values equal to
0.04 and 0.05, respectively). Therefore, adverse clinical out-
come associated with elevated tumor expression of PFNI,
VASP, and CFL1 genes appears to be restricted solely to the
clear-cell histological subtype. We focused subsequent studies
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on Pfnl because of concordance of our transcriptome-based
findings with previous proteomic and semiquantitative IHC-
based correlation of Pfnl expression with advanced disease
features and adverse patient outcome from other independent
studies (15-17).
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Figure 3. Expression of Pfn1 in cells within the TME of human ccRCC. A, Pfn1 IHC of ccRCC TMAs showing percentages of frequency of tumors with differ-
ent expression patterns of Pfn1 (n = 417 tumors) (blue, nuclei). B, Kaplan—-Meier survival curves of ccRCC patients with the indicated expression characteristics
of Pfn1. C, transcript expression profiling of Pfn1, Mena, and CapZ isoforms in CD34*CD45"°9CD146* VEC flow-sorted from the digests of fresh renal tumors

and patient-matched normal adjacent tissues (n = 8 patients).

Pfn1 is preferentially overexpressed in TA-VECs in ccRCC

To determine which cells in the ccRCC TME preferentially
overexpressed Pfnl, we next performed a qualitative ITHC
assessment of tissue microarrays (TMAs) containing a large
cohort (1 = 417) of ccRCC tumors (Fig. 34), using a Pfn1 anti-
body that we used for IHC in our previous studies (18, 19). By
immunoblot analyses of cell lysates in Pfn-isoform-specific
gene knockdown settings, we also previously confirmed that
this antibody does not recognize Pfn2 (20). Furthermore,
human tumor sections (kidney or ovarian) incubated with sec-
ondary antibody alone (i.e. without the presence of Pfnl anti-
body) did not result in either chromagen- or fluorescence-
based IHC signal, further establishing the specificity of our IHC
staining (Fig. S4). Pfnl IHC of ccRCC TMA revealed three dis-
tinct patterns of Pfnl expression: (i) negligible Pfnl expression
throughout the tumor (5.8% frequency), (ii) strong Pfn1 expres-
sion in stromal cells (VEC, lymphocytes) but negligible expres-
sion in tumor cells (64.5% frequency), and (iii) strong Pfnl
expression in both stromal and tumor cells (29.7% frequency).
In the latter sample cohort, 71% of specimens exhibited a nu-
clear distribution of Pfnl expression in tumor cells, with the
remaining 29% of specimens characterized by nucleocytoplas-
mic staining of tumor cells. These findings suggest that the vast
majority of ccRCC tumors display a pattern of strong Pfnl
expression selectively in stromal cells within the TME; this is in
accord with the general assessment of Minamida et al. (14) in
their qualitative evaluation of a limited number of ccRCC sam-
ples. Notably, patients with tumors graded for coordinate Pfnl
positivity in all three cellular compartments (VECs, lympho-
cytes, and tumor cells) tended to have reduced OS when com-
pared with patients with tumors in which only stromal cells
were graded as Pfnl-positive (p = 0.168; Fig. 3B). Although dif-
ference in the survival characteristics between the two cellular
patterns of Pfn1 expressions was not statistically significant, we
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speculate that may be due to limitations in qualitative charac-
terization of Pfnl expression in our IHC studies of tumor
specimens.

Given the prevalence of a stromal cell-associated signature
for Pfnl overexpression in ccRCC, we next performed gene
expression profiling of flow-sorted CD34 " CD45"¥CD146"
VEC isolated from freshly isolated enzymatically digested,
¢cRCC tumors, which revealed a robust (5.3-21.7-fold) up-reg-
ulation in Pfnl expression in tumor-associated TA-VEC rela-
tive to VEC sorted from patient-matched normal adjacent tis-
sue (NAT-VEC; Fig. 3C). Among the other poor prognostic
cytoskeletal markers, only Mena, CapZal, and CapZf were
also determined to be strongly up-regulated in tumor-associ-
ated VEC (TA-VEC) versus normal adjacent tissue VEC (NAT-
VEC) (Fig. 3C). In contrast, a parallel analysis of flow-sorted
CD34"°¢CD45"*8CD146 " vascular pericytes isolated from tu-
mor versus NAT samples showed no significant differences in
the expression of these proteins (data not shown). Because Pfnl
interacts with Mena/VASP proteins and is a major promoter of
Mena/VASP-mediated actin assembly and actin-driven cellular
processes (21), transcriptional dysregulation of the Pfn1:Mena/
VASP cytoskeletal pathway in TA-VEC could represent a bio-
signature of poor prognosis in ccRCC.

A previous study correlated elevated serum levels of Pfnl
(sPfn1) with the degree of atherosclerosis in humans (22), sug-
gesting that sPfnl has potential to serve as a cytoskeletal bio-
marker in certain disease contexts. We performed exploratory
ELISA to compare sPfnl levels between small cohorts of stage
4/M1 ccRCC patients (1 = 29; 8 female, 21 male; median age, 59
years; range, 45—-67 years) and age-matched normal human
donors (1 = 11; 5 male, 6 female; median age, 60 years; range,
48-76 years) as control. The ccRCC patients had completed
treatment with high-dose interleukin-2 combined with the
autophagy inhibitor hydroxychloroquine. Pfnl was detectable
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Figure 4. Pfn1 promotes migration and proliferation of RCC cells. Effect of Pfn1 knockdown (KD) on proliferation (A and B) and migration (C-E) of VHL-
negative murine RCC (RVN) and human RCC (786-0) cells. Immunoblot insets in A and B demonstrate Pfn1 knockdown (tubulin blot serves as the loading con-
trol). Proliferation data are normalized to cell count of control group of cells on day 1. C and D represent Transwell migration data of RVN cells (scale bar in C,
200 um). E summarizes single-cell random motility data of 786-0 cells. Single-cell migration was quantified using cells transfected with either smart-pool con-
trol siRNA (n = 83 cells) or Pfn1 siRNA (n = 75 cells). Triplicate wells were quantified from three individual experiments. *, p < 0.05; **, p < 0.01. Ctrl or cont,

control.

in both normal donors and ccRCC patients in the ng/ml range.
Despite the small sample sizes evaluated, the mean sPfn1 level
in ccRCC patients at baseline/pretreatment (29.6 = 15.3 ng/
ml) was ~2-fold higher (p = 0.0003) versus normal donors
(15.83 = 7.62 ng/ml; Fig. S5). Although the significant overlap
of sPfn1 level between normal and patient cohorts precludes us
from any definitive conclusion at this point, our preliminary in-
dication of a trend of elevated sPfn1 level in ccRCC patients jus-
tifies future studies involving a larger cohort of subjects to
examine the potential utility of sPfn1 as a predictive biomarker
in ccRCC.

Pfn1 is an important regulator of RCC tumor cell proliferation
and migration

Next, to determine whether Pfn1 has any role in proliferation
of ccRCC cells, we first studied the effect of transient silencing
Pfnl expression on proliferation of RVN (a variant of the widely
used murine RENCA RCC cell line engineered for VHL gene
deletion by CRISPR/Cas9) and 786-0 (a VHL-negative human
cell line originally derived from ccRCC clinical specimen) cell
lines, respectively, in 2D culture. Note that although the parent
RENCA (VHLY™) cell line has been considered poorly reflec-
tive of human ccRCC, RVN (VHL /™) cells overexpress many
of the genes associated with aggressive ccRCC in humans and
appear to represent an appropriate surrogate of human disease
(23, 24). Proliferation of both VHL™’~ cell lines was reduced
when Pfnl expression was suppressed (Fig. 4, A and B). Pfnl’s
interactions with actin and other actin assembly factors (such
as Mena/VASP proteins) play important roles in actin polymer-
ization at the leading edge and membrane protrusion (a key
step of cell migration) (21, 25). In most physiological contexts,
LOF of Pfn1 leads to defects in membrane protrusion and cell
migration (8—11). However, in certain cancer cells (breast, he-
patic), Pfnl depletion induces a hypermigratory phenotype
(26-30), suggesting that Pfnl’s role in cell migration is highly
context-specific. To determine whether Pfn1 has a pro- or anti-

15640 . Biol. Chem. (2020) 295(46) 15636~15649

migratory effect in RCC cells, we also studied the effect of
silencing Pfnl expression on chemotactic and random single-
cell migration of RVN and 786-0 cells, respectively. Similar to
our results with regard to proliferation, Pfn1 depletion attenu-
ated chemotactic and random migration of RVN (Fig. 4, C and
D) and 786-0 (Fig. 4E) cells by ~30 and ~25%, respectively.
Although chemotactic migration of RVN cells was scored 20 h
after cell seeding, because our cell proliferation assay did not
show any significant difference in cell count between the con-
trol and Pfnl knockdown groups within 24 h after cell seeding
(Fig. 4A), reduced Transwell migration in Pfnl knockdown set-
ting is not due to secondary effect on cell proliferation (this is
further underscored by single-cell motility data of 786-0 cells).
Collectively, these findings support a Pfn1 dependence for RCC
cell migration and proliferation.

Bidirectional communication between VEC and cancer cells
through various cell surface receptors and soluble factors
impacts the migratory behavior of cancer cells. Although Pfnl
is mainly an intracellular protein, the presence of Pfnl in the
conditioned media of various types of cultured cells (VECs, glo-
merular mesangial cells, RCCs, and breast cancer cells) has
been documented previously by us and other groups (14, 20,
31). We have also shown that extracellular release of Pfnl is
sensitive to perturbations of actin-sensitive signaling pathways,
suggesting that Pfnl release from cells is an actively regulated
process (20). Given our observation of Pfnl overexpression in
TA-VEC, we next analyzed the effect of intracellular elevation
of Pfn1 on its extracellular release based on immunoblot analy-
ses of Pfnl in conditioned media isolated from Pfnl-overex-
pressing versus control VEC. We observed a dramatic increase
in extracellular release of Pfnl from VEC following transduc-
tion with an adenovirus-encoding Pfn1 (Ad-Pfn1; with Ad-GFP
transduced cells serving as a control; Fig. 54). The fold change
in the basal extracellular release of Pfnl (~3-fold) paralleled
the level of gross protein overexpression (~4.7-fold) based on
cell lysate analyses. To determine whether soluble Pfnl
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Figure 5. Effect of modulating Pfn1 expression in VEC on RCC cell migration. A, Pfn1 and GAPDH (loading control) immunoblots showing the effect of
adenoviral-mediated Pfn1 overexpression in VEC on extracellular release of Pfn1 as measured in the conditioned media (Ad-GFP, control). B, box-and-whisker
plots summarizing the effects of purified rPfn1 protein in culture media on the average speed of VEC and RVN cells in random motility assay (data normalized
to control with buffer only; n = 40 cells/group from two independent experiments). C-F, box plots summarizing the effects of conditioned media of Pfn1 over-
expressing (D) and knockdown (F) cultures of VEC on chemotactic migration of RVN cells (migration data normalized to control Ad-GFP transduction or siRNA
transfection condition). Pfn1 and GAPDH (loading control) immunoblots in C and E confirm Ad-Pfn1- and Pfn1-siRNA-mediated overexpression and knock-
down of Pfn1, respectively (data summarized from three experiments). *, p < 0.05; **, p < 0.01.

modulates cell migration, we next analyzed the effect of adding
recombinant Pfnl (rPfnl; 1 or 10 um) to cultures of VEC or
RCC cells. Although a concentration range of 1-10 uMm is sev-
eral orders of magnitude higher than our estimated average se-
rum concentration of sPfn1 in ccRCC patients (~30 ng/ml; this
is equivalent to ~2 nm), we speculate that the basal local con-
centration of extracellular Pfn1 in a tissue environment is likely
much higher than that of sPfnl in the serum, and in the pM
range based on the following reasons. First, we were able to
detect extracellular Pfnl by immunoblot analyses (detection
sensitivity is in the ng range) of a few tens of microliters of su-
pernatant in cell culture settings. Second, the local concentra-
tion of extracellular Pfn1 can be further augmented by entrap-
ment of proteins by ECM and/or or in the setting of elevated
intracellular Pfn1 level as occurs in ccRCC (this is further sup-
ported by our data in overexpression setting). We found rPfnl
stimulated the migratory ability of both VEC and RCC cells,
although RCC cells exhibited greater responsiveness versus
VEC, because 1 um rPfnl was sufficient to increase RVN motil-
ity by >2-fold, whereas VEC required 10 um rPfnl to increase
motility by even ~1.5-fold (Fig. 5B). Furthermore, in a Trans-
well culture system, RVN cell motility was found to be >2.5-
fold greater when allowed to migrate toward conditioned
media harvested from the culture of Pfnl-overexpressing VEC
versus the same from control VEC (Fig. 5, C and D). Conversely,
Transwell migration of RVN cells toward VEC-conditioned
media was reduced by ~50% when Pfnl expression was
silenced in VEC (Fig. 5, E and F). Collectively, these findings
suggest that Pfnl may serve as a paracrine VEC-secreted
extracellular regulator of RCC cell migration.

Pfn1-actin interaction inhibitor reduces RCC cell
aggressiveness

Using a computationally guided biochemical screen, we
recently identified two structurally similar first-generation
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small molecule antagonists of the Pfnl—actin interaction (CI:
8-(3-hydroxyphenyl)-10-(4-methylphenyl)-2,4,5,6,7,11,12-

heptaazatricyclo[7.4.0.0%,"]trideca-1(13),3,5,9,11-pentaen-

13-ol], and C2: 8-(3-hydroxyphenyl)-10-phenyl-2,4,5,6,7,11,
12-heptaazatricyclo[7.4.0.0%,"]trideca-1(13),3,5,9,11-pentaen-
13-ol]) (32). Essentially, in a pyrene-based biochemical actin
polymerization assay, these compounds reversed Pfn1’s inhib-
itory effect on actin polymerization but did not affect actin
polymerization on their own (i.e. in the absence of Pfn1). Note
that unlike its role in promoting actin polymerization in cells,
Pfnl reduces actin polymerization in this biochemical assay
because of its inhibition of actin nucleation and pointed-end
growth of actin filaments. We further demonstrated that
these compounds are noncytotoxic (at concentrations up to
100 uM) and elicit various phenotypes in normal cells includ-
ing reduced levels of actin polymerization, slower migration,
and reduced proliferation when applied in the concentration
range of 50-100 uM, consistent with the loss of function of
Pfnl. Whether tumor cell migration and proliferation are also
susceptible to small molecule inhibition of the Pfnl-actin
interaction had not previously been investigated. Therefore,
we first tested the effect of compound C2 on the proliferation
and migration of RCC cells. We observed that the prolifera-
tion of both VHL-positive RENCA and VHL-deficient RVN
cells in 2D cultures was significantly reduced in the presence
of 50 uM C2 treatment versus control DMSO-treated cells
(Fig. 6, A and C). The antiproliferative effects of C2 appeared
to be more prominent on RENCA than RVN cells, possibly
because of the intrinsically higher proliferative capacity of
RVN cells versus RENCA cells. Serum-induced chemotactic
migration of RVN cells was also dramatically reduced (~60%)
following treatment with C2 (Fig. 6D). Because in prolifera-
tion assay C2 treatment did not affect cell count within 24 h of
cell seeding, a 60% reduction in Transwell migration in
response to C2 treatment is not due to any secondary effect
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Figure 6. Effect of small molecule inhibitor of Pfn1-actin interaction C2 on RCC cell proliferation and migration. A-C, box plots summarizing the effect
of treatment with 50 pum C2 versus DMSO (control) on proliferation of VHL-negative RVN cells (B; A shows representative images of DAPI-stained cultures on
indicated days with scale bar indicating 200 um), and VHL-positive RENCA cells (C). C2 was added either on the day of seeding (DO, or RVN cells) or 1 day after
seeding (D1, for RENCA cells) and was replenished either daily (for RVN cells) or every alternate day (for RENCA cells) during the culture period. Proliferation
data are normalized to cell count of the control (DMSO-treated) group of cells. D, box plot summarizing the effect of C2 versus DMSO treatment on serum-
induced chemotactic migration of RVN cells (results of three independent experiments). *, p < 0.05.

on cell proliferation. Interestingly, C2-induced inhibition of
RVN cell migration was more robust than that achieved in a
Pfnl knockdown setting. A potential reason underlying this
observation is discussed later.

Encouraged by these results, we set up a follow-on screen
based on the structure of C2 with the goal of identifying novel
inhibitors of Pfnl-actin interaction with improved potency.
This screen was purposely designed to not be constrained by
the putative C2-binding site. Instead, whole protein docking of
C2 on both actin and Pfnl was performed to generate pharma-
cophore models and screen for new compounds (Fig. 7, A-C).
A total of 67 small molecules were biochemically screened that
identified C74 (4-[(4-bromophenyl)(5-hydroxy-3-methyl-1H-
pyrazol-4-yl)methyl]-3-methyl-1H-pyrazol-5-o0l) as another
compound that was structurally distinct from C2 and was able
to reverse Pfn1’s effect on actin polymerization in vitro but did
not significantly alter actin polymerization on its own (Fig. 7D).
Live-dead staining of RVN cells treated with different doses (0—
50 uMm) of C74 revealed ~100% cell viability, suggesting that
C74 is not cytotoxic at least up to 50 uMm concentration (Fig.
S6A); this was further confirmed by morphological assessment
of both VEC and RVN cells (Fig. S6B). Similar to our previously
reported finding for C2 (32), C74-treated cells often exhibited
stellate morphology, a phenotype indicative of reduced spread-
ing ability; this is consistent with Pfn1’s general role in mem-
brane protrusion.

Next, as a proof-of-concept test for C74’s ability to inhibit
Pfnl-actin interaction in cells, we performed proximity liga-
tion assay (PLA) in DMSO versus C74-treated VEC as we had
previously done for C2 (32). Because PLA signal is extremely
sensitive to the distance between the interacting molecules
concerned, we reasoned that PLA assay is more efficient in cap-
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turing the direct Pfnl—actin complex (either exclusive or part
of a small complex involving other binding partners) or at best
small indirect complexes than in capturing those involving
indirect interactions as a part of large protein complexes. Con-
sistent with the pyrene—actin assay results, C74 treatment sub-
stantially reduced (by ~50%) Pfnl—actin interaction in VEC
(Fig. 7, E and F). Subsequent functional assays revealed that
treatment with C74 reduced serum-induced chemotactic
migration and proliferation of RVN cells in a dose-dependent
manner; importantly, C74 was able to elicit these effects at a
substantially lower range of concentrations (10-25 um) than
needed for C2 suggesting an improvement in efficacy (Fig. 8, A
and B). Because the off-target effect is often a general concern
for small molecules, we also evaluated the effect of C74 (or
DMSO as control) on proliferation of RVN cells that were pre-
transfected with either control- or Pfn1-siRNA. Note that we
previously showed that silencing Pfn1 does not alter the expres-
sion of Pfn2 and vice versa (20). We found that C74 treatment
reduced the proliferation of control but not Pfnl knockdown
cells (Fig. S7), suggesting that the anti-proliferative effect of
C74is Pfnl-dependent.

Lastly, to determine whether C74 has any effect on tumor
growth in vivo, we performed an exploratory study in which we
established subcutaneous tumors by transplantation of RENCA
cells in syngeneic Balb/c mice and injected either C74 (dosage,
16 mg/kg) or equivalent volume of DMSO (vehicle) dissolved
in saline directly at the tumor cell inoculation site daily over a
course of 19 days starting from day 1. In pilot studies, we a pri-
ori confirmed that daily administration of C74 (at 16 mg/kg)
for 14 days in BALB/c mice did not lead to weight loss (Fig. S8)
or significant changes in serum levels of kidney/liver enzymes
and waste products (Table S2), suggesting that C74 does not
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Figure 7. Identification of C74 as a novel inhibitor of Pfn1-actin interaction. A-C, computationally identified putative binding sites. A, the two binding
sites identified by docking our initial hit compound (C2) to actin (actin ATP-binding site shown in pink, and actin-Pfn1 site1 shown in purple). B, the three bind-
ing sites identified through docking the initial hit at the Pfn1-actin binding interface. Pfn1-actin site 1 (yellow), site 2 (brown), and site 3 (orange) are shown. C,
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Favorable polar contacts are shown via yellow dotted lines. The convolutional neural network exhibits a stronger preference for these interactions compared
with the empirical Vina scoring function. D, pyrene-actin polymerization assay curves for the indicated experimental conditions recorded for 15 min after
addition of the polymerization buffer. Each time point represents the means * standard deviation values of the fluorescence intensity of polymerized py-
rene-actin relative to the maximum fluorescence intensity for the actin alone condition (data are summarized from three experiments). The numbers in paren-
theses indicate relative concentrations of actin, recombinant GST-Pfn1, and C74. The actual concentrations of actin and Pfn1 were 10 and 40 um, respectively.
C74 was added at 100 um (Pfn1:C74 = 1:2.5) concentration. E, representative fluorescence images of Pfn1-actin PLA spots (red) in VEC following overnight
treatment of either DMSO (control) or 25 um C74 (nuclei are counter-stained with DAPI). An image of the negative control (Neg Ctrl) PLA stain (where one of
the primary antibodies is omitted) is shown alongside for comparison. Dashed lines indicate boundaries of the cells (scale bar, 10 um). F, a box-and-whisker
plot displaying the number of PLA spots in C74-treated cells relative to the mean value scored for the DMSO control (n = 25 cells/group pooled from two inde-
pendent experiments). *, p < 0.05.
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elicit any widespread toxicity in vivo (Fig. S8 and Table S2).
Based on the tumor weight measurements, the average end-
point tumor burden of C74-treated animals (978.8+366.0 mg;
n = 10 animals) was found to be significantly lower than that of
DMSO-treated animals (1327.5+397.5 mg; n = 9 animals) (Fig.
8, C and D). Collectively, these results demonstrate proof of
concepts of the ability of small molecule inhibitor of Pfnl-actin
interaction to diminish RCC cell aggressiveness in vitro and in
vivo.

Discussion

Although previous studies correlated elevated Pfnl expres-
sion to features of advanced-stage disease and adverse patient
outcomes in the setting of ccRCC (15-17), whether and how
Pfnl dysregulation might promote ccRCC disease progression
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remains unknown. In this study, we report several novel find-
ings. Specifically, we for the first time provide evidence for: (i)
dramatic Pfnl up-regulation in TA-VECs in human ccRCC, (ii)
the ability of Pfnl to modulate RCC tumor cells (either histo-
logically validated human ccRCC cells or murine VHL-knock-
out RCC cells as a surrogate of the human ccRCC disease)
migration through both intrinsic and extrinsic (i.e. paracrine)
formats, and (iii) diminished aggressiveness of RCC cells in
response to novel small molecule inhibitor of the Pfnl-actin
interaction. Collectively, these novel findings suggest that Pfn1
may not only represent a cogent tissue biomarker of clinical
prognosis in ccRCC patients but also indicate a potential cau-
sality between Pfnl dysregulation and tumor progression. In
addition to Pfnl, we also report several other important actin-
regulatory proteins including Arp3, cofilinl, Mena, VASP, Evl,
and CapZ as poor prognostic markers of ccRCC. Our findings
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Figure 8. Demonstration of C74’s ability to reduce RCC cell proliferation in vitro and tumor growth in vivo. A and B, box plots summarizing the results
of indicated doses of C74 on proliferation (A) and serum-induced chemotactic migration of RVN cells (B). **, p < 0.01; ***, p < 0.001. For proliferation experi-
ments, C74 was added on the day of cell seeding (D0) and replenished daily during the culture period. C and D, effect of in vivo administration of C74 versus
DMSO on tumor growth (C, representative tumors; D, quantification) from subcutaneously implanted RENCA cells in BALB/c mice (data summarized from nine
and ten DMSO- and C74-treated mice pooled from two independent experiments).

related to Arp3 are consistent with defective directional migra-
tion and invasive growth of RCC cells in response to LOF of
Brkl (a component of WAVE/SCAR —Arp2/3-mediated actin
nucleation pathway that impairs Arp2/3 localization to cellular
protrusions when down-regulated) (33). Previous studies have
also provided evidence for cofilinl overexpression in RCC (34),
cofilin1 serving as a late stage marker of ccRCC (16), increased
apoptotic cell death in RCC cells after silencing of slingshot
phosphatase (a positive regulator of cofilin) (35), and AGPTL3-
induced inhibition of RCC cell migration via a VASP-linked
pathway (36). When taken together, these findings, along with
our TCGA data, suggest dysregulation of both actin assembly
and disassembly (or limiting) pathways likely contributes to
ccRCC progression.

Given our findings for the predominance of dysregulated
Pfnl expression in tumor-associated stromal cells rather than
in tumor cells, it is conceivable that Pfnl promotes tumor pro-
gression in ccRCC primarily through its paracrine action as a
(VEC) secreted/elaborated product within the TME. At least
two possible scenarios can be envisioned. First, we demonstrate
in this study that intracellular Pfn1 elevation is accompanied by
increased extracellular release of Pfnl in VEC and stimulatory
action of extracellular Pfnl on cell (VEC and RCC) migration,
resonating with previously reported findings in the context of
proliferation of mesangial (31) and vascular smooth muscle
cells (22). These data suggest that Pfnl also has the ability to
serves as an extracellular agent, irrespective of the cell type of
origin. Although this aspect of Pfnl function is highly intrigu-
ing and has not been explored previously, it raises a potential
scenario for extracellular Pfnl serving as a paracrine or auto-
crine signaling mediator in biological contexts, perhaps
released when cells are stressed or damaged, and partly contrib-
uting to elevated sPfnl in the serum of ccRCC patients. The
elucidation of mechanism(s) underlying extracellular release of
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Pfnl and whether extracellular Pfn1 acts through a cell surface
receptor or via internalization into target cells to modulate bio-
logic end points require further investigation.

Second, angiogenesis is a cardinal feature of ccRCC progres-
sion. VEGF-induced site-specific phosphorylation of Pfnl in
VEC has been previously linked to positive regulation of Pfn1-
actin interaction and angiocrine factor production (through hy-
poxia-inducible factor stabilization), leading to stimulation of
angiogenesis in the context of tissue-repair and glioblastoma
progression (11, 37). Consistent with those findings, we previ-
ously demonstrated that Pfnl dependence for VEC migration,
proliferation, and angiogenesis (9, 10, 38). Therefore, it is con-
ceivable that Pfnl up-regulation in TA-VEC may promote tu-
mor progression in ccRCC partly through stimulating tumor
angiogenesis. Pfnl cooperates with Mena/VASP proteins (criti-
cal regulators of actin cytoskeletal structure) to regulate actin
polymerization at the leading edge of migrating cells to pro-
mote cell migration (21, 25, 39). VASP participates in filopodial
protrusion and adhesion, driving tip cell migration during
angiogenesis (40). Inactivating the signaling pathway that stim-
ulates VASP function suppresses VEGF-dependent angiogene-
sis in vivo (41). Mena’s role in angiogenesis has not yet been
directly examined; endothelial cell (over)expression of Mena in
colorectal and salivary gland tumors suggests its potential rele-
vance in tumor angiogenesis/progression (42, 43). Interestingly,
a previous study showed that Pfnl and VASP are coordinately
up-regulated in VEC during angiogenesis in vitro (although this
study did not examine Mena expression) (44); whether this
occurs in vivo remains unknown. Because our study provides
the first evidence for coordinated up-regulation of Pfnl and
Mena (also a prognostic indicator of ccRCC) in TA-VEC in
situ, we speculate that the synergistic action of Pfnl and Mena
may promote ccRCC angiogenesis and disease progression, an
issue that we hope to address in future studies.
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Third, tumor-associated blood vessels are also structurally
abnormal, characterized by vascular leakiness and impaired
perfusion. These features not only facilitate intravasation and
dissemination of tumor cells leading to metastasis, but they
support hypoxia that coordinately conditions cancer cells for
aggressive behavior, while enforcing a state of immunosuppres-
sion in the TME (marked by enhanced recruitment and expan-
sion of immunosuppressive T-cells (myeloid-derived suppres-
sor cells and regulatory T-cells) and reduced cytotoxic T-cell
infiltration) (45, 46). We previously showed that Pfn1 depletion
in VEC confers increased resistance to VEGF-induced junc-
tional disruption in vitro (10). Increased Pfnl expression has
also been linked to compromised barrier function of retinal
VEC and microvascular leakage in vivo (47, 48). Therefore, it is
conceivable that Pfnl up-regulation in TA-VEC may exacer-
bate the hyperpermeability of tumor-associated blood vessels,
resulting in an overall immunosuppressive TME. Previous
studies have shown that global haploinsufficiency of Pfnl
reduces macrophage infiltration in the vascular intima in cer-
tain disease settings (atherosclerosis, diabetes) (49, 50). A
recent study has also demonstrated Pfnl’s ability to inhibit
migration and cytotoxic action of T-cells in vitro (51). Hence, it
will be interesting to explore in future studies whether Pfnl
dysregulation in immune cells and VEC could directly and/or
indirectly impact the infiltration of immune cell subpopula-
tions and their effector functions/survival within the TME, at
least partially contributing to disease progression.

Finally, in this study, we report identification of a novel small
molecule inhibitor of the Pfnl—actin interaction (C74) and the
abilities of this inhibitor as well as a previous generation inhibi-
tor (C2) to substantially reduce migration and proliferation of
RCC cells in cell culture settings. In fact, both types of small
molecule inhibitors reduced cell migration more robustly than
the levels achieved in the Pfnl knockdown setting. Pfnl pro-
motes cell migration through its actin interaction. However,
Pfnl also binds to membrane phosphoinositides. We previ-
ously showed that Pfnl1-phosphoinositide interaction inhibits
cell migration through suppressing phosphatidylinositol 3,4-
bisphosphate—dependent membrane recruitment of certain
promigratory protein complexes, resulting in a hypermigratory
phenotype of breast cancer cells in Pfnl-deficient condition
(26). The competing actions of Pfnl on cell migration through
its actin versus phosphoinositide interaction can be a potential
reason underlying stronger inhibition of cell migration by small
molecule-mediated intervention of Pfnl-actin interaction
than by Pfnl depletion. Although human Pfn2 has 62%
sequence identity with Pfn1, the interface with actin is almost
entirely conserved between these two variants of Pfn with only
a few analogous variations in the residues (Ser®* (Pfnl) versus
Thr®* (Pfn2) and Glu®* (Pfnl) versus Asp®? (Pfn2)). Our model
predicts that the residues near C74 on Pfnl are Argm, Asp75,
Ser’®, and Glu®2. Therefore, without further experimental vali-
dation, we cannot rule out the possibility of C74’s ability to co-
target Pfn2-actin interaction. Because Pfn3 and Pfn4 have
<40% sequence identity with Pfnl, and the crystal structure of
either of these two forms of Pfn in a complex with actin is not
available to date, we are unable to comment on the likelihood
of C74’s targeting to these variants of Pfn.
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However, our expression analyses demonstrated that the av-
erage transcript abundances of Pfn2 is 6-fold lower than that of
Pfnl and that the other two minor isoforms are either not
expressed at all or expressed at a virtually negligible level com-
pared with that of Pfnl in ccRCC tumors. Therefore, unless
C74 co-targets Pfn2—actin interaction and at a much higher af-
finity than that involving Pfn1l, it is likely that Pfn1 is the pri-
mary target of C74 in RCC cells, a scenario that is indirectly
supported by our experimental data showing Pfnl dependence
for the antiproliferative action of C74 on RVN cells in vitro.
Our exploratory studies also demonstrate an initial proof of
concept of the ability of this inhibitor to reduce tumor growth
in vivo. Although our serum chemistry panel data argue against
toxic effects of C74, we cannot absolutely rule out the possibil-
ity of off-target effects of our compound in vivo. Our in vitro
proof-of-concept data showing C74’s abilities to reduce Pfnl
interaction in cells and cell proliferation in a Pfnl-dependent
manner are suggestive of biological mechanism of action of
C74 at least partly involving Pfnl. However, we acknowledge
that additional iz vivo studies involving the actin-binding mu-
tant of Pfn1 (these studies are beyond the scope of the present
work) are needed for definitive proof of target specificity of our
compound.

We speculate at least two experimental issues could have
blunted the in vivo efficacy of the compound in our studies.
First, direct injection of the compound at the tumor site with-
out any carrier could have promoted rapid clearance of the
compound from the injection site. Second, targeted delivery of
the compound geared toward specific cell type(s) might be a
preferred approach. These limitations need to be overcome in
future studies. We also need to expand our iz vivo studies in an
orthotopic setting to determine whether Pfn1 inhibition retards
the progression of pre-established tumors and improves animal
survival. This not only will conceptually justify Pfn1 as an inter-
ventional target in ccRCC but also will motivate future efforts
to experimentally characterize the inhibitor’s binding mode to
facilitate medicinal chemistry optimization for improved po-
tency and drug-like properties for potential translation into the
clinic.

Materials and methods
Cell culture, transfection, and viral transduction

Murine VHL-deleted variant of RENCA (referred to as RVN
cells) (19) cells were cultured in DMEM with 10% (v/v) FBS and
1% (v/v) antibiotics. Human VHL-negative 786-0 cells (ATCC)
were cultured in RPMI 1640 medium supplemented with 10%
(v/v) EBS and antibiotics. HmVEC-1, a widely used immortal-
ized human dermal microvascular EC line (ATCC; CRL-3243,
referred to as VEC), were cultured in MCDB-131 (Life Tech-
nologies) growth medium supplemented with 10% (v/v) FBS,
1% (v/v) antibiotics, 10 ng/ml epidermal growth factor, 1 pg/ml
hydrocortisone, and 10 mm L-glutamine. For adenovirus infec-
tion, the cells were plated, allowed to attach, and then infected
with adenovirus encoding either GFP (Ad-GFP) or Pfnl (Ad-
Pfnl) at a multiplicity of infection of 500 for 24 h, before further
incubation for an additional 48 h in fresh culture medium prior
to use. For knockdown studies, the cells were transfected with
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50 nm of either smart-pool control or Pfnl siRNA for 72 h as
previously reported (20). For cytotoxicity assessment, we
stained cells with a live/dead assay kit (Life Technologies, Inc.)
following the manufacturer’s protocol, as we previously
described (20).

Cell migration and proliferation assays

For single-cell migration experiments, RVN, VEC, and 786-0
cells were plated in 24-well plates coated with type I collagen
(Millipore) overnight. Where indicated, purified Pfnl protein
(Abcam, ab87760) was added to the culture medium (at either
1 or 10 M concentration) for several hours prior to time-lapse
imaging. Time-lapse images of randomly migrating cells were
collected using a 10X objective for 120 min at 1-min time inter-
vals using cellSens (Olympus Life Science) software. The cent-
roid of the cell nucleus was tracked using Image]J, and the aver-
age speed of migration was computed on a per-cell basis as
before (21). For Transwell migration experiments, 25,000 RVN
cells were plated in triplicate in the upper chamber of 8.0-um
Transwell plates in the serum-free medium and allowed to
migrate either toward a 10% FBS gradient or VEC-conditioned
media established in the lower chamber for 20 h (control wells
contained serum-free medium in the lower chamber as well).
Nonmigrating cells in the upper chamber were removed by
swabbing; transmigrated cells were fixed in 3.7% formaldehyde
and then stained with DAPI. The images were acquired at 10
random fields at 10X magnification for enumeration of nuclei
using Image]. For cell proliferation assay, 1000 RCC cells were
plated per well in 96-well plates using quadruplicate determina-
tions, with proliferation assessed by time-course analyses of
DAPI-stained nuclei based on images acquired over three to
five random fields/well.

Conditioned media

Conditioned media were collected from the culture dishes
following overnight incubation of cells in serum-free medium.
The collected media were filtered (0.45-um size) and concen-
trated using a 10-kDa cutoff filter. The concentrate was recon-
stituted with 2X Laemmli sample buffer and boiled before
being analyzed by gel electrophoresis.

Proximity-ligation assay

The PLA was performed using the Duolink kit with anti-
mouse plus and anti-rabbit minus probes (Sigma, DU09210),
using two primary antibodies of different species targeting ei-
ther Pfnl (Abcam, 1:200, ab124904, rabbit) or actin (BD Bio-
sciences, 1:100, 612656, mouse), and the PLA images were ana-
lyzed following protocols we previously described (32). As a
negative control, one of the primary antibodies was omitted
from the reaction.

Protein extraction and immunoblotting

Cell lysates were prepared by a modified RIPA buffer (25 mm
Tris-HCI, pH 7.5, 150 mm NaCl, 1% (v/v) Nonidet P-40, 5% (v/
v) glycerol), 1 mm EDTA, 50 mm NaF, 1 mM sodium pervana-
date, and protease inhibitors supplemented with 6X sample
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buffer diluted to 1X with the final SDS concentration in the
lysis buffer equivalent to 2%. Working dilutions for the various
antibodies were monoclonal Pfnl (Abcam, ab124904; 1:3000),
monoclonal Tubulin (Sigma, T9026, 1:3000), and monoclonal
GAPDH (DSHB, DSHB-hGAPDH-2G7; 1:100).

Immunohistochemistry

For Pfn1 IHC of ccRCC TMA, tissue sections were deparaffi-
nized, and rehydrated tissue sections were incubated overnight
with the primary anti-Pfnl antibody (clone EPR6304, catalog
no. ab124904, Abcam, dilution 1:100). For immunodetection of
the primary antibody, a secondary biotin-labeled anti-rabbit
antibody (catalog no. ab97049, Abcam) and streptavidin-perox-
idase conjugates (catalog no. 11089153001, Roche) were used.
The staining was detected with the Pierce DAB substrate kit
(catalog no. 34002, ThermoFisher). The slides were counter-
stained with hematoxylin before dehydration and mounting. In
negative control experiments, primary antibody was omitted
from the staining of either ccRCC or ovarian (kindly provided
by Dr. Jamie Lesnock, Magee Hospital, Pittsburgh, PA, USA)
tumor samples.

ELISA

Serum Pfnl was detected with a commercial ELISA kit
(LSbio, catalog no. LS-F24009), with recombinant GST-Pfn1
used for constructing the calibration curve (sensitivity, 46.8 pg/
ml). Bacterial expression and purification of GST-Pfnl have
been previously described (32). Serum was diluted 10-20-fold
to ensure the absorbance reading for Pfnl within the linear
range of the calibration curve. Blood samples of ccRCC patients
and normal subjects were collected following the guidelines of
approved institutional review board protocols at the University
of Pittsburgh abiding by the Helsinki Principles.

RCCTMA

The ccRCC TMA was obtained from the tissue bank of the
National Center for Tumor Diseases at the University of Hei-
delberg (52) and used in accordance to the regulations of the
tissue bank, as well as under approval of the Ethics Committee
of the University of Heidelberg School of Medicine abiding by
the declaration of Helsinki Principle. RCC specimens from 417
patients were included in the final analysis. The TMA specimen
were collected between 1990 and 2005 with a median follow-up
time of 112.7 months (range, 0.6—345.9 months). Clinicopatho-
logical features were as follows: grade, G1/G2 (n = 355, 85.1%),
G3/4 (n =57,13.7%), and G unknown (n = 5, 1.2%); stage, pT1/
T2 (n = 280, 67.2%), pT3/T4 (n = 135, 32.4%), and pTx (n = 2,
0.5%); lymph node involvement, ¢/pNO (n = 393, 94.3%) and
N+ (1 = 24, 5.8%); and distant metastasis, cMO (1 = 357, 85.6%)
and M+ (n = 60, 14.4%).

Transcriptome analysis of flow-sorted TA-VEC and NAT-VEC

Surgically excised ccRCC tumor and tumor-adjacent normal
kidney tissues were minced, digested with collagenase, passed
through 70-mm mesh filter and Ficoll density gradient before
being stained with fluorescent-labeled antibodies against
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human CD34, CD45, and CD146 (all from BD Biosciences) and
DAPI (Sigma—Aldrich). Stained cells were then sorted using a
biocontained FACSAria cell sorters (in the Department of
Immunology’s Unified Flow Cytometry Facility, University of
Pittsburgh) based on phenotype: ie. CD34 CD45"¥CD146 "
VEC and CD34"*8CD45"%CD146" pericytes. RNA was iso-
lated from the sorted cells and analyzed using Affymetrix U133
Plus 2.0 Array chips as previously described (53).

Pfn1-Actin interaction inhibitor identification

Whole protein docking was performed using smina (54),
with the exhaustiveness parameter set to 50 and the autobox_li-
gand parameter set equal to the target protein. Actin mono-
mers, stripped of nonprotein atoms, were extracted from Pro-
tein Data Bank entries 2BTF and 4JHD. The profilin monomer
was extracted from entry 2BTF, and then, to get a broader sam-
pling of conformations to address the lack of pockets at the pro-
tein—protein interface, an AMBER molecular dynamics simula-
tion was run for 100 ns using the ff15ipq force field and TIP3P
water. The three most diverse conformations, as determined by
backbone RMSD with respect to the starting conformation and
each other, were selected as additional structures for whole
protein docking. Docking C2 to these five structures (two actin
and three Pfn1) identified six high-scoring binding sites, one of
which was the original putative C2-binding site. Using the
docked C2 conformation as reference, we manually selected
pharmacophore features for each binding site and screened the
MolPort library of commercially available compounds using
Pharmit (55), an online resource for interactive structure-based
virtual screening. Pharmit returns hit compounds aligned to
the query pharmacophore. These conformations were then
energy-minimized using the AutoDock Vina (56) scoring func-
tion with respect to the receptor structure and rescored using
our convolutional neural network (57) scoring function. We
then clustered all hit molecules for each binding site with the
cluster_mols plugin for PyMOL and selected the top scoring
molecule for each scoring method in each cluster (if available).
This resulted in 67 selected hits that were further tested in
pyrene-based actin polymerization biochemical assay as
described in our previous study (32).

In vivo tumorigenesis

In 6-7-week-old BALB/cJ mice, 1 X 10° RENCA cells were
implanted subcutaneously in a 1:1 PBS:Matrigel (R&D Systems,
Minneapolis, MN, USA) mixture, supplemented with 81 pg of
C74 or DMSO control. Intratumoral injections were then given
daily with either C74 (16 mg/kg) or control dissolved in saline
through day 19 post-implantation. On day 20, the mice were
sacrificed, and the harvested tumors were weighed. For toxico-
logical studies, C74 (at 16 mg/kg) was administered through an
intraperitoneal route in normal 6—7-week-old BALB/c] mice
daily for 2 weeks. At the end, blood was collected by cardiac
puncture before the mice were sacrificed. Serum samples pre-
pared from blood were submitted to IDEXX Bioanalytics (Sac-
ramento, CA, USA) for comprehensive chemical analyses. All
animal experiments were performed in compliance with the
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guidelines of the Institutional Animal Care and Use committee
of the University of Pittsburgh.

Statistics

Statistical tests were performed with either one-way analysis
of variance followed by Tukey’s post hoc test or nonparametric
Mann—-Whitney test with Hodges—Lehmann estimate for p
value estimation (for TCGA data), when appropriate. A Krus-
kal-Wallis test was used for ranked analysis of small samples.
For survival analyses, alog rank test was performed. Differences
exhibiting p < 0.05 were considered as statistically significant.
The data are displayed either as box plots or box-and-whisker
plots. For both plots, asterisks represent the means. The middle
line and the upper and lower hinges of the box represent the
median and 75th and 25th percentiles of data, respectively. For
box plots, the data display spans from 10th to 90th percentile of
the data values with outliers indicated, whereas the whiskers in
box-and-whisker plots represent the maximum and minimum
values.

Data availability

All data are available in the article. Curated transcriptome
data for various clinical subtypes of RCC were downloaded
from the cBioportal website (RRID:SCR_014555).
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