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Abstract

For patients with anaplastic Wilms tumor (WiT), metastasis and recurrence are common, and
prognosis is generally poor. Novel therapies are needed to improve outcomes for patients with this
high-risk WiT. A potential contributor to WiT development is constitutive activation of AKT by
insulin-like growth factor 1 (IGF1) and its receptor (IGF1R) signaling pathway, but the complete
underlying mechanism remains unclear. Here, we demonstrate that the hypoxia-inducible factor
la (HIF-1a)-IGF binding protein 2 (IGFBP2) axis and the tumor-specific IGF1A are key players
for constitutive activation of IGF1-AKT signaling leading to the tumor malignancy. HIF-1a and
IGFBP2 are highly expressed in a majority of WiT patient samples. Deficiency of either HIF-1a
or IGFBP2 or IGF1 in the tumor cells significantly impairs tumor growth and nearly abrogates
metastasis in xenografted mice. Pharmacologic targeting of HIF-1a by echinomycin delivered via
nanoliposomes can efficiently restrain growth and metastasis of patient-derived relapsed anaplastic
WIT xenografts. Liposomal echinomycin is more potent and effective in inhibiting WiT growth
than vincristine in an anaplastic WiT mouse model, and eliminates metastasis by suppressing
HIF-1a targets and the HIF-1a-IGFBP2 axis, which governs IGF1-AKT signaling.
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Introduction:

Wilms tumor (WiT) is the most common pediatric malignant renal tumor and the second
most common extracranial solid tumor in children under 15 years of age, affecting 1 in
10,000 children 1. Due to the emergence of clinical and biologic prognostic factors that
enable the delivery of risk-directed therapy, the overall 5-year survival of patients with WiT
exceeds 90% 2. Despite these successes, up to 40% of patients with anaplastic (unfavorable)
histology WiT will suffer recurrence, and <15% of those patients are expected to survive 3.
Current salvage treatments for refractory, relapsed, and metastatic disease include aggressive
chemotherapy and radiation posing risk for late-effects such as infertility, secondary
malignancy, and renal toxicity without guarantee of survival 4. Therefore, novel targeted
therapies are urgently needed to overcome both chemo-resistance and combined cytotoxicity
in advanced WiT.

WIT is derived from transformed embryonic kidney progenitor cells in children at median
age of 3-4 years. The insulin-like growth factor (IGF) family is comprised of two ligands
(IGF1 and IGF2), two receptors (IGF1R and IGF2R), and six high-affinity IGF binding
proteins (IGFBP 1-6). Mitogenic factor, the insulin-like growth factor 2 (IGF2), is highly
expressed in WiT cells and is involved in WiT tumorigenesis by a self-stimulating autocrine
loop for downstream AKT and ERK activation >, Increased expression of the IGF receptor
IGF1R is associated with increased risk of relapse in patients with WiT 8. However, the role
of the ligand IGF1 in the IGF family is unknown with respect to WiT malignancy. Both
IGF1 and IGF2 bind to IGF1R or the hybrid IGF1R/insulin receptor (IR-A), and only IGF1
binds to the hybrid IGF1R/IR-B, to relay downstream activation of PI3K-AKT and MAPK-
ERK signaling pathways °. IGF2R has no receptor tyrosine kinase activity and preferentially
binds IGF2 thus acting as an IGF2 antagonizing receptor. Aside from their respective peri-
cellular or intracellular IGF-independent functions, IGFBPs serve to inhibit or potentiate
IGF activity by modulating the bioavailability of IGFs to their receptors in the presence of
IGFBP proteases, which release the ligands at extracellular matrices 19-12, While IGF1 and
IGF2 share similar binding affinity to IGFBPs 1, 3, and 4, IGF1 binds IGFBPs 2, 5, and 6
with 15- to 70-fold less affinity as compared to IGF2, and IGF1 also exhibits up to 20-fold
higher binding affinity to IGF1R than IGF2, which collectively leads to IGF1 having greater
accessibility and potency than IGF2 for the local activation of IGF1R signaling pathway
13,14 The mitogenic potency of IGF1 was originally identified by its requirement for murine
embryonic, fetal, and postnatal growth, and for human embryonic stem cell self-renewal,
although IGF1 is expressed at much lower levels than IGF2 throughout embryonic to
postnatal periods in mice!® 16, Increased expression of IGF1 in cancer tissues was
associated with increased tumor grades or worse prognosis in prostate 17, colorectal 18,
cervical 19, ovarian 29, and triple negative breast 2 cancers. Consistently, increased IGFBP2
levels were observed in the sera and/or the cancer tissues of patients with these tumors, and
IGFBP2 expression also associated with tumor progression and poor survival 22-26,
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Increased IGFBP2 has also been reported in WIT tissues/cells and in the sera of WiT
patients 2729, However, it is unknown if IGF1 is expressed in WiT cells and whether IGF1
and IGFBP2 play critical roles in WiT tumor growth and metastasis.

The transcription factor, hypoxia-inducible factor 1a (HIF-1a), primarily upregulates genes
involved in glycolysis, angiogenesis, metastasis, chemo-resistance, and cell survival to
metabolic stress 30. HIF-1a regulates the malignant potential of diverse cancers and glioma
stem cells under physiological hypoxia 31: 32, Even under normoxia, HIF-1a was selectively
activated in mouse lymphoma and human AML cancer stem cells allowing their survival,
and echinomycin, an inhibitor of HIF-1a,, has a significant therapeutic effect on relapsed
AML at doses that are 30-50-fold lower than what are considered maximally tolerable in
humans 33 34, Recently, we demonstrated that a liposomal formulation of echinomycin
significantly increased therapeutic efficacy and reduced toxicity, compared to traditional
Cremophor-based formulation, in leukemia and breast cancer models 3% 36, Moreover, high
prevalence of accumulated HIF-1a protein was found in WiT 3738, but no studies have
examined its potential as a novel therapeutic target in treatment of this tumor.

We hypothesized that intratumoral hypoxia, genetic alterations, and increased IGF signaling
stabilize HIF-1a, which plays a key role downstream of IGF1R-AKT signaling in a
feedforward fashion to promote tumor growth, progression, and metastasis in WiT. We
demonstrate here that HIF-1a., accumulated in WIT, transcriptionally induces IGFBP2 to
potentiate IGF1-1IGF1R-AKT signaling and promote WiT malignancy, and that this pathway
is targeted effectively by the HIF-1a inhibitor echinomycin delivered via nanoliposomal
formulation.

HIF-1la is accumulated and transcriptionally activated in WiT Cells

HIF-1a protein expression was evaluated within WiT samples through immunofluorescent
(IF) staining using an intensity score based on percentage of cells with positive nuclear
staining3”. Qualitative evaluation of a nephroblastoma tissue microarray revealed half of
WIT cases (n=32) exhibited positive HIF-1a nuclear staining in 250% cells (score 2).
Nuclear and cytoplasmic staining was noted in tissues, with heterogeneity within and
between samples (Fig. 1A-B). The majority of pediatric cases exhibited positive nuclear and
strong cytoplasmic staining in 10-50% of cells (score 1) (Fig. 1B). Rabbit IgG was used as a
negative control to confirm the specificity of the primary rabbit HIF-1a antibody (Fig. S1
bottom panel).

On quantitative evaluation by IF and IHC staining of 9 match-paired WiTs and normal
adjacent kidney tissues (NAT), HIF-1a was found to be more highly-accumulated in WiT
samples while baseline expression and fewer nuclear HIF-1a-positive cells were noted
within the tubules of NAT (P<0.001; Fig. 1 C-D).

Two patient-derived anaplastic histology WiT primary cells (designated WiT8 and WiT10),
and one patient-derived favorable histology WiT cell lines (designated WiT9) were newly
established for this study and employed to establish xenografts. These newly established
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xenograft WiTs showed morphologies similar to the primary tumors when grown in mice or
cultured at low passage numbers /n vitro (Fig. 1E). By Western blotting, HIF-1a was found
to be accumulated in the primary cells of WiT8, WiT9 and WiT10 and the known WiT49
cell line (Fig. 1F). To test HIF-1a transcriptional activity, a red fluorescent protein (RFP)
reporter driven by three tandem repeats of hypoxia responsive element (HRE) of HIF-1a
was introduced into primary WiT10 cells after lentiviral infection for three days. The WiT10
cells were 36% RFP+ compared to control, which were transfected with mutant-HRE RFP
reporter (Fig. 1G). These results show that HIF-1a is highly accumulated and active in
WiTs.

HIF-1a is essential for and Liposomal Echinomycin inhibits the growth of WiT Cells in
mouse models

Utilizing a Crispr/Cas9 system, knockout (KO) of H/F1A in WiT49 cell line was confirmed
in two WiT49 HIF-1a-KO clones, KO3 and KO5, by Western blot (Fig. 2A) followed by
sequencing of the genomic PCR products (Fig. S2A). Diminished density in the KO cell
lines was noted after 1 week of colony growth by violet stain of colonies compared to
scrambled sg-infected polyclonal cells, hereafter called wild-type (WT) (Fig. 2B). In
xenograft recipient mice, HIF-1a KO cells either formed no tumors (HIF-1a KOS5), or very
small tumors (HIF-1a KO3) by day 125 following tumor cell injection, whereas recipients
of control cells developed local tumors with 100% incidence and reached removal criteria
(Fig. 2C).

In vitro, echinomycin was toxic to WiT49 cells and prevented proliferation at relatively low
concentrations (0.45 to 4.05 nM), based on cell viability assay, and our newly established
WIT cell lines (WiT8, WiT9, WiT10) responded similarly to echinomycin within the same
dose range (Fig. 2D). However, WiT8 and WiT10 grew faster than WiT49 in NSG mice
(Fig. 2E-G compared to 2C). Recently, we demonstrated that a liposomal reformulation of
echinomycin (Lipo-EM) significantly increased therapeutic efficacy and reduced toxicity in
murine models of leukemia and breast cancer 3% 36, In NSG recipients xenografted with
WiT8 or WiT10 cells, Lipo-EM-treated mice exhibited significantly reduced tumor burden
versus control mice (WiT8, P=0.0018; WiT10, P=0.0008) (Fig. 2E-G), with only minor
reductions in body weight (Fig. S3A,B). Like WiT49, the favorable-histology WiT9 grew
very slowly in the inguinal canal of NSG mice (Fig. S3C). The difference in time of growth
in vivo between anaplastic and favorable WiT cell lines could be attributed to 7P53
mutations in WiT8 and WiT10, but not in WiT9, which were detected by directly sequencing
their PCR products of regions of 100 bp intron-flanked exons. 7P53 mutations occurred in
WiT8, WiT10, and WiT49 at amino acid residues Y163C, R306*, and R248Q, respectively
(Fig. S4A, B, C). These mutations caused the loss of p53 transcriptional activity, as
determined by a p53 activity GFP reporter (p53-TAE) in HEK293 cells co-transfected with
WT or mutant p53-expressing plasmid (Fig. S4D). Together, the results demonstrate an
essential role for HIF-1a in WiT growth /i vitro and that targeting HIF-1a inhibits WiT
growth, even in the context of 7P53inactivating mutations.

Oncogene. Author manuscript; available in PMC 2021 December 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

Page 5

Liposomal echinomycin inhibits WiT growth and metastasis effectively than vincristine

There are no mouse models to study WiT metastasis currently. To this end, we established
the WiIT10 cell line from the lung metastasis of a patient with recurrent anaplastic WiT. In
xenograft recipients, WiT10 grew very aggressively locally and exhibited distant metastasis
to lung, liver, and kidney tissues within 3 weeks post-injection (Fig. 3). Interestingly, Lipo-
EM was more effective at inhibiting local tumor growth than the clinically-equivalent dose
of vincristine, which is a standard of care for WiT (45) (Fig. 3A,B). We observed a similar
effect for Lipo-EM with respect to the metastasis in the lungs, liver, and kidney tissues;
although both therapies clearly reduced metastasis, we observed significantly fewer
metastatic nodules in the liver (P<0.0001) and kidneys (P=0.0045) of Lipo-EM-treated mice
vs those that received vincristine (Fig. 3C, E, and F). Notably, the size of the nodules was
also smaller in these tissues for Lipo-EM-treated mice vs the vincristine group (Fig. 3C).
Moreover, while vincristine significantly inhibited lung metastasis vs vehicle (P<0.0001),
we could not detect any lung metastasis in Lipo-EM treated mice upon histological
examination (Fig. 3C and D). As the cells originated from the lung metastasis of a WiT
patient, the results suggest Lipo-EM may offer more potential for the treatment of high-risk
WIT patients than the standard of care, especially with respect to metastasis. Histological
sections for the remaining four mice for each of the three groups are shown in Fig. S5.

IGFBP2 is a target controlled by HIF-1a in WIT Cells

To assess which targets controlled by HIF-1a underscore the mechanism of WiT growth and
metastasis we observed in mice, we analyzed the RNA sequence database of TARGET
(Therapeutically Applicable Research to Generate Effective Treatment) in noncancerous
kidney normal adjacent tissues (NAT, normal, 6 cases), WiTs with favorable histology
(FHWT, 112 cases), and diffuse anaplastic histology (DAWT, 42 cases), with focus on
known HIF-1a targets involved in anaerobic glycolysis, angiogenesis, metastasis as well as
its putative targets involved in the IGF signaling pathway 3°. We found that IGFBP2
transcripts in FHWT and DAWT were higher than NAT control, although the trend did not
reach statistical significance, possibly due to the small sample size of NAT (Fig. 4A).
Regardless, among the 6 members of the IGF binding protein family expressed in WiT
tissues, only IGFBP2 was relatively elevated vs NAT, whereas the remaining 5 members
were reduced (Fig. 4A, Fig. S6).

With respect to known HIF-1a targets, expression of phosphoglycerate kinase 1 (PGK1),
which plays an essential role in the aerobic glycolysis pathway, was significantly higher in
DAWT vs FHWT; pyruvate dehydrogenase kinase 1 (PDK1), hexokinase 2 (HK2) and
monocarboxylate transporter 1 (MCT1, encoded by SLC16A1I), which are HIF-1a targets
and key glycolytic enzymes, were significantly higher in both FHWT and DAWT compared
to normal controls, indicating a role for HIF-1a in WIT glycolysis, regardless of grade and
aggressiveness (Fig. 4A, Fig. S6). For the most part, the remaining HIF-1a targets we
analyzed were not significantly different between the different groups; the complete
summary is shown in Fig. S6. Known HIF-1a targets, PDK1, PGK1, SLC2A3 (éncoding
GLUTS3), and putative targets, /GF1, IGF2, IGFBFP2, IGFIR, IRS1 and SIC16A1, were
significantly decreased in HIF-1a KO vs WT WiT49 cells (Fig. 4B and Fig. S7A).
Consistent with a previous report that IGF2 and IGFBP2 expression were decreased in
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embryonic mouse fibroblast cells from HIF-1a. KO mice*?, we similarly observed decreased
MRNA expression of IGFBP2, PGK1 and VEGF in WiT10 and WiT8 cells from Lipo-EM-
vs vehicle-treated mice (Fig. S7B, C), suggesting that echinomycin blocked HIF-1a
transcriptional activity.

To define IGFBP2 as a novel target of HIF-1a., we first tested for a positive correlation
between HIF-1a and IGFBP2 protein expression in a WiT tissue microarray following IF
staining. Generally, we observed similar staining patterns for HIF-1a and IGFBP2 in the
tissues, with >60% of WIT samples (n=64) displaying high staining intensity for both
proteins (Fig. 4C-D). To determine if HIF-1a can directly activate transcription of the
IGFBP2 promoter, we cloned the proximal /GFBP2 promoter upstream of a GFP reporter
and subsequently co-transfected HEK293 cells with the /GFBPZ reporter or stable HIF-1a
protein (HIF-1a-PPN) (Fig. 4E). The /GFBPZ2 promoter, containing 2 HRE sequences, was
clearly activated in the presence of HIF-1a-PPN as determined by fluorescence microscopy
and flow cytometric quantification of GFP mean fluorescence intensity (MFI) (Fig. 4F and
G, respectively). Further, ChIP assay in WiT49 cells under normoxia confirmed that HIF-1a.
bound directly to HRE2 (rather than HREZ1) in the /GFBP2 proximal promoter, as shown in
Fig. 4E and H. Thus, /GFBPZ2is a direct HIF-1a target, and the HIF-1a-IGFBP2 axis can be
active in WIT cells independent of oxygen tension.

Essential Role of HIF-1a-IGFBP2 axis in the growth and metastasis of WiT

To confirm that the HIF-1a-IGFBP2 axis plays a key role in WiT malignancy, including cell
division and metastatic potential, IGFBP2 knockout WiT49 cell lines were created through
employment of Crispr/Cas9 system. Western blotting and sequencing of genomic PCR
products confirmed IGFBP2 expression to be absent in two clones, KO13 and KO57 (Fig.
5A and Fig. S2B). As we previously observed with KO of HIF-1a., IGFBP2 KO in WiT49
cells similarly decreased colony growth /n vitro (Fig. 5B) and abrogated tumor outgrowth /n
vivo, compared to the corresponding WT control (Fig. 5B and C, respectively). Furthermore,
HIF-1a or IGFBP2 knockdown in WiT10 cells blunted local tumor growth in xenograft
recipients (Fig. 5D). With respect to metastasis, knockdown of HIF-1a eliminated
metastasis to lung, liver, and kidney tissues, whereas knockdown of IGFBP2 dramatically
inhibited metastasis in these tissues, compared to scrambled shRNA control (Sr-sh) (Fig. 5E
and F). To establish each of the targeted knockdowns, we infected the WiT-10 cells with
lentivirus silencer cocktails containing an RFP reporter and two different ShRNA sequences;
the flow cytometry analysis of the RFP+ sorted cells given to the mice are shown in Fig. 5G
and the cells were also further characterized by quantitative RT-PCR to confirm targeted
knockdown (Fig. 5H). Interestingly, the RT-PCR analysis showed that knockdown of either
HIF1A or IGFBP2 in isolation had a reciprocal inhibitory effect on the expression of the
other gene in each case (Fig. 5H). Thus, HIF1A and IGFBP2 both regulate transcriptional
expression of one another in WiT cells. Knockdown of HIF-1a or IGFBP2 in WiT10
significantly reduced the expression of HIF-1a targets and IGF signaling components
(Fig.S7D). Taken together, the results demonstrate that HIF-1a and IGFBP2 activity
positively correlate in an axis that is crucial for WiT growth and metastasis in the xenograft
model.
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IGF1A drives the growth and metastasis of WiT49 cells.

The upregulation and involvement of IGF2 in WIiT tumorigenesis has been previously
described 39. However, whether IGF1 plays a role in WiT growth and metastasis is unknown.
Thus, we analyzed expression of IGFs and their receptors in WiT or normal tissues using the
TARGET database. As expected, IGF2 and IGF1R were expressed at significantly higher
levels in either FHWT or DAWT compared to NAT controls; IGF1 levels were also elevated
in either case, although not nearly as much as the former (Fig. 6A, Fig. S6A). We further
examined mRNA levels of IGF1, IGF2, and IGF1R for three paired WiT samples and
indicated WiT cell lines by RT-PCR, using cDNAs of mouse embryos and normal human
kidney tissue as positive and negative controls, respectively. Interestingly, whereas IGF2 and
IGF1R were expressed indiscriminately among cancer adjacent normal kidney and WiT
tissues, we found that IGF1 mRNA expression was highly specific to WiT tissues (Fig. 6B).
Since the IGF1 gene can result in three different isoforms (IGF1A, IGF1B, and IGF1C),
which all produce the same mature protein but differ only in the C-terminal length, we
subsequently determined by cloning the PCR products and found the tumor specific
transcript was predominantly the IGF1A isoform in each case, and in WiT8 tissue from
mouse where its other isoforms may exist due to the primers designed to amplify for all
three isoforms (Fig. 6B). Surprisingly, WiT49 released more mature IGF1 into culture
medium than the fast-growing metastatic line WiT10, and echinomycin did not affect mature
IGF1 release by the two lines even though it killed most of tumor cells during 48 hr
treatment (Fig. 6C). Overexpression of IGF1A in WiT49 cells reduced mature IGF1 release
into medium (Fig. 6C), but we did not find that it altered cell growth in normal culture
conditions. These results indicate that secreted IGF1 levels determined /n vitro cannot
predict tumor growth and metastasis or response to echinomycin treatment. Although
IGF1A-overexpresing WiT49 cells had reduced mature IGF1 release in vitro, the cells
showed increased aggressiveness /1 vivo compared to vector control cells, with respect to
local tumor growth and distant metastasis to lung, liver, and kidney tissues of mice
inoculated with IGF1A-WiT49 cells via subcutaneous injection into the inguinal canal (Fig.
6D-H). A similar population of the reporter RFP, which is expressed with IGF1A as a same
transcript but separated by self-cleaving peptide 2A in the IGF1A- and vector control (V)-
WiT49 cells sorted after lentiviral infection, was given to mice (Fig. 6D). Thus, over-
expression of IGF1A detected by anti-V5 tag antibody (Fig. 6D insert) acted as mitogen
driving the tumor local growth and metastasis of WiT49 cells. This IGF1A action is not
surprising because pre- and mature- IGF1 both can bind to IGF1R as mitogen and the
overexpression of full length of IGF1, not the mature-form IGF1, in murine muscle tissues
drives muscle hypertrophy 41 42,

To further confirm the IGF1 action /n vivo, we knocked down IGF1 by lentiviral infection of
IGF1A/RFP-WiT49 cells with IGF1 shRNA-GFP or with control Sr-shRNA-GFP, and sorted
GFP-single positive cells and the RFP-GFP double positive cells in control cells, and
examined the silencing efficiency by Western-blot (Fig. 61). Knockdown of IGF1 restored
the slow-growing nature of parental WiT49 in the IGFLA/RFP-WiT49 cells, while Sr-sh
control RFP-GFP positive cells preserved the features of enhanced aggressiveness (Fig. 6J).
Taken together, IGF1 is exclusively expressed in WIT cells and acts a potent mitogen driving
the growth and metastasis of WiT /n vivo.
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HIF-1la modulates Its Own Expression through Feedforward Loop Involving IGFBP2 and
IGF1-AKT signaling, which is targetable by echinomycin

To address how HIF-1a is accumulated at normoxia by IGF1 signaling, we stimulated
serum-starved cells with IGF1 and found that it increased constitutive pS473-AKT and
HIF-1a protein levels after 8-hour treatment, which was initiated from 15-min rapid
activation of IGF1R by IGF1 in WT WiT49 cells. In contrast, these effects of IGF1 were
dramatically reduced in both HIF-1a KO and IGFBP2 KO cells as measured by the pS473-
AKT levels after 8-hour IGF1 treatment (Fig. 7A). Meanwhile, knockout of IGFBP2
reduced the IGF1-induced HIF-1a accumulation at normoxia as well (Fig. 7A), indicating
that IGFBP2 feedback upregulated IGF1-AKT signaling for HIF-1a accumulation.
Restoration of the expression of HIF-1a or IGFBP2 in HIF-1a KO WiT49 cells rescued the
constitutive activation of AKT measured by pS473-AKT levels, as well as the enhanced cell
growth (Fig. 7B,C and Fig. S8). To study whether this phenomenon could be mirrored in
primary WiT cells, WiT10 cells with knockdown (KD) of HIF-1a. or IGFBP2 were
stimulated with IGF1 or EGF to observe the accumulation of HIF-1a and the constitutive
activation of pS473-AKT. IGF1 dramatically increased HIF-1a accumulation and
constitutive activation of AKT in Sr-sh WiT10 cells, while these effects of IGF1 were
blunted in HIF-1a-KD and IGFBP-KD WiT10 cells (Fig. 7D). In contrast, EGF moderately
increased HIF-1a accumulation in Sr-sh-WiT10 and the constitutive phosphor-ERK level
were slightly increased independent of the knockdown of HIF-1a or IGFBP2 (Fig. 7D). The
HIF-1a accumulation and constitutive activation of pS473-AKT in primary WiT cells WiT8
and WiT10 were inhibited by echinomycin as measured by Western blot following /in vitro
treatment with increasing concentrations of echinomycin (Fig. 7E).

In summary, the HIF-1a-IGFBP2 axis is required for the constitutive activation of IGF1-
IGF1R-AKT signaling in WiT, which further enhances the HIF-1a-IGFBP2 axis in a
feedforward manner; the enhancement of IGF1-AKT signaling via the HIF-1a-IGFBP2 axis
is critical in promoting WiT growth and metastasis, and is thus targetable by HIF-1a
inhibitor echinomycin (Fig. 7F).

Discussion:

Anaplastic, recurrent, and metastatic WiTs have the potential for poor outcomes despite
currently available aggressive therapies. There is a lack of understanding of the underlying
mechanisms essential for the WiT growth, progression and metastasis, as well as scarcity of
effective molecular targets in this patient population. This is the first report to show that WiT
expresses significantly higher levels of key glycolytic enzymes that are well-known HIF-1a
targets, as compared to normal adjacent kidney tissues. Moreover, this is the first publication
to describe HIF-1a as a key molecular target and reveal echinomycin as a potential
monotherapy for treatment of high-risk malignant WiT. We also demonstrated that IGF1,
specifically expressed by WiT cells, preferentially activates IGF1R-AKT signaling to cause
HIF-1a accumulation and activation under normoxia. The accumulated and activated
HIF-1a induces IGFBP2, which, in turn, feedforward enhances the IGF1-AKT signaling
activation in a positively-regulated circuit supporting WiT malignancy. Thus, disrupting the

Oncogene. Author manuscript; available in PMC 2021 December 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

Page 9

circuit via knockdown of IGF1, HIF-1a or IGFBP2 dramatically reduced tumor growth and
metastasis.

The IGFBP2 feedforward action on the enhancement of IGF1-AKT signaling activation may
not only be mediated by its binding to IGFs at extracellular matrices and cell surfaces
because all other IGFBP members are down-regulated in WiT tissues as compared to normal
adjacent kidney tissues. Through binding to integrin or heparin-mediated receptor tyrosine
phosphatase, IGFBP2 modifies IGF1R activation by inhibiting tumor suppressor PTEN
activity that is required for PIBK-AKT activation 11 43-45_ The direct link between PTEN
loss or inactivation and increased HIF-1a accumulation and activity via AKT activation has
been identified in glioblastoma cell lines 46: 47, The induction of IGFBP2 by basic
transcriptional factor Sp1 was reported in MCF7 breast cancer cells 48, indicating that
HIF-1a may not control basic transcription of IGFBP2.

Targeting the sustained, activated IGF-IGF1R signaling that leads the activation of PI3K-
AKT and MAPK/ERK pathways has been proposed for WiT therapy. Strategies that have
been proposed include reducing IGF bioavailability, blocking IGF1R tyrosine kinase
activity, exploiting inhibitors for PI3K-AKT and/or MAPK/ERK pathways, and blocking
VEGF activity/action 49 %0, However, these strategies have been unsuccessful in isolation at
treating WiT due to the complexities of the ligands and IGF receptors, the activated
signaling pathways, and angiogenesis for WiT growth, survival and metastasis 12 51, We
demonstrated that targeting HIF-1a by liposomal echinomycin effectively inhibited
constitutive AKT activation, glycolytic key enzymes, growth factors and angiogenic VEGF
simultaneously, with low toxicity. This may explain why liposomal echinomycin
monotherapy was more effective at targeting WiT malignancy versus the clinically-used
vincristine regimen in the novel WiT 10 xenograft model, which presents as a rapidly-
growing local tumor with distant metastasis following subcutaneous transplantation.
Although IGF2 and sustained activation of IGF1R signaling were shown to be involved in
WiT growth 57, we showed that targeting HIF-1a. down-regulated their expression, thus
eliminating the need to target them individually.

Our study is also the first to evaluate the effect of echinomycin treatment on WiT /n vitro
and /n vivo. While previous NCI trials had investigated the use of echinomycin in solid
tumors without success °2, this was prior to the understanding that echinomycin
competitively inhibits HIF-1a binding to hypoxia response elements in the promoters of
HIF-1a target genes. We previously reported that echinomycin reformulated in
nanoliposomes was significantly more effective and less toxic than cremophor-formulated
echinomycin in mouse models of breast cancer and leukemia 3% 36. Building on our prior
work, the efficacy studies reported herein using xenograft WiT models provides further
support for the development of nanoliposomal echinomycin to address the unmet need for
safe and effective therapeutic HIF-1a inhibition in cancer, including advanced WiT with
HIF-1a accumulation. More importantly, as liposomal echinomycin demonstrated promising
efficacy in mouse models of anaplastic WiT with 7P53 mutations (which are more clinically
challenging to treat 33 54, the data presented herein suggests that liposomal echinomycin
may offer an effective treatment option for these patients.
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Materials and Methods:

WIT Samples

Patient WiT samples, labeled WiT9 (favorable histology), WiT8 (diffuse anaplastic
histology), WiT10 (recurrent metastatic progressive diffuse anaplastic histology), and three
paired samples of adjacent normal kidney tissues and WiTs (labeled 18N/T, 23N/T and
34N/T) were obtained from the tissue bank at Children’s National Center for Cancer and
Immunology Research, with approval from Children’s National Medical Center Institutional
Review Board (Pro00004284). Patient-derived xenograft (PDX) Wilms Tumor Mouse
Models were approved by IACUC and the ethical committee at Children’s National Medical
Center and University of Maryland School of Medicine. The WiT49 cell line has been well-
described and reliably used in previous studies ® and was tested and found to be
mycoplasma free.

Patient-derived xenograft (PDX) WiT Mouse Models

NSG mice of the same gender, aged 6-8 weeks, were subcutaneously injected in the left
inguinal canal with 1 x 108 primary WiT cells/mouse. Once a tumor was palpable (after
roughly 7 days), the mice were treated with 250 ug/kg Lipo-EM intravenously every 2 days
for a total of 5 doses. Control mice received empty liposome as vehicle. Tumor size was
measured over time with calipers. For the animal studies, at least three mice per group were
used to ensure adequate power to detect difference between groups. For all experiments
testing animal survival, at least 5 animals were used per group. Animals were randomized
into groups. All animal experiments have been performed at least twice. All animal studies
were blinded and conducted under the guidelines of the Institutional Animal Care and Use
Committee of the University of Maryland and the Children’s National Medical Center.

Statistics

Statistical analyses were performed using GraphPad Prism 7. To determine statistical
significance, P-values were calculated using Student’s unpaired t-test (two tailed) for
pairwise comparisons, or one-way ANOVA with Bonferonni’s posttest for experiments
involving multiple groups, or two-way ANOVA for tumor kinetics. A P value < 0.05 was
considered statistically significant. Sample sizes were determined by power calculation or
prior experience. All experiments were performed at least three times, producing similar
results, and representative data are shown. The exact sample sizes, statistical methods, and
number of experimental repeats are indicated in the figure legends for each experiment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
HIF-1a is highly accumulated and activated in pediatric WiT. A, Normal kidney samples

and tissue microarray including 64 WiT samples were stained for HIF-1a expression and
analyzed by IF. The tissues were scored based on percent of cells with positive staining
within nucleus and cytoplasm: TO <10% cells, T1=10-50% cells, T2 >50% cells. NAT,
normal adjacent kidney tissue. B, Distribution of WiT cases by HIF-1a intensity score (T0-
2). C, Representative IHC staining of HIF-1a antibody in WiT9 tumor tissue depicting
extensive nuclear HIF-1a staining compared with matched adjacent normal kidney tissue. D,
Normal kidney samples WiT tissues from 9 patients were evaluated for HIF-1a expression
by IF staining and scored as in (A) (p<0.001, paired two-tailed student’s ttest). E,
Representative images of H&E stained sections for WiT tissues, either patient derived or
from the first round of transplantation in NSG recipient mice (left and middle panels,
respectively), and confocal images of the respective cells in culture (first passage) after
isolation from patients (right panels). F, Western blot of HIF-1a in murine kidney cells,
human peripheral blood mononuclear cells (PBMC), primary patient-derived WiT cells
(WiT8-10), and WIT cell line (WiT49). G, Overlayed flow cytometry histograms measuring
RFP intensity in WiT10 as a readout of HIF-1a transcriptional activity. WiT10 cells were
transduced with either HRE-repeat-driven RFP reporter or a mutated HRE-repeat-driven
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RFP reporter as a negative control. Data shown are representative of three independent
experiments.
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Figure2.

HIF-1a expression is critical for WiT growth. A, Western blot of HIF-1a protein expression
detected for WiT49 cells following editing by either Crispr-Sr-sg control (WT) or Crispr-
HIF-1a-sg to generate knockout clones (KO2, KO3, and KO5) and 8 hr treatment of the
cells with 350ug/ml CoCl,. B, Photograph (left) and summarized data (right) for WiT49
colony forming ability depicting WT control vs HIF-1a-KO clones KO3 and KO5. The cells
were cultured in a 6-well plate (1x 10% cells/well) for one week prior to applying violet stain
for 15 min followed by analysis. The summarized data corresponds to number of cell
colonies per view at 4X magnification from 3 different experiments (right). Data shown as
mean £ SEM, and p value determined by unpaired ttest. C, WT or HIF-1a-KO WiT49 cells
(2x108 cells/mouse) were injected into the inguinal canals of NSG mice, n=5 per group. D,
WiT49 cells and patient-derived WIT cells were treated with increasing concentrations of
echinomycin for 48 hrs and cell viability was measured by MTT assay. Data shown are
representative of three independent experiments. E,F,G, WiT8 or WiT10 cells were injected
subcutaneously into NSG mice (1x106 cells/mouse). Once tumors were palpable, mice were
randomly divided into two groups (n=10 mice/group) to receive either liposomal
echinomycin (250 pg/kg) or equivalent of empty liposomes control (vehicle), once every two
days for total of 5 doses. Mean tumor volumes + SEM are plotted, p value determined by 2-
way ANOVA with Bonferroni’s post-test.
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Figure3.

Li%o-EM inhibits growth and metastasis of WiT more efficiently than vincristine. A, B,
WiT10 cells (1x108 cells/mouse) were injected subcutaneously into NSG mice. Once tumors
were palpable, mice were randomly grouped into 3 groups and treated with Lipo-EM (250
pa/kg, i.v.) or vincristine (400 pg/kg, i.v.), once every other 3 days for 5 doses. Local tumor
volumes and mouse body weights were recorded over the course of treatment to monitor
toxicity. Mean tumor volumes £ SEM are plotted, p value determined by 2-way ANOVA
with Bonferroni’s post-test. C-F, Once the size of tumors reached endpoint criteria for
euthanasia, mice were perfused, and tissues were fixed in 10% formalin and sectioned.
Whole lung sections from a representative mouse from each group are shown in the upper
level of C, and corresponding H&E stains of lung, liver and kidney tissues are shown in the
lower levels in C. Summarized data corresponding to C are shown in D, E, and F, evaluating
number of metastatic nodules found in lung, liver, and kidney tissues, respectively, based on
H&E staining. Data shown as mean £ SEM number of nodules per view at 10X
magnification from 5 mice in each group, and p value determined by unpaired ttest.
Representative of two different treatments is shown.
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Figure 4.

IGFBP2 is a downstream target gene controlled by HIF-1a. A, Transcript expressions of
IGFBP2 and glycolytic key enzymes in RNA-sequencing database of normal adjacent
kidney tissues (NAT, 6 cases), favorable histology of WiT (FHWT, 112 cases) and diffuse
anaplastic histology of WiT (DAWT, 42 cases) were analyzed. B, Expression of IGFBP2 and
glycolytic enzyme PGK1 were decreased in HIF-1a KO WiT49 cells versus control WT
cells as measured by RT-PCR. For A and B, data shown as mean + SEM, and p value
determined by unpaired ttest. C,D, IF staining of a 64-cases tissue microarray of WiT was
performed with IGFBP2 and HIF-1a antibodies together and visualized with goat Alexa-
Fluo-488 (green) and rabbit Alexa-Fluo-594 (red). The double positive stains of cases with
low or moderate or high scores were analyzed for the correlation of HIF-1a with IGFBP2
(D). E-G, HIF-1a controls expression of IGFBP2 by binding to IGFBP2 promoter.
Depiction of IGFBP2 promoter shown in E. IGFBP2 promoter-driven GFP expression in
HEK?293 cells, which were co-transfected with plasmids of IGFBP2 promoter plus stable
HIF-1a-PPN (P402A/P564A/NB803A triple mutated form) or plus empty vector for 24 hours,
was photographed under microscope (F) and the mean fluorescent intensity (MFI) were
measured by flow cytometry and shown after background subtraction (G). Data is shown as
the mean GFP MFI + SEM of triplicate wells Error bar represents average of triplicate wells
and are representative of three independent experiments. H, ChlP assay was performed for
WiT49 cells precipitated with anti-HIF-1a or control IgG antibodies, and PCR amplified
eluted DNAs encompassing HRE sites of the IGFBP2 promoter, after the cells were
deprived of serum overnight and re-stimulated with 10% FBS for 8 hrs. Data shown in F-H
are representative of three independent experiments.
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Figure5.
HIF-1a and IGFBP2 are critical for WiT growth and metastasis. A, Western blot analysis

depicting protein expression of IGFBP2 in Crispr-Sr-sg edited WiT49 cells (WT) and
Crispr-IGFBP2-sg edited WiT49 cells with IGFBP2 knocked out (KO13 and KO57). B,
WiT49 WT and WiT49 IGFBP2 KO lines (1x 10* cells/well) were cultured in a 6-well plate
for 7 days and violet stain applied for 15 min to see colony formation (up panel).
Summarized data corresponding to B, evaluating number of cell colonies per view at 4X
magnification from 3 different experiments (below). Data shown as mean + SEM, and p
value determined by unpaired ttest. Data shown are representative of three independent
experiments. C, WiT49 WT and WiT49 IGFBP2-KO (1 x108 cells/per mouse) were
subcutaneously injected into 5 NSG mice of each group, and tumor growth was followed
over time; mice were sacrificed at 110 days. Mean tumor volumes £ SEM are plotted, p
value determined by 2-way ANOVA with Bonferroni’s post-test. Data shown are
representative of two independent experiments. D, E, F, WiT10-Luc cells expressing
HIF-1a-sh-RFP (HIF-1a-sh) or IGFBP2-sh-RFP (IGFBP2-sh) or Sr-sh-RFP (Sr-sh), (1 x108
cells/mouse) were given subcutaneously to NSG mice, 5 mice/group (D). Mean tumor
volumes = SEM are plotted in D, with p value determined by 2-way ANOVA with
Bonferroni’s post-test. Once the size of tumors reached to the criteria for mouse sacrifice,
mice were perfused, and tissues were fixed in 10% formalin and sectioned. Whole lung
sections of representative mouse of each group were shown in the upper level of E, and the
H&E stains of lung, liver and kidney tissue sections of the representative mouse were shown
in the low levels in E. F, Summarized data corresponding to E, evaluating number of
metastatic nodules found in lung, liver, and kidney tissues based on H&E staining. Data
shown as mean + SEM for number of nodules/view at 10x magnification, n=5 mice/group,
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and p value determined by unpaired ttest. Representative of two different treatments is
shown. G,H, The expression of ShRNA-RFP in WiT10-Leu cells was read by flow
cytometry (G) and the silencing efficiency was detected by quantitative RT-PCR (H). Data in
H shown as mean £ SEM, and p value determined by unpaired ttest vs Sr-sh control.
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Figure®6.

IGF1 drives the growth and metastasis of WiT49 cells in vivo. A, Transcripts of IGF1 and
IGF2 of normal adjacent kidney tissues (normal, 6 cases), favorable histology WiTs (FHWT,
112 cases) and diffuse anaplastic WiTs (DAWT, 42 cases) from RNA-Sequencing database
of TARGET were analyzed. Data shown as mean + SEM, and p value determined by
unpaired ttest. B, RT-PCR demonstrated that IGF1A was specifically expressed in WiT
tissues and cells as compared to human normal kidney tissue and the matched normal
adjacent kidney tissues; the mouse embryo acts as positive control for IGF1A. C, ELISA
detected mature IGF1 levels in the cultured medium of WiT49 and WiT10 cells treated with
or without 4050 pM echinomycin for 48 hrs. D,E, WiT49 cells were transduced with
lentivirus of IGFLA-V5/RFP or empty lenti-V5/RFP vector (V) for three days. RFP positive
cells were sorted by flow-sorter (D) and IGF1A expression was examined by anti-V5 tag
antibody (insert in D). One million cells/mouse of WiT49-V or WiT49-1GF1A/RFP were
subcutaneously injected to 5 mice each group. Mean tumor volumes + SEM are plotted in E,
p value determined by 2-way ANOVA with Bonferroni’s post-test. F,G,H, The mice in
figure E were sacrificed on day 98 and perfused with 1XPBS. The tissues were fixed and
lung, liver and kidneys were stained with H&E, and sectioned after PBS in vivo perfusion.
Metastatic nodule numbers were counted as described in Fig. 5E and F, and data shown as
mean + SEM, and p value determined by unpaired ttest. I,J, WiT49-IGF1A-V5/RFP cells
were transduced with lentivirus of cocktail IGF1-sh-GFP or Sr-sh-GFP for three days. GFP
single positive (WiT49-1GF1-sh) and RFP-GFP double positive (WiT49-Sr-sh) (1 x106 cells/
mouse) were subcutaneously injected to 5 mice of each group (J). Mean tumor volumes *
SEM are plotted in J, p value determined by 2-way ANOVA with Bonferroni’s post-test.
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Similar GFP expression in both cells was monitored by flow-cytometry but the knockdown
of IGF1 was found only in WiT49-IGF1-sh cells with anti-V5 tag antibody (inserted in I).
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Figure7.
HIF-1a-IGFBP2 axis enhances IGF1-IGF1R-AKT signaling for HIF-1a accumulation and

feedforward regulation which are targetable by echinomycin in WiT. A, WiT49 WT,
HIF-1a-KO (1:1 mixture of KO3 and KO5), and IGFBP2-KO (1:1 mixture of KO13 and
KO57) cells were starved of serum for 8 hrs before they were stimulated with 20 ng/ml IGF1
for 15 min to detect activation of IGF1Rp (pYY980) by Western-blot. The HIF-1a and p-
S473-AKT proteins were detected 8 hrs after IGF1 stimulation. B, Restoration of HIF-1a or
IGFBP2 in their WiT49 KO cells enhances the constitutive activation of AKT compared to
their control WiT49 WT cells irrespective of IGF1 stimulation. Above three lines of WiT49
cells were transiently transfected with expressing plasmid of mutated stable form of HIF-1a
(HIF-1a PPN) or IGFBP2 for 24 hrs before these cells were starved of serum for 8 hrs and
stimulated with 20 ng/ml IGF1 for additional 8 hrs. Western-blot detected HIF-1a and p-
S473 AKT, and GAPDH as internal control. C, WiT49 HIF-1a KO or IGFBP2 KO cells (1
x104 cells/well) stably transfected with expressing plasmid of empty vector or stable HIF-1a
or IGFBP2 were cultured in a 6-well plate for a week and violet stain applied for 15 min to
detect colony formation (upper panel) and numbers of colonies counted under microscope
from three wells were shown in bottom panel. Data shown as mean + SEM, and p value
determined by unpaired ttest. D, WiT10-Sr-sh, WiT10-HIF-1a-sh and WiT10 IGFBP2-sh
cells were serum-starved, stimulated with 40ng/ml EGF or 20ng/ml IGF1 and detected for
HIF-1a and p-S473 AKT as described in A. E, WiT8 and WiT10 cells were treated with
increasing concentrations of free echinomycin for 48 hrs before analyzed for proteins of
HIF-1a and p-S473-AKT by Western blot. Data above shown are representative of 3
independent experiments. F, Mechanism underlying the WiT growth and metastasis and the
action of echinomycin.
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