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Abstract: Synthetic Zfra4-10 and WWOX7-21 peptides strongly suppress cancer growth in vivo.
Hypothetically, Zfra4-10 binds to the membrane Hyal-2 of spleen Z cells and activates the
Hyal-2/WWOX/SMAD4 signaling for cytotoxic Z cell activation to kill cancer cells. Stimulation of
membrane WWOX in the signaling complex by a WWOX epitope peptide, WWOX7-21, is likely
to activate the signaling. Here, mice receiving Zfra4-10 or WWOX?7-21 peptide alone exhibited an
increased binding of endogenous tumor suppressor WWOX with ERK, C1qBP, NF-«B, Ibal, p21,
CD133,JNK1, COX2, Oct4, and GFAP in the spleen, brain, and/or lung which led to cancer suppression.
However, when in combination, Zfra4-10 and WWOX7-21 reduced the binding of WWOX with
target proteins and allowed tumor growth in vivo. In addition to Zfra4-10 and WWOX?7-21 peptides,
stimulating the membrane Hyal-2/WWOX complex with Hyal-2 antibody and sonicated hyaluronan
(HAson) induced Z cell activation for killing cancer cells in vivo and in vitro. Mechanistically, Zfra4-10
binds to membrane Hyal-2, induces dephosphorylation of WWOX at pY33 and pY61, and drives Z
cell activation for the anticancer response. Thus, Zfra4-10 and WWOX?7-21 peptides, HAson, and the
Hyal-2 antibody are of therapeutic potential for cancer suppression.

Keywords: Hyal-2" CD3" CD19" lymphocyte; Z lymphocyte; WWOX; phosphorylation; Zfra;
Hyaluronan; Hyal-2
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1. Introduction

Zinc finger-like protein that regulates apoptosis (Zfra) is a naturally occurring 31-amino-acid
cytosolic protein [1-4]. We have reported that Zfra participates in tumor necrosis factor (TNF) signaling
and mitochondrial apoptosis [1-4]. Transiently overexpressed Zfra physically interacts with TNF
receptor adaptor proteins such as TRADD, FADD, and RIP, and thereby affects the outcome of the TNF
cytotoxic pathway [1-4]. Zfra restricts the functions of nuclear factor NF-«B, JNK1 kinase, and tumor
suppressors p53 and WWOX [1-5]. The cytosolic level of Zfra is very low and can be upregulated by
stress stimuli [1-5]. When Zfra is synthesized in the cytoplasm, the new Zfra protein rapidly binds to
cytosolic proteins and renders the degradation of the Zfra-bound proteins [6]. Notably, the degradation
event is ubiquitin-/proteasome-independent [6].

Zfra is a potent agent in blocking cancer growth [1-4,6]. To determine the anticancer regions in
Zfra, we synthesized Zfra peptides in a stepwise manner and then narrowed the potent anticancer
segments down via in vivo experiments. We determined that synthetic full-length Zfral-31 and
truncated Zfra4-10 peptides effectively prevent the growth of many types of cancer cells in both
immune-competent and immune-deficient mice [6]. In contrast, Zfra peptides are not effective in killing
cancer cells in vitro. Zfra-mediated cancer suppression is associated with downregulation of WWOX
with 514 phosphorylation (p14-WWOX) in cancer cell-infiltrating organs [6]. Additionally, Zfra strongly
inhibits cancer metastasis, cancer stem cell development, and spontaneous cancer formation [6].

Remarkably, Zfra restores memory loss and suppresses the symptoms of Alzheimer’s disease (AD)
in triple transgenic mice by reducing aggregate formation for TRAPPC6A, TIAF1, tau, and amyloid beta
proteins [7]. Zfra also suppresses NF-kB-mediated inflammatory response in vivo, thereby reducing
inflammation-induced neurodegeneration and neural damage [7]. Alteration of Ser8 residue for
phosphorylation, i.e., S8G, abolishes Zfra polymerization and its anticancer function [6]. Whether
Zfra(S8G) mitigates the AD-like symptoms in mice remains to be established. In parallel with the
inhibition of cancer progression [6], Zfra suppression of AD progression correlates with inhibition of
pS14-WWOX in the AD brain lesions [7].

Zfra strongly prevents cancer growth in vivo [6]. However, when ongoing solid tumors are under
establishment in mice, Zfra cannot effectively suppress the tumor cell growth [6]. The failure is due, in
part, to over self-polymerization of Zfra or its conjugation with blood proteins that results in loss of the
anticancer efficacy in vivo [6]. The injected Zfra peptides in circulation become polymerized, exhibit
self-fluorescence, and are mainly trapped or filtered in the spleen but not in other organs [6]. Zfra binds
to the membrane receptor Hyal-2 in non-T/non-B spleen lymphocytes, designated Hyal-2* CD3~
CD19™ or Z (for Zfra-binding) cells [6]. Gene expression profiling of naive Z cells from T/B-deficient
NOD-5CID mice has been deposited in the GEO database (Accession: GSE98409; ID: 200098409).

Here, we demonstrated that when tumor cells start to grow in vivo, non-activated or naive spleen
Z cells translocate to the cancer lesions but cannot kill cancer cells. Exogenous Zfra peptides effectively
induce Z cell activation in vivo or in vitro. These activated Z cells are potent in suppressing cancer
cell growth in vivo [6,8]. Spleen Z cells are activated to fight against cancer by priming mice with
Zfra [6-8]. However, T/B-deficient NOD-SCID mice are hard to prime by Zfra in vivo to fight cancer
cells. Mechanisms of this regard are unknown. Activated Z cells recognize many cancer cell types,
suggesting that polymerized Zfra exhibits cancer-like antigens so that activated Z cells can recognize
and destruct cancer cells [6]. Zfra is not toxic and does not cause damage to organs, implying its
therapeutic potential. How Z cells become activated in response to Zfra stimulation is largely unknown.
The signal pathway was investigated in this study.

Z cell differentiation is different from that of T cells. Indeed, differentiation of T and Z cells is
controlled, in part, by WWOX. For example, ionophore/phorbol ester-mediated forced differentiation
of leukemia T cells or normal T cells requires WWOX phosphorylation at Ser14, but dephosphorylation
at pY33 and pY61 [9]. The matured T cells fail to block cancer growth [9-11]. By comparison, we
showed here that Zfra suppresses WWOX phosphorylation at S14, Y33, and Y61 to allow spleen Z
cell activation.
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While Z cell activation for the memory anticancer response does not require pre-exposure of Z cells
to the cancer antigens [6], we tested the hypothesis that Zfra4-10 binds to membrane Hyal-2 of spleen Z
cells and activates the Hyal-2/WWOX/SMAD4 signaling, which is needed for cytotoxic Z cell activation
to kill cancer cells. We focused on boosting Zfra function in killing cancer cells and developing
therapeutic agents in activating spleen Z cells for cancer treatment in vivo. We determined that
Zfra-activated Hyal-2" Z cells require the Hyal-2/WWOX/SMAD4 signaling and de-phosphorylation
of WWOX at Y33 and Y61. Activated Z cells relocate to the cancer lesions to cause cancer cell death,
and this correlates with S14 de-phosphorylation of WWOX in the cancer lesions.

2. Results

2.1. Zfra and WWOX Peptides Suppress Cancer Growth and Metastasis In Vivo

The Zfra4-10 peptide is potent in protecting immune-deficient and -competent mice against the
growth of many types of cancer cells [6-8]. Here, in a syngeneic model, BALB/c mice received tail vein
injections of synthetic Zfra4-10 peptide (2 mM in 100 uL PBS) every other day for three times in a week,
followed by resting for two weeks and then inoculating with mouse 4T1 breast cancer cells in both
flanks. Zfra enabled the mice to resist the growth of 4T1 cells significantly stronger than untreated
control mice (Figure 1A,B and Figure S1). WWOX7-21 peptide is a short stretch of surface-exposed
epitope of WWOX and is potent in cancer suppression [9]. Under similar conditions, WWOX7-21
peptide protected mice against 4T1 cell growth (Figure 1C). In contrast, when mice received both
Zfra4-10 and WWOX7-21 peptides, the anticancer effect from both peptides were totally lost (Figure 1D).
The end point data for tumor growth are shown (Figure 1E).

2.2. Ser6 and Ser7 Are Not Involved in Zfra-Mediated Cell Death

Zfra possesses five potential phosphorylation sites at serines (Figure 1F) [2]. Alteration of Ser8
to Gly8 abolishes self-polymerization and the proapoptotic function of Zfra [2,6,7]. To determine
whether Ser6 or Ser7 is necessary for Zfra to induce apoptosis, Ser6 and Ser7 were altered to Gly6
and Gly7, respectively. EGFP-tagged Zfra, Zfra (56G), or Zfra (S7G) was transiently overexpressed in
murine 1929 cells or human prostate cancer DU145 cells, followed by culturing for 24 h. These cells
were then harvested for cell cycle analysis by flow cytometry. All the aforementioned expression
constructs induced apoptosis, as measured by determining the extent of SubG0/G1 phase (Figure 1EG),
suggesting Ser6 and Ser7 are not involved in Zfra-mediated apoptosis.

2.3. Binding of Zfra with the First WW Domain of WWOX Leads to Nullification of Each Other’s Function in
Cancer Suppression

Newly synthesized Zfra covalently conjugates with cellular proteins [6]. Once covalently interacted
with Zfra (designated as zfration), the zfrated proteins undergo rapid degradation independently of the
proteasome/ubiquitination system [6,7]. Zfra binds to WWOX at both the N-terminal WW domain and
the C-terminal short-chain alcohol dehydrogenase/reductase (SDR) domain and suppresses WWOX
phosphorylation at Tyr33 and its apoptotic function [1-4]. To further validate the binding of Zfra
with WWOX, we utilized the bicistronic pIRES-based vector to make Zfra and WWOX constructs
(Figure 1H). These constructs were transiently overexpressed in COS7 cells, followed by processing
co-immunoprecipitation with Zfra antiserum. In reducing SDS-PAGE, Zfra antisera precipitated a
Zfra/WWOX-DsRed complex (~76 KDa) (Figure 11I), suggesting that Zfra covalently binds to WWOX.
Additionally, we used the recombinant first WW domain (WW1) to mix with the Zfra peptide.
The mixture was incubated at room temperature for 24 h. Under reducing SDS-PAGE, Zfra was
shown to bind WW1 (Figure 1]), again indicating a covalent complex formation between WW1 and
Zfra. The complex formation correlates with functional nullification between WWOX and Zfra in
suppressing cancer growth (Figure 1D,E and Figure S1).
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Figure 1. Functional neutralization between Zfra and WWOX in controlling cancer growth. (A-E)
BALB/c mice received tail vein injections of an indicated synthetic peptide (2 mM in 100 uL PBS) or PBS
only (100 pL) every other day for three times in a week, followed by resting for two weeks and then
inoculating with mouse 4T1 breast cancer cells in both flanks. The kinetics of tumor growth in a group of
individual mice is shown (A-D) and the end points of tumor volumes are shown (E). Statistical analysis:
**p < 0.005, Student’s t test (test samples versus PBS group). The last group (at right) is not statistically
significant as versus the PBS group. The n number is shown in each bar. See Figure S1 for detailed
kinetics for all mice. (F,G) Murine L929 cells or human prostate cancer DU145 cells were electroporated
with an indicated Zfra cDNA expression construct (wild type, S6G or S7G mutant) and cultured for
24 h. By flow cytometry, the extent of apoptosis at SubG0/G1 phase is shown (1 = 5). (H,I) Zfra and
WWOX cDNAs were constructed in a bicistronic pIRES-based vector (H). By transient overexpression in
COS7 cells, Zfra/WWOX-DsRed complex is shown in the co-immunoprecipitates (~76 kDa). The Whole
Blots for Western Blot analysis for Figure 11 are shown in Figure S7. (J) Recombinant WW1 (~12 kDa
and polymerized to 45 kDa) was mixed with Zfra peptide, incubated at room temperature for 24 h,
and subjected to reducing SDS-PAGE. Zfra covalently binds WW1. Figures with digital data for Western
blots 1I and 1J are shown in Figure S11.

2.4. Increased Binding of Endogenous WWOX with Specific Proteins in Organs of Mice Correlates with Cancer
Growth Suppression

We investigated whether Zfra and WWOX peptides functionally counteract each other and thereby
fail to suppress cancer growth in vivo (Figure 1A,D). BALB/c mice received tail vein injections of
Zfra4-10 and/or WWOX7-21 peptides, followed by inoculation with syngeneic 4T1 breast cancer cells
two weeks later (Figure 2A). Mice were sacrificed 18 days later. By co-immunoprecipitation, HIF-1c
physically bound to C1qBP and COX2 in the spleen (Figure 2B). The binding was increased by 30 to
50% in mice treated with Zfra4-10 (Figure 2B). Mice, receiving either Zfra4-10 or WWOX7-21 peptide,
had increased binding of WWOX with C1qBP, CD133, p21, JNK1, COX2, p-ERK, Foxp3, and p53 in the
spleen (Figure 2B). The increased binding correlates with suppression of cancer growth (Figure 1B,C).
However, in mice receiving both Zfra4-10 and WWOX7-21 peptides, WWOX had reduced binding with
the target proteins down to a basal level (Figure 2B), and cancer growth was significantly increased
(Figure 1A,D). Under similar conditions, endogenous WWOX strongly bound to Ibal, Oct4, ERK1/2,
NF-kB p65, GFAP, and p53 in the lung of mice treated with Zfra4-10 or WWOX7-21 peptide (Figure 2C).
The binding did not occur in the brain (Figure 2C). Additionally, binding of WWOX with presenilin-1
(60 kDa) did not occur in the brains of mice treated with PBS, or Zfra4-10 and/or WWOX7-21 peptides
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(Figure 2D). However, WWOX bound to a degradation product of presenilin-1 of 17 kDa in the brain
and lung (Figure 2D). Similarly, the binding status of pY33-WWOX with NF-«B p65 is shown in the
kidney, in which the binding was increased when Zfra4-10 or WWOX?7-21 peptide was used (Figure 2E).
The indicated proteins are involved in cell proliferation, tumor suppression, signaling, and stemness in
the spleen, brain, and lung.
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Figure 2. Zfra or WWOX peptide upregulates the binding of endogenous WWOX with specific proteins
in organs of mice, which correlates with cancer growth suppression. (A) BALB/c mice received tail vein
injections of Zfra4-10 and/or WWOX7-21 peptides, followed by inoculation with 4T1 breast cancer cells
two weeks later and sacrifice 18 days later. (B) By co-immunoprecipitation, binding of HIF-1x with
C1gBP and COX2 was increased by 30 to 50% in mice treated with Zfra4-10. Additionally, increased
binding of WWOX with C1gBP and other indicated proteins was shown in the spleen of mice treated
with either Zfra4-10 or WWOX7-21 peptide (>50 to 90%). These events correlate with cancer growth
suppression. In combination of both peptides, the complex formation of WWOX and target proteins
was reduced, which correlates with increased tumor growth. The Whole Blots for Western Blot analysis
for Figure 2B are shown in Figure S8. (C) Endogenous WWOX strongly bound to Ibal, Oct4, ERK,
NF-kB p65, and GFAP in the lung of mice treated with Zfra4-10 or WWOX7-21 peptide. In controls,
non-immune serum was used for co-immunoprecipitation and equal loadings of protein A/G beads
are reflected by IgH bands. The Whole Blots for Western Blot analysis for Figure 2C are shown in
Figure S9. (D) Binding of WWOX with presenilin-1 was not observed in the brain of mice treated with
PBS, or Zfra4-10 and/or WWOX7-21 peptides. (E) The binding status of pY33-WWOX with NF-«B p65
is shown in the kidney. The Whole Blots for Western Blot analysis for Figure 2D,E are shown in Figure
510. Figures with digital data for Western blots 2B to 2E are shown in Figure S12.
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2.5. Zfra-Mediated Cancer Suppression Involves Hyal-2 and WWOX of the Hyal-2/pY 33-
WWOX/SMAD4 Signaling

Zfra binds to membrane Hyal-2 to activate spleen memory cytotoxic Z cells to kill cancer
cells [2,6,10-13]. Additionally, when Hyal-2/pY33-WWOX/SMAD4 complex is overexpressed,
hyaluronan binds to Hyal-2 and activates the signaling of Hyal-2/pY33-WWOX/SMAD4 to cause
apoptosis in vivo [2,6,10-13]. To establish the role of Hyal-2 and WWOX in cancer suppression,
nude mice received tail vein injections with sterile Milli-Q water or Zfra4-10 peptide (1 mM in 100 uL
sterile Milli-Q water) in every two other days for three times. One week later, the mice received
normal rabbit serum (NRS) or a specific antiserum (10 pL serum plus 90 uL PBS) for another three
consecutive injections (Figure 3A-F). The growth of skin basal cell carcinoma (BCC) tumor was blocked
in mice receiving Zfra peptide or Hyal-2 antiserum (>75% inhibition; Figure 3B,C). pY33-WWOX
antibody was less effective in blocking BCC growth than Hyal-2 antibody (Figure 3C,E). In controls,
sterile water did not block BCC growth (Figure 3A). When mice received Zfra4-10 peptide and Hyal-2
antiserum, the extent of BCC growth was similar to that of Hyal-2 antiserum alone (Figure 3D).
Notably, Zfra4-10 peptide and pY33-WWOX antiserum, in combination, completely blocked the
growth of BCC (Figure 3F). The extent of tumor growth is tabulated in a bar graph (Figure 3G). Zfra is
known to suppress WWOX phosphorylation at Tyr33 [2,3]. Under similar experimental conditions,
antiserum against WWOX at pY33 or pY287, along with Hyal-2 antiserum, reduced the BCC tumor
growth in T/B-deficient NOD-SCID mice (30 to 50% reduction; Figure 3H-N), suggesting that Zfra
inhibits WWOX phosphorylation at Tyr33, which is needed for suppressing cancer growth.
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Figure 3. Zfra peptide, Hyal-2 antibody, or WWOX phospho-antibody inhibits basal cell carcinoma
(BCC) growth in nude mice. Nude mice were pretreated with Zfra4-10 peptide (3 mM in 100 uL H20)
or sterile Milli-Q H2O via tail vein injections for three consecutive weeks, followed by injecting with an
indicated antibody or normal rabbit serum (10 pL; diluted with 90 uL PBS). A week later, mice were
subcutaneously inoculated with skin cancer BCC cells (two million cells on flank). A representative
data is shown from two experiments. (A,C,E) In the control groups, sterile Milli-Q water (100 puL)
and normal rabbit serum (10 pL in 100 uL H20) did not block BCC growth (A). Water with Hyal-2
antiserum strongly suppressed BCC growth (C), whereas water with pY33-WWOX was less effective
(E). (B,D,F) In the Zfra groups, Zfra4-10 peptide and normal rabbit serum suppressed BCC growth by
~75% (B), and Zfra4-10 peptide plus pY33-WWOX antiserum strongly blocked BCC growth by > 99%
(F). There was no synergistic effect between Zfra4-10 peptide and anti-Hyal-2 antibody in achieving a
greater suppression (~75% suppression) (D). (G) A bar graph shows an average of two tumor volumes.
(H-N) NOD-SCID mice received three injections of an indicated antiserum (or normal serum or Milli-Q
water) in a week and were then allowed to rest for one week followed by inoculation with BCC cancer
cells. The extent of tumor growth was examined. The bar graph shows an average of two tumors.
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2.6. Transfer of Purified Activated Z Cells to Recipient Mice Confers Resistance to Tumor Growth

We reported the purification of Zfra-activated Hyal-2* Z cells by cell sorting and showed their
suppression cancer growth in vivo [6]. Here, we isolated spleen cells from eight naive BALB/c mice
for in vitro activation. These naive spleen cells were cultured for 24 h in the presence or absence
of 20 uM Zfra4-10. By cell sorting using a red-fluorescent TMR (tetramethylrodamine)-Zfra as a
probe (Figure S2) [6,7], we isolated four populations of cells, including naive TMR-Zfra— (NZ-),
naive TMR-Zfra+ (NZ+), Zfra-activated TMR-Zfra— (AZ-), and Zfra-activated TMR-Zfra+ (AZ+) cells
(Figure 4A,B). These cells were then transferred to naive BALB/c mice via tail veins. One week later,
the mice were inoculated subcutaneously in both flanks with 4T1 cells. Mice harboring Zfra-activated
Z cells resisted the growth of 4T1 cells (Figure 4B).
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Figure 4. Zfra peptide suppresses WWOX phosphorylation at Y33 and Y61 that leads to Z cell expansion
in the spleen. (A,B) Spleen cells were isolated from eight naive BALB/c mice, followed by treating
with or without 20 uM Zfra4-10 for 24 h in cell culture and then processing purification of TMR-Zfra+
cells using a cell sorter. The resulting naive TMR-Zfra- (NZ-), naive TMR-Zfra+ (NZ+), Zfra-activated
TMR-Zfra- (AZ-), and Zfra-activated TMR-Zfra+ (AZ+) were isolated and injected to each indicated
recipient naive nude mouse via its tail vein. One week later, breast 4T1 cancer cells were inoculated
into both flanks for measuring tumor growth with time. (C-E) Nude mice received Zfra peptide (2 mM
in PBS) or PBS only via tail vein injections, followed by inoculating B16F10 cells in both flanks one
week later and mice sacrificed a month later. Zfra suppressed WWOX phosphorylation at Y33 and Y61
(> 95%), and inhibited the level of CD27* B cells by 78% in the spleen (whole mount scans). Statistical
analysis for E: *** p < 0.001, n = 5, Student’s t test (all groups versus pS14 group). (F-H) Z cell levels
were low in the spleen of mice post treatment with Zfra for two months, as the spleen cells had reduced
expression of Hyal-2 and Zfra. Statistical analysis for H: * p < 0.05, *** p < 0.001, n = 5, Student’s t test
(all groups versus CD44 group).

2.7. Zfra Causes WWOX de-Phosphorylation at Y33 and Y61 to Drive Z Cell Activation in the Spleen

Next, we examined the status of WWOX phosphorylation in the spleen and whether WWOX
de-phosphorylation at Y33 and Y61 contributes to Z cell activation. Calcium ionophore A13827 and
phorbol myristate acetate forcefully induce the maturation of leukemia T cells [9,11]. This involves
de-phosphorylation of WWOX at Y33 and Y61, but increased phosphorylation at 514, in MOLT-4
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T cells in five minutes or less invitro [9]. Zfra activates Z cells probably via the membrane
Hyal-2/WWOX/SMAD#4 signaling [12-17]. Zfra binds to the membrane Hyal-2 as a receptor in
spleen Z cells [6]. Additionally, Zfra binds WWOX7-21 in front of the first WW domain and the
C-terminal SDR domain, as determined by co-immunoprecipitation (Figure 11]J), and yeast two
hybrid analysis [2].

Nude mice received the full-length Zfral-31 peptide via tail vein injections once per week for
three consecutive weeks, followed by resting for one week and then inoculating with B16F10 cells in
both flanks. A month later, mice were sacrificed. In agreement with our previous observations [6],
Zfra suppressed B16F10 growth by 78 + 8% (n = 5) in nude mice, as determined by measuring the
tumor volumes. At the end point of tumor growth experiments, Zfra significantly suppressed the
expression of Hyal-2 and phosphorylation of WWOX at Y33 and Y61 (>90%), but no significant changes
were observed for WWOX phosphorylation at 514 and Y287 in the spleen of the sacrificed mice (<5%;
Figure 4C-E).

Clonal expansion of Z cells was shown in the spleen of Zfra4-10-treated nude mice within a week
(Figure S3). During a prolonged treatment of nude mice with Zfra for two months, downregulation of
Hyal-2, and reduction in TMR-Zfra-positive Z cells occurred in the spleen (Figure 4F-H), suggesting that
Z cells relocate to a tumor-growing organ. Zfra suppressed the expression interleukin 2 receptor alpha
(IL-2Rx or CD25) in the spleen (Figure 4C). IL-2R« is overexpressed in the surface of hematological tumor
cells, and is associated with the oncogenic signaling of leukemic stem cells [18,19]. Cell proliferation
antigen Ki67, but not p53, was significantly increased in the spleen of Zfra-treated mice (Figure 4C-H).

In the mouse spleen, Zfra marginally increased naive CD19" B cells by less than 10% (Figure 4C-H),
whereas Zfra significantly suppressed memory CD27" B cells in the spleen by 78% (Figure 4C).
To examine the effect of B cells, nude mice received CD19 or CD27 antibody (or PBS only) and
then Zfra4-10 peptide via tail vein injections. CD19 or CD27 antibody had a marginal effect in the
Zfra-mediated cancer suppression (Figure S54), suggesting that CD19* or CD27" B cells are not involved
in Zfra-mediated cancer suppression. In this study, Zfra was resuspended in water, and its anticancer
activity was reduced due to insufficient self-polymerization [6].

Together with post-tumor inoculation in mice for one month, Zfra inhibited the expression
of pY33- and pY61-WWOX, Hyal-2, IL-2R, and CD27 in the spleen, but had no effect on CD19.
Reduced expression of Hyal-2 and Zfra in the spleen suggests that activated memory Z cells participate
in cancer suppression by relocating to the cancer lesions. Both CD19 and CD27 are markers of B cells.
Naive B cells have a phenotype of CD19" CD27", whereas memory B cells are CD19* CD27* [20-22].
Our data failed to support the involvement of B cells in assisting Z cells in fighting against cancer.

2.8. Zfra-Activated Z Cells Relocate to Cancer Lesions to Block Cancer Growth

In response to tumor growth (Figure 4), both naive and activated Z cells relocated from the
spleen to the tumor lesions via lymphatic vessels, as determined using red fluorescent TMR-Zfra
peptide. TMR-Zfra binds to the Z cell membrane Hyal-2 (Figure 5A) [6]. Compared to control mice,
reduced levels (>50%) of CD19" B cells were shown in the cancer lesions (Figure 5A). Expression of
pY287-WWOX is shown in the tumors in both control and Zfra-treated mice (Figure 5A). pY287-WWOX
is subjected to degradation by the ubiquitin/proteasome system [9,11-13]. In control mice, naive Z
cells infiltrated in the lung, but did not suppress the growth of metastatic B16F10 cells (Figure 5B,C).
Failure of these Z cells in suppressing cancer growth is simply because they are not pre-activated
by Zfra [6-8].
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Figure 5. Relocation of Z cells to cancer lesions and Zfra suppression of pS14-WWOX correlates with
cancer growth inhibition. (A) Nude mice were treated with or without Zfra once per week for three
consecutive weeks, followed by inoculation with B16F10 cells. One month later, mice were sacrificed.
Relocation of naive and activated Z cells from the spleen to the tumor lesions via lymphatic vessels
is shown (see red punctate). (B,C) Dramatic suppression of B16F10 melanoma growth is shown in
the lung of Zfra-treated mice. As the lung turns normal, the level of Z cells is significantly reduced
in the lung of Zfra-treated mice (n = 6). Non-activated Z cells accumulated in the B16F10 lesions of
the lung but failed to kill cancer cells. Statistical analysis for C: * p < 0.05, n = 5, Student’s t test (Zfra
group versus control group). (D,E) Suppression of cancer growth in the lung by Zfra correlates with
inhibition of WWOX phosphorylation at Ser14. Statistical analysis for E: *** p < 0.001, n = 5, Student’s t
test (all groups versus WWOX group). (F) Nude mice received Zfra4-10 (4 mM in 100 pL sterile MilliQ
water) or an equal volume of sterile water for three consecutive weeks. A week later, these mice were
inoculated with U87-MG cells on two subcutaneous sties of both flanks (2 x 10° cells in 100 uL PBS).
The whole mount lung tissue sections were stained with specific antibodies by immunohistochemistry
and imaged by a scanner. (G) Compared to control mice, Zfra4-10 suppressed WWOX phosphorylation
at S14 by greater than 70-90% in the lung, blocked the U87-MG tumor formation by ~50% in the skin,
and inhibited U87-MG cell metastasis to the lung. Scale bar, 200 um. (H) Zfra-treated nude mice resisted
metastasis of glioblastoma 13-06-MG to the lung. (I) Compared to the Zfra4-10 peptide, Zfra(S8G)1-15
peptide failed to block BCC growth in mice. (J) Summary of Zfra-mediated Z cell activation in the
spleen, Zfra suppression of pS14-WWOX in the cancer lesions, and Z cell killing of cancer cells in a
target organ.

Zfra suppressed B16F10 metastasis to the lung, which correlates with a significant reduction of
S14 phosphorylation of WWOX in the lung (Figure 5B-E). The observation is in agreement with our
previous reports [6,7]. The overall levels of WWOX in the lung remained largely unchanged between
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control and Zfra-treated mice (Figure 5B-E). Y33 phosphorylation in WWOX was not affected in the
lung (Figure 5B-E).

2.9. Zfra Suppresses pS14-WWOX Expression in the Lung and Thereby Prevents Glioblastoma Cell Metastasis
to the Lung

In parallel with the aforementioned observations, we examined the effect of Zfra on the inhibition
of metastasis of glioblastoma cells in vivo. Zfra inhibits the growth of certain but not all glioblastoma
cells in vivo [6]. Nude mice were pre-injected with Zfra4-10 (4 mM in 100 pL sterile MilliQ) water)
or an equal volume of sterile water for three consecutive weeks. A week later, these mice were
inoculated with glioblastoma U87-MG cells on two subcutaneous sties of both flanks (2 x 10° cells
in 100 uL PBS). Zfra blocked the metastasis of U87-MG cells to the lung, and this correlates with
inhibition of WWOX phosphorylation at S14 but not at Y33 (Figure 5F,G). We have previously shown
that Zfra-mediated suppression of pS14-WWOX leads to cancer growth suppression [6,7] and blocking
of the progression of Alzheimer’s disease [7]. Under similar experimental conditions, Zfra-treated
nude mice resisted the metastasis of glioblastoma 13-06-MG cells to the lung, compared to PBS controls
(Figure 5H). Additionally, Zfra-treated nude mice resisted the growth of BCC cells, compared to PBS
controls and Zfra(58G) mutant peptide (Figure 5I). S8 is a phosphorylation site and is responsible for
self-polymerization [6,7]. Alteration of S8 to G8 abolishes the anticancer function of Zfra [6].

Together, Zfra causes Z cell activation in the spleen and suppresses pS14-WWOX in the cancer
lesions (Figure 5]). Reduction in WWOX phosphorylation at Ser14 in the cancer lesions correlates
with cancer suppression. Although circulating polymerized Zfra is mainly deposited in the spleen,
we propose that a small population of Zfra may go directly to the cancer lesions to suppress
pS14-WWOX, thereby reducing cancer growth. Alternatively, Z cells may secrete phosphatases to
reduce 514 phosphorylation in the cancer lesions or caner-infiltrated organs.

2.10. Sonicated Hyaluronan (HAson) Suppresses Cancer Growth In Vivo via Hyal-2/WWOX Signaling

Hyal-2 antibody blocked BCC growth in mice (Figure 3C). To further validate the Hyal-2/WWOX
signaling in cancer suppression, BALB/c mice were pretreated with Hyal-2 IgG, medical grade
hyaluronan (HAn), sonicated HA (HAson3 or HAson6 for sonication for three or six hours),
and UV-irradiated HA (HAuv for four or eight hours), respectively, via tail vein injections once
per day for three days. 20 days later, mice received subcutaneous inoculation with B16F10 cells.
HAson3 and HAson6 effectively blocked the B16F10 growth (Figure 6A). Under similar conditions,
BALB/c mice received tail vein injections with hyaluronan preparations for three consecutive days,
followed by inoculation with syngeneic 4T1 breast cancer cells. HAson6 significantly suppressed the
growth of 4T1 cells (Figure 6B). When NOD-SCID mice were treated similarly with Hyal-2 IgG or
HAson, B16F10 growth was suppressed (Figure 6C). When subjected to sonication or UV irradiation,
HA underwent partial degradation as compared to the native or untreated HA (Figure 6D). Finally,
NOD-SCID mice received sonicated HAson3 or HAson6 for three consecutive weeks, followed by
subcutaneous inoculation with breast MDA-MB-231 cells in both flanks. HAson6 effectively blocked
the tumor growth (Figure 6E). Taken together, sonicated HA and specific antibodies against Hyal-2 act
as agonists in stimulating membrane Hyal-2 in Z cells, so as to suppress cancer growth.
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Figure 6. Sonicated hyaluronan (HAson) blocks melanoma and breast cancer growth inmice. (A) BALB/c
mice pretreated with antibody against Hyal-2 (10 puL serum in 90 uL PBS), 200 pg native HA (HAn in
100 uL PBS), or 200 pg modified HA (sonicated HAson or UV irradiated HAuv) via tail vein injections
for three consecutive days. 20 days later, mice were subcutaneously inoculated with B16F10 cells.
(B) Under similar conditions, BALB/c mice received tail vein injections with hyaluronan preparations
for three consecutive days, followed by inoculation with syngeneic 4T1 breast cancer cells. Statistical
analysis for B: * p < 0.05, n = 4, Student’s t test (all groups versus PBS group). (C) Similarly, both Hyal-2
antibody and HAson suppressed B16F10 growth in NOD-SCID mice. (D) Both sonication and UV
irradiation caused HA degradation, as compared to the native HA. (E) Similarly, HAson6 blocked
breast MDA-MB-231 cell growth in NOD-SCID mice. HAn = native HA; HAson3 or 6 = HAn sonicated
for three and six hours, respectively. NRS = normal rabbit serum.

2.11. Activated Spleen Z Cells Aggressively Attack and Cause Breast Cancer Cell Death In Vitro

In our recent study, we have demonstrated that ceritinib, an anaplastic lymphoma kinase
(ALK)-positive inhibitor for lung cancer treatment [23,24], is able induce breast cancer stem cell sphere
explosion and death [10]. Whether activated Z cells attacked and killed cancer cells and cancer stem
cell spheres in vitro was investigated. Naive wild type Wwox B6 mice were treated with Zfra (1 mM in
100 uL PBS) once via tail vein injection, followed by resting for one week, and then were subjected to
purification of activated Z cells in the spleen [6,7]. Activated Z cells (8 x 10° cells) were co-cultured
with mouse breast 4T1 cell monolayers, in the presence of nuclear stains 4’,6-diamidino-2-phenylindole
(DAPI blue fluorescence) and propidium iodide (PI; red fluorescence), for imaging by time-lapse
microscopy [9,10,13,16,25]. Activated spleen Z cells underwent clonal expansion and aggressively
attacked and killed 4T1 cells (Figure 7A,B; Videos S1-53). 4T1 cells exhibited rapidly altered nuclear
membrane permeability as they picked up the DAPI stain (Figure 7B). When 4T1 cells started to die,
they picked up the PI stain (Figure 7B). Non-Z spleen cells failed to kill 4T1 cells (Figure 7A,B; Videos
54-56). In a similar experiment, activated Z cells were isolated from heterozygous Wwox+/— mice
and attacked 4T1 cells (Figures S5 and S6; Videos S7-510). The 4T1 cells died in a manner with soma
explosion (Videos S7-10), which is similar to our recently discovered bubbling cell death [13,16,26,27].
Next, we examined whether purified activated Z cells kill cancer stem cell spheres. Activated Z
cells were isolated from HAson8-treated B6 mice and shown to kill 4T1 cells in the spheres; however,
non-Z cells had no effect (Figure 7C). Under similar experimental conditions, WWOX7-21-activated
spleen Z cells were purified and shown to kill 4T1 cells in spheres (Figure 7D). In controls, scrambled
peptide-activated Z cells failed to kill 4T1 cells (Figure 7D).
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Figure 7. Activated Z cells attack and kill cancer cell in vitro. (A) Activated Z cells (8 x 10° cells)
purified from Wwox wild type B6 mice were co-cultured with mouse breast 4T1 cells for time lapse
microscopy. DAPI and PI were included in the coculture. Scale bars: 100 um (bottom right in all
pictures and a black bar in bottom right). Also, see Videos 51-S3. (B) Activated Z cells induced 4T1
cells to rapidly pick up DAPI, followed by PI as the cells died. Non-Z spleen cells did not kill 4T1
cells. No DAPI and PI pickup occurred. Additionally, see Videos S4-S6. (C) Purified activated Z cells
were from HAson8-treated B6 mice. Z cells killed 4T1 cells in the spheres, whereas non-Z cells had no
effect. (D) Similarly, WWOX7-21-activated spleen Z cells killed 4T1 cells in spheres, whereas scrambled
peptide had no effect. Additionally, see Videos S11-S14. Scale bars for C and D: 100 pm (at D left panel
and a black bar in bottom right).

3. Discussion

We investigated whether synthetic Zfra4-10 or WWOX7-21 peptide-mediated cancer suppression
occurs via the Hyal-2/WWOX/SMAD4 signaling for cytotoxic memory Z cell activation in the spleen.
Both peptides are potent in suppressing cancer growth in vivo [6,9]. When mice received Zfra4-10 or
WWOX?7-21 peptide alone followed by 4T1 breast cancer inoculation, these mice developed endogenous
complex formation of WWOX with many target proteins, including ERK, C1qBP, NF-«B, Ibal, p21,
CD133, JNK1, COX2, Oct4, and GFAP in the spleen, brain, and lung. The binding event contributes to
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the inhibition of cancer growth in vivo. Indeed, WWOX physically binds to many cellular proteins, such
as p53, Hyal-2, Smad3 and 4, ]NK1, Tau, Zfra, and many others [11-15,26-35]. In stark contrast, when
both Zfra4-10 and WWOX?7-21 peptides are introduced simultaneously to mice via tail veins, these mice
have significantly reduced levels of WWOX complex formation with proteins in the aforementioned
organs. These mice lose their ability to resist cancer growth. Zfra4-10 binds to membrane Hyal-2 [6],
and WWOX7-21 may interact with membrane WWOX (unpublished). This raises the strong scenario
that both peptides drive a common signal pathway, which is Hyal-2/WWOX/SMAD4, to limit cancer
growth. Overall, WWOX controls an army of proteins to maintain normal cellular physiology. Failure in
this regulatory control may lead to cancer initiation and progression [36].

HIF-1« is proinflammatory and pro-survival for cancer [37]. For example, WWOX regulates the
function of HIF-1e in promoting cancer progression [38]. Transmembrane protein 207 (TMEM?207)
plays a role in invasiveness of gastric signet ring cell carcinoma [39]. TMEM207 abolishes the binding of
WWOX with HIE-1o to enhance cancer growth [39]. We determined for the first time that HIF-1o binds
to C1gBP, COX2, and slightly with p21 in the spleen. Functional significance of this binding is unknown.
Both C1gBP and COX2 are involved in cancer growth, progression, and inflammation [40,41]. p21 is
an inhibitor of the cell cycle progression and is able to arrest the cell cycle at the G1/S and G2/M phases,
whereas p21 becomes an oncogenic factor in a p53-deficient environment [42,43]. Zfra4-10 peptide
increases the binding of HIF-1a with C1gBP and COX2. Additionally, Zfra4-10 or WWOX7-21 peptide
increases the complex formation of WWOX with C1gBP, CD133, p21, JNK1 [44], COX2, and p-ERK [10]
in the spleen, which correlates with cancer suppression in vivo. Loss of the binding between WWOX
and target proteins leads to increased cancer cell growth. The complex formation of WWOX with
C1gBP, CD133, p21, and COX2 in the spleen is identified for the first time.

Similarly, Zfra4-10 or WWOX?7-21 peptide enhances the binding of WWOX with Ibal, GFAP,
Oct4, ERK1/2, p53, and NF-«kB p65 in the lungs of BALB/c mice. However, the binding is barely
detectable in the brain. Ibal (or AIF1) and GFAP are markers of brain microglial cells and astrocytes,
respectively [45,46]. Their presence in the lung and skin is due to secretion of Ibal/AIF1 by inflammatory
macrophages [47,48]. Whether cancer-mediated inflammatory reaction allows for relocation of brain
microglia and astrocytes to the lung is being determined in our laboratory. The lung-brain axis allows
a connection of lipopolysaccharide-dependent inflammation [47]. WWOX physically binds to p53, and
both may induce apoptosis synergistically in vitro [5,11,14]. The peptide-induced WWOX binding
with p53 and NF-kB p65 causes cancer suppression. However, dual peptides reduce the formation
of WWOX/53 and WWOX/NF-«B p65 complexes and the event allows cancer growth. Our recent
study showed that p53 and WWOX may functionally counteract with each other in vivo and thereby
enhances cancer growth and neurodegeneration [49]. We believe that the functional antagonism
between p53 and WWOX is due to reduced physical binding.

WWOX utilizes its first WW domain at the N-terminus to bind PPXY motif-containing
proteins [35,50]. When Tyr33 is phosphorylated, WWOX has an expanded binding capability.
In addition to the first WW domain, the C-terminal SDR domain also binds to many proteins.
Although the functional significance of the binding is unknown, an enhanced binding of WWOX with
its partners is critical in blocking cancer cell growth in vivo.

Supporting evidence shows that Zfra-induced Hyal-2/WWOX/SMAD4 signaling is responsible
for Z cell activation and the anticancer response [6,12,13,15]. Zfra4-10 binds to membrane Hyal-2,
then induces dephosphorylation of WWOX at pY33 and pY61, and finally drives Z cell activation for
the anticancer response. We showed in this report and previous studies that Zfra physically binds
to WWOX and many other proteins, known as zfration [1-4,6]. These complexes are resistant to
dissociation by (3-mercaptoethanol under reducing SDS-PAGE, suggesting that Zfra covalently binds
to WWOX and other protein targets, leading to rapid degradation [6]. The degradation is ubiquitin-
and proteasome-independent. Whether Ser8 in Zfra participates in the covalent binding is being
determined. Based upon the Hyal-2/WWOX/SMAD4 signaling, our therapeutic agents are developed
to target membrane Hyal-2 and WWOX. These agents include Zfra4-10 peptide, WWOX7-21 peptide,
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Hyal-2 antibody, pY33-WWOX antibody, and HAson, which are potent in inhibiting the growth of
breast cancer cells and melanoma in vivo. Additionally, these agents can be utilized to induce Z cell
activation in vitro to kill cancer cells in vivo.

Previously, we have shown the strong potency of full-length peptide in preventing and suppressing
the growth of many types of cancer cells in both immune competent and deficient mice [6]. One of
the crucial features of Zfra peptides, Zfral-31 and Zfra4-10, is their capability in blocking cancer
metastasis [6] and mitigating the progression of Alzheimer’s disease [7]. The anticancer activity of
Zfra is most likely due to Zfra self-polymerization via Ser8 in vivo. When Ser8 is altered to Gly8,
the anticancer function of Zfra is abolished [6]. Conceivably, over self-polymerization of Zfra caused
by PBS leads to its functional inactivation, simply because the overly polymerized materials fail to
activate Z cells.

We investigated the Hyal-2/WWOX/SMADA4 signaling for spleen Z cell activation. Zfra binds
membrane receptor Hyal-2 to allow Z cell activation [6]. We demonstrated that activated Z cells undergo
clonal expansion and rapidly attack cancer cells in vitro. Z cell is not T, B, monocyte/macrophage, or NK.
We have validated the observation by gene expression profiling approaches using naive Z cells from
T/B-deficient NOD-SCID mice (NCBI GEO #GSE98409). In the Hyal-2-dependent signaling, sonicated
hyaluronan (HAson) and specific antibody against Hyal-2 or pY216-Hyal-2 induce a strong anticancer
response, which correlates with the occurrence of Z cell activation and the memory anticancer response
in vivo [6]. How the memory anticancer response occurs in Z cells is intriguing and remains to
be elucidated.

The reason for using sonication is that sonication causes hyaluronan to break down into small
molecular sizes and the newly generated molecules are likely to have disordered conformation with
potential covalent binding among the short HA chains. Sonication induces heat and high temperature
up to 75 °C, which may induce covalent bonding due to oxidation. UV irradiation-treated HA
also results in breakdown of HA long chains, which are smaller than that of sonication treatment.
Nonetheless, UV-generated HA fragments are not effective in blocking cancer growth, suggesting
that the Hyal-2/WWOX pathway is not activated in Z cells. Whether there is a size-dependent
cancer suppression of HA is unknown. Indeed, high-molecular-weight native HA promotes cancer
growth, suggesting that its binding and the agonizing effect for membrane Hyal-2 are probably
not strong enough. Under physiologic conditions, membrane Hyal-2 binds the newly synthesized
high-molecular-weight hyaluronan for digestion and release to the extracellular matrix and the
circulation [51].

Forced T leukemia cell differentiation by calcium ionophore and phorbol ester requires rapid
de-phosphorylation of WWOX at Y33 and Y287 but increased phosphorylation at S14 in less than five
minutes [10,11]. This also occurs in normal T cell differentiation (Chang et al., unpublished)—that is,
pS14-WWOX plays a critical role in the T cell terminal differentiation. Utilization of inducible engineered
T cell receptor in precursor T cells for blocking leukemia T cell proliferation has been documented [52].
Many reports have utilized microRNA to control T leukemia cell differentiation [53-56]. When mice
receive Zfra peptide followed by inoculation with cancer cells, there is a significant reduction in WWOX
phosphorylation at T12, 514, Y33, and Y61 in WWOX in the spleen cells in one to two months (data
not shown for T12 and S14). We believe that suppression of WWOX phosphorylation at specific sites
should occur within a day or less after Zfra treatment. Since polymerized Zfra stays in the spleen
for months [6], it provides a stimulatory effect for Z cell activation—that is, sustained induction of
WWOX de-phosphorylation at T12, 514, Y33, and Y61 is needed for long-term Z cell activation. Indeed,
antibodies against pY33-WWOX and Zfra4-10 peptide are potent in blocking cancer growth, suggesting
that the Hyal-2/WWOX signaling is functioning in the anticancer response.

Based upon our knowledge, the Z cell is a novel cell lineage in the immune defense system.
Autologous Z cells can be activated in vitro to exert cancer suppression in the same patient [17].
Unlike the technology of CAR-T [56], Z cell activation for cancer killing does not require prior exposure
of the cells to the cancer antigens, along with tedious cloning processes. How Zfra utilizes the
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Hyal-2/WWOX signaling to enable Z cells to recognize and kill cancer cells is very intriguing and
remains to be established.

Tumor cell heterogeneity may affect their effectiveness in colonization in a host animal. For example,
we showed sharp differences in tumor sizes between two flanks from the same injections, and the
occurrence rate is less than 10%. It appears that the successful colonization of cancer cells is associated
with their phenotypes and the host environment. We reported that when WWOX-negative cells
encounter WWOX-positive cells, the WWOX-negative cells sense the presence of WWOX-positive cells
from a distance (e.g., 500 pm) and undergo retrograde migration to avoid physical contacts—that is,
these cells can no longer recognize each other, even though they are from the same cell lineage [25].
Loss of WWOX in cells allows them to acquire significantly increased mobility and migration. The cells
become alien to parental WWOX-positive cells [25]. In order to successfully colonize in a new
WWOX-expressing organ, WWOX-negative metastatic cancer cells must partially kill a small portion
of cells in the new host organ site and compromise with the host using TGF-§3, so that they can
successfully start docking and colonizing in the new home base [25]. Cultured cancer cells may not
necessary be homogenous, as they mutate with time and the number of passages. We expect that
WWOX-negative metastatic cells have more difficulty in colonizing in a new WWOX-positive host site
than a WWOX-negative host microenvironment.

In summary, our new findings are: (1) Zfra4-10 reciprocally neutralizes WWOX7-21 function in
cancer suppression. The neutralization is probably due to covalent binding of both peptides. (2) Zfra or
WWOX peptide-mediated anticancer function in vivo is associated with its induction of endogenous
WWOX interaction with its global binding partners. Covalent conjugation of Zfra with WWOX
peptide leads to loss of global protein binding by endogenous WWOX and increased cancer growth.
(3) Targeting membrane-associated Hyal-2 and pY33-WWOX by antibodies leads to cancer suppression
in nude mice, whereas pY33-WWOX alone is not effective. Thus, directly treating mice with Zfra4-10 in
the presence of pY33-WWOX may strongly block cancer growth. (4) Zfra4-10 suppresses endogenous
WWOX phosphorylation at Y33 and Y61 in the spleen that leads to Z cell activation. (5) Relocation of
activated Z cells to cancer lesions leads to cancer suppression. Zfra-mediated pS14-WWOX suppression
in cancer lesions correlates with cancer inhibition. (6) Sonicated hyaluronan and anti-Hyal-2 antibody
work in cancer suppression, suggesting that the Hyal-2/WWOX/SMAD4 signaling mediates cancer
suppression. (7) We demonstrated for the first time that activated Z cells kill cancer cells in vitro.
Activated Z cells have physical contacts with cancer cells. Whether conditional media from activated Z
cells are cytotoxic to cancer cells remains to be established.

Taken together, we determined the anticancer response of Zfra4-10 or WWOX7-21 peptide,
which involves (1) induction of WWOX complex formation with selective target proteins in organs,
and correlation with induction of cancer growth suppression; (2) de-phosphorylation of pY33-
and pY61-WWOX, as it is needed for spleen Z cell activation and expansion to kill cancer cells;
and (3) Zfra suppression of 514 phosphorylation of WWOX in the cancer lesions, as it is crucial for
growth suppression.

4. Materials and Methods

4.1. cDNA Constructs, Site-Directed Mutagenesis, and Transient Gene Expression

A human/murine full-length Zfra c¢cDNA and its mutant coding sequences were
cloned in mammalian expression vectors such as pEGFP-C1 and pIRES2-DsRed-Express

(BD Biosciences Clontech, Mountain View, CA, USA), respectively [1]. Murine
Wuwox full-length c¢cDNA constructs in mammalian expression vectors (e.g., pEGFP-C1)
were made as described [5]. The Zfra and Zfra/Wwox cDNA expression constructs

were made, including Zfra-pEGFP-C1,  Zfra(S6G)-pEGFP-C1,  Zfra(S7G)-pEGFP-C1,
Zfra(S8G)-pEGFP-C1  [2], Zfra-pIRES2-DsRed-Express, Zfra-pIRES2-Wwox-DsRed-Express,
HA-Zfra(57G)-pIRES2-Wwox-DsRed-Express, and HA-Zfra(S8G/COW)-pIRES2-Wwox-DsRed-Express.
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Primers were synthesized for making Zfra(S6G) and Zfra(S7G) mutants by site-directed
mutagenesis [5]: (1) S6G forward, 5'- CTATGAGCAGCAGAAGGGGGTCTTCTTGTAAATATTG-3,
(2) S6G reverse, 5'-CAATATTTACAAGAAGACCCCCTTCTGCTGCTCATAG-3/, (3) S7G
forward, 5- GAGCAGCAGAAGGTCGGGTTCTTGTAAATATTGTG-3’, and (4) S7G reverse,
5- CACAATATTTACAAGAACCCGACCTTCTGCTGC TC-3'. Site-directed mutagenesis was
performed as described [5]. Primers for cloning Wwox to pIRES2-DsRed-Express were: (1) Wwox
Pvul for: 5-CAGATATCCGATCGACCATGGCAGCTCTGCGCTAT-3’, and (2) Wwox Pvul rev:
5-CAGATATCCGATCGGCTGGATGGACTACCCAGTC-3'. Transient gene expression in mammalian
cell lines was carried out using liposome-based cell transfection reagent GeneFECTOR (Venn Nova,
Pompano Beach, FL, USA), as described [5,12,13,16].

4.2. Antibodies, Immunohistochemistry, and Immunofluorescence Microscopy

Commercial antibodies against WWOX (N-19), WWOX (D-9), CD19 (M-20), CD27 (B-8),
p53 (FL-393), p53 (DO-1), NF-2 (B-12), NF«B p65 (F-6), GFAP (2E1), CD81 (D-4), COX2 (29),
C1qBP (60.11), p21 (F-5), JNK (D-2), ERK1/2 (C-9), presenilin-1 (H-70), and IL-2Ro (M-19) were
from Santa Cruz Biotechnology (Santa Cruz, CA). Ki67 and CD44 antibodies were from BD Biosciences
(Franklin Lakes, NJ, USA). We made specific rabbit antibodies against WWOX using synthetic
WWOX286-299 peptide, and WWOX peptides with phosphorylation at Y287, pS14, and pY33,
respectively [5,12,13,57,58]. Additionally, rabbit antibodies against Hyal-2 were made using synthetic
peptides at amino acids #211-226 and #227-241 [12,13,58]. A phosphopeptide at pY216-Hyal-2 (amino
acids #211-226) was made for immunization and antibody generation in rabbits, followed by specific
antibody purification [12,13,44,50]. Immunohistochemistry and immunofluorescence microscopy were
carried out using indicated tissue sections, according to our established procedures [6,7,57,58].

4.3. Synthetic Peptides

Zfra peptides (>95% pure) synthesized by Genemed Synthesis (San Antonio, TX) were: (1) Zfral-31,
NH-MSSRRSSSCKYCEQDFRAHTQKNAATPFLAN-COOH; (2) Zfra4-10, NH-RRSSSCK-COOH;
and (3) TMR-Zfra, Zfral-31 labeled with a red-fluorescent tetramethylrodamine (Genemed Synthesis,
San Antonio, Texas, USA) [6]. These peptide stocks were made as 10 mM in degassed sterile
MilliQ water. Each tube was flushed with nitrogen to prevent oxidation of serines in Zfra
peptides, and the peptides were stored in a freezer at —80 °C. For tail vein injections in mice,
peptides were freshly diluted at 1-4 mM in 100 pL degassed PBS and used for injection immediately to
prevent over self-polymerization [6]. In addition, WWOX7-21 and WWOX?7-11 peptides were made.
Scrambled peptides of WWOX7-11 were also made: (1) NH-DLDGA-COOH; (2) NH-LDGDA-COOH;
(3) NH-IGIDD-COOH; (4) NH-AGLEE-COOH.

4.4. Hyaluronan Preparations and Agarose Gel Electrophoresis for Hyaluronan

Medical grade hyaluronan was from Ginkgo-Trading Co., Ltd. (Alhambra, CA) [13]. Two mg/mL
hyaluronan in sterile Milli-Q water was sonicated at 53 kHz in a water bath for 3, 6, or 8 h, and the
temperature of the surrounding water could reach up to 70 °C (Soner 206H, Rocker Scientific).
In UV irradiation, 2 mg/mL hyaluronan was irradiated with 3840 and 7680 m]/cm?, respectively
(FB-UVXL-1000, Fisher Scientific). For analyzing the molecular sizes of HA samples, 1% agarose
gels were prepared in 1X TAE buffer (40 mM Tris, 82 mM acetic acid, and 8 mM EDTA, pH = 7.9).
Samples containing 8 pug HA in 14 pL H,O were mixed with 2 puL 2M sucrose in 1X TAE buffer
(containing 0.02% bromophenol blue). Electrophoresis was carried out for 2.5 h with a consistent
voltage of 50 V. After the run, agarose gel was stained with 1% Alcian blue (in galactic acid, pH = 2.5)
for 1 h under light protective cover, and destained overnight with 7% galactic acid.
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4.5. Cell Lines

Cell lines from ATCC have been maintaining in our laboratory and used in the experiments,
including (1) human skin basal cell carcinoma BCC [36], (2) human breast cancer MDA-MB-231 [59],
(3) mouse melanoma B16F10 [6], (4) mouse breast 4T1-Luc [6], (5) human glioblastoma 13-06-MG and
U87-MG [6], (6) human prostate cancer DU-145 cells [6], and (7) murine L929 fibrosarcoma cells [1,5].

4.6. Z Cell Activation and Purification for Killing Cancer Cells In Vitro by Time-Lapse Microscopy

For in vivo activation of Z cells, naive mice were treated with Zfra (1 mM in 100 uL. PBS) once via
tail vein injection. One week later, mice were sacrificed, and spleen cells were isolated [6,7]. Spleen cells
were stained with synthetic TMR (Tetramethylrhodamine)-Zfral-31 peptide (Genemed Synthesis;
excitation 550 nm, emission 573 nm). Cell sorting (FACSAria BD, Franklin Lakes, NJ, USA) was carried
out to purify spleen activated Z cells. Activated Z cells (8 x 10° cells) were co-cultured with mouse
breast 4T1 cell monolayers in the presence of nuclear stains 4’,6-diamidino-2-phenylindole (DAPI;
blue fluorescence, Calbiochem, San Diego, CA, USA) and propidium iodide (PI; blue fluorescence,
Invitrogen, Carlsbad, CA, USA) for imaging by time-lapse microscopy using an inverted Olympus
IX81 microscope [9,10,13,16,25]. The extent of DAPI uptake by live cells indicates increases in nuclear
membrane permeability and PI uptake for cell death [9,16].

4.7. Experimental Models: Animal Models and Cancer Cell Growth In Vivo

Use of animals in experiments was approved by the Intramural Animal Use and Care
Committee (IACUC) of the National Cheng Kung University (NCKU). Furthermore, we followed
the US NIH guidelines in animal experiments. Six- to eight-week-old male BALB/c mice,
NOD-SCID (N OD.CBl7—PrkchCid/NCrCrl) mice (Laboratory Animal Center, NCKU), or nude
(BALB/cAnN.Cg-Foxn1"/CrlNarl) mice (National Laboratory Animal Center, Taiwan) were used.
Mice were inoculated with B16F10, BCC, 4T1, MDA-MB-231, 13-06-MG, U87-MG, or other indicated
cells in both left and right flanks and then received Zfra4-10 peptide (1 mM in 100 puL PBS) or
PBS via tail vein injections one week later. Alternatively, tumor cells were allowed to grow up to
200 mm? prior to peptide treatment. In addition, mice received intravenous injections of Zfra peptide,
followed by inoculation with B16F10 in both flanks. Tumor volumes were measured twice per week and
calculated: D x (d)?/2, where D and d are the major and minor diameters, respectively. Where indicated,
tissue sections of spleen, lung, liver, and tumor lesions were prepared for immunohistochemistry using
specific antibodies [6,7].

4.8. Organ Lysates and Co-Immunoprecipitation

5 to 10 organs were harvested after mice were sacrificed. These organs were immersed in 1 to
2 mL PBS containing 5 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mM sodium orthovanadate
(Na3VO4, pH 7.4) and stored in the freezer at —80 °C. Prior to co-immunoprecipitation [5,10-13],
organs were sonicated and centrifuged at 14,000 rpm for 20 min. The organ lysates were harvested and
the protein concentrations were measured (BioRad Protein Assay, BioRad). 500 pg of organ lysates
were precleared with 15 uL protein G agarose beads (Invitrogen) for 1 h, followed by adding a specific
antibody (3 pg) and 23 pL protein agarose G beads for incubating in an end-over-end shaker for 6
to 18 h. Following washing with PBS and centrifugation for 4 times, the beads were added with an
aliquot of reducing sample buffer and antibody-bound proteins were released by heating the beads at
90 °C for 10 min. Finally, SDS-PAGE, electrotransfer to nitrocellulose membranes, and Western blotting
were carried out [5,10-13].

4.9. Quantification and Statistical Analysis

In immunohistochemistry, 5-6 tissue sections were stained with a specific antibody and a
representative set of data set is shown. A representative data from the kinetics of tumor cell growth
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in tumor-bearing mice is shown from 2-6 experiments, as specified. All animal experiments were
repeated 2-3 times. For statistical analysis, the non-paired Student’s t test was used to examine the
differences among controls and tested groups, as analyzed using Microsoft Excel software. Data were
expressed as mean + standard deviation, where p < 0.05 was considered as statistically significant.

4.10. Ethics Approval in Animal Use

All experiments involved in animal use have been approved by the Institutional Animal Care
and Use Committee (IACUC) of the National Cheng Kung University College of Medicine (Approval
numbers 105064, 105070, 106064, 107027, 107080, 107296, 108041, 108153, and 110001).

5. Conclusions

Both synthetic Zfra4-10 and WWOX?7-21 peptides strongly suppress cancer growth in vivo.
Supporting evidence revealed that activation of the Hyal-2/WWOX/SMAD4 signaling by the peptides
is responsible for induction of cytotoxic Z cell activation. Notably, Zfra4-10 or WWOX7-21 peptide
induced the binding of endogenous WWOX with ERK, C1qBP, NF-«B, Ibal, p21, CD133, JNK1, COX2,
Oct4, and GFAP in the spleen, brain, and/or lung, which correlates with cancer suppression. Loss of this
binding allows cancer growth, suggesting a novel mechanism of WWOX-mediated cancer suppression
in vivo. Finally, we developed Zfra4-10 and WWOX7-21 peptides, sonicated hyaluronan HAson,
and Hyal-2 and pY33-WWOX antibodies as therapeutic drugs for cancer treatment.

6. Patents

1. Nan-Shan Chang, and Wan-Pei Su. Modified hyaluronan and uses thereof in cancer treatment.
US Patent number 9375447; 14 March 2013.

2. Nan-Shan Chang, Chen-Yu Lu, Wan-Pei Su, Yu-An Chen, Wan-Jen Wang. Z cells activated by
zinc finger-like protein and uses thereof in cancer treatment. US Patent number 9546354; 17 January 2017.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/8/2189/s1,
Supplemental Figures: Figure S1: Functional neutralization between Zfra and WWOX peptides in controlling
cancer growth; Figure 52: Spleen Z cell isolation by cell sorting; Figure S3: Z cell clonal expansion in the spleen;
Figure S4: CD19+ or CD27+ B cells do not contribute to Zfra-mediated cancer growth suppression; Figure S5:
Activated Z cells attack and kill 4T1 cells; Figure S6: 4T1 cell death via whole cell explosion or popping out. Figure
S7. Functional neutralization between Zfra and WWOX in controlling cancer growth. (Data shown in Figure 1I;
see main text). Figure S8. Zfra or WWOX peptide upregulates the binding of endogenous WWOX with specific
proteins in organs of mice, which correlates with cancer growth suppression. (Data shown in Figure 2B; see main
text). Figure S9. Zfra or WWOX peptide upregulates the binding of endogenous WWOX with specific proteins
in organs of mice, which correlates with cancer growth suppression. (Data shown in Figure 2C; see main text).
Figure 510. Zfra or WWOX peptide upregulates the binding of endogenous WWOX with specific proteins in
organs of mice, which correlates with cancer growth suppression. (Data shown in Figure 2D,E; see main text).
Supplemental Videos: Videos S1-S3: Zfra-activated spleen cells attacked breast 4T1 cells; Videos S4-S6. Control
spleen cells did not attack breast 4T1 cells; Video S7. Activated Z cells induced death of 4T1 cells; Videos S8-5S10.
Breast 4T1 cells died by whole cell explosion; Videos S11-512: WWOX7-21-activated Z cells killed 4T1 cell spheres;
Videos 513-514: Scrambled WWOX7-11-activated Z cells did not kill 4T1 cell spheres. Figures with digital data for
Western blots: Figure S11. Functional neutralization between Zfra and WWOX in controlling cancer growth. Data
for 1I and 1J; Figure S12. Zfra or WWOX peptide upregulates the binding of endogenous WWOX with specific
proteins in organs of mice, which correlates with cancer growth suppression. Data from Figure 2B to Figure 2E.

Author Contributions: (1) Animal experiments: W.-PS., K.-YYW,, T.-Y.L.,, W-]J.W,, S.-SH.,, Y.-].C, D.S,, S.-RL,,
and M.-H.L.; (2) Hyaluronan and Hyal-2 experiments: W.-P.S.; (3) Inmunohistochemistry: J.-Y.C., C.-Y.W. and
Y.-].C.; (4) Research collaborative efforts: M.-E.C.; (5) Manuscript writing, review, and discussion: N.-S.C. and
M.-E.C,; (6) Figures 1 and 3: W.-PS., K.-Y.W,, and T.-Y.L.; Figure 2: N.-5.C., and C.-Y.W.,; Figures 4 and 5: J.-Y.C.,
W.-J W, Y-].C,S-SH.,, S-RL., M.-HL, DS, and N.-5.C.; Figure 6: W.-P.S; Figure 7: P-C.H., H.-L.K,, T.-Y.L,;
Figure S2: Y.-A.C., and C.-Y.L. (7) Manuscript discussions: M.-E.C., C.-L.S., and N.-5.C. (8) Conceived ideas, peptide
design, carried out fluorescent microscopy, analyzed data, grant writing, and wrote the manuscript: N.-S.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported to NS Chang by the Ministry of Science and Technology, Taiwan (MOST
105-2320-B-006-046, 105-2320-B-006-036, 106-2320-B-006-061, 106-2320-B-006-017, 107-2320-B-006-058-MY3 and
107-2320-B-006-005), the National Health Research Institute (NHRI-EX107-10734NI) and the Department of
Defense, USA (DAMD17-03-1-0736 and W81XWH-08-1-0682).


http://www.mdpi.com/2072-6694/12/8/2189/s1

Cancers 2020, 12,2189 19 of 22

Acknowledgments: W.-P.S. and ]J.-Y.C. were recipients of the Graduate/Postdoctoral Travel Award from the
American Society for Biochemistry and Molecular Biology in April 2009 and 2012, respectively. Y.-A.C. was
supported by a grant from the Taiwan Foundation for Rare Disorders. We appreciate Johnny Wen's assistance in
managing references.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Hsu, LJ.; Schultz, L.; Mattison, J.; Lin, Y.S.; Chang, N.S. Cloning and characterization of a small-size peptide
Zfra that regulates the cytotoxic function of tumor necrosis factor by interacting with JNK1. Biochem. Biophys.
Res. Commun. 2005, 327,415-423. [CrossRef] [PubMed]

Hong, Q.; Hsu, L.J.; Schultz, L.; Pratt, N.; Mattison, J.; Chang, N.S. Zfra affects TNF-mediated cell death by
interacting with death domain protein TRADD and negatively regulates the activation of NF-«B, J]NK1, p53
and WOX1 during stress response. BMC Mol. Biol. 2007, 8, 50. [CrossRef]

Hsu, L.J.; Hong, Q.; Schultz, L.; Kuo, E; Lin, S.R.; Lee, M.H.; Lin, Y.S.; Chang, N.S. Zfra is an inhibitor of Bcl-2
expression and cytochrome c release from the mitochondria. Cell. Signal. 2008, 20, 1303-1312. [CrossRef]
[PubMed]

Dudekula, S.; Lee, M.H.; Hsu, L.J.; Chen, S.J.; Chang, N.S. Zfra is a small wizard in the mitochondrial
apoptosis. Aging (Albany N. Y.) 2010, 2, 1023. [CrossRef] [PubMed]

Chang, N.S; Pratt, N.; Heath, ].; Schultz, L.; Sleve, D.; Carey, G.B.; Zevotek, N. Hyaluronidase induction of a
WW domain-containing oxidoreductase that enhances tumor necrosis factor cytotoxicity. J. Biol. Chem. 2001,
276, 3361-3370. [CrossRef]

Lee, M.H.; Su, W.P; Wang, W].; Lin,S.R; Lu, C.Y;; Chen, Y.A.; Chang, ].Y.; Huang, S.S.; Chou, P.Y,; Ye,S.R ; et al.
Zfra activates memory Hyal-2+ CD3— CD19- spleen cells to block cancer growth, stemness, and metastasis
in vivo. Oncotarget 2015, 6, 3737. [CrossRef]

Lee, M.H,; Shih, Y.H,; Lin, S.R; Chang, ].Y,; Lin, Y.H.; Sze, C.I; Kuo, Y.M.; Chang, N.S. Zfra restores memory
deficits in Alzheimer’s disease triple-transgenic mice by blocking aggregation of TRAPPC6AA, SH3GLB2,
tau, and amyloid (3, and inflammatory NF-«B activation. Alzheimers Dement. (N. Y.) 2017, 3, 189-204.
[CrossRef]

Su, W.P; Wang, W.J.; Sze, C.I; Chang, N.S. Zfra induction of memory anticancer response via a novel immune
cell. Oncoimmunology 2016, 5, €1213935. [CrossRef]

Huang, S.S.; Su, WP; Lin, HP; Kuo, HL.; Wei, H.L.; Chang, N.S. Role of WW domain-containing
oxidoreductase WWOX in driving T cell acute lymphoblastic leukemia maturation. J. Biol. Chem. 2016,
291,17319-17331. [CrossRef]

Wang, WJ.; Ho, P.C.; Nagarajan, G.; Chen, Y.A.; Kuo, H.L.; Subhan, D.; Su, W.P; Chang, J.Y,; Lu, C.Y;;
Chang, K.T.; et al. WWOX Possesses N-Terminal Cell Surface-Exposed Epitopes WWOX7-21 and WWOX7-11
for Signaling Cancer Growth Suppression and Prevention In Vivo. Cancers (Basel) 2019, 11, 1818. [CrossRef]
Huang, S.S.; Chang, N.S. Phosphorylation/de-phosphorylation in specific sites of tumor suppressor WWOX
and control of distinct biological events. Exp. Biol. Med. 2018, 243, 137-147. [CrossRef] [PubMed]

Hsu, L.J.; Schultz, L.; Hong, Q.; Van Moer, K.; Heath, J.; Li, M.Y,; Lai, EJ.; Lin, S.R.; Lee, M.-H.; Lo, C.-P;
et al. Transforming growth factor 1 signaling via interaction with cell surface Hyal-2 and recruitment of
WWOX/WOX1. . Biol. Chem. 2009, 284, 16049-16059. [CrossRef]

Hsu, L].; Hong, Q.; Chen, S.T.; Kuo, H.L.; Schultz, L.; Heath, J.; Lin, S.R.; Lee, M.H.; Li, D.Z; Li, Z.L.; et al.
Hyaluronan activates Hyal-2/WWOX/Smad4 signaling and causes bubbling cell death when the signaling
complex is overexpressed. Oncotarget 2017, 8, 19137. [CrossRef] [PubMed]

Chang, J.Y.; He, RY;; Lin, H.P; Hsu, L.].; Lai, EJ.; Hong, Q.; Chen, S.J.; Chang, N.S. Signaling from membrane
receptors to tumor suppressor WW domain-containing oxidoreductase. Exp. Biol. Med. 2010, 235, 796-804.
[CrossRef]

Hsu, L.J.; Chiang, M.E,; Sze, C.I.; Su, WP; Yap, Y.V,; Lee, I; Kuo, H.L.; Chang, N.S. HYAL-2-WWOX-SMAD4
Signaling in Cell Death and Anticancer Response. Front. Cell Dev. Biol. 2016, 4, 141. [CrossRef] [PubMed]
Kuo, H.L.; Ho, P.C; Huang, S.S.; Chang, N.S. Chasing the signaling run by tri-molecular time-lapse FRET
microscopy. Cell Death Discov. 2018, 4, 1-9. [CrossRef]


http://dx.doi.org/10.1016/j.bbrc.2004.12.025
http://www.ncbi.nlm.nih.gov/pubmed/15629131
http://dx.doi.org/10.1186/1471-2199-8-50
http://dx.doi.org/10.1016/j.cellsig.2008.02.018
http://www.ncbi.nlm.nih.gov/pubmed/18403180
http://dx.doi.org/10.18632/aging.100263
http://www.ncbi.nlm.nih.gov/pubmed/21212468
http://dx.doi.org/10.1074/jbc.M007140200
http://dx.doi.org/10.18632/oncotarget.2895
http://dx.doi.org/10.1016/j.trci.2017.02.001
http://dx.doi.org/10.1080/2162402X.2016.1213935
http://dx.doi.org/10.1074/jbc.M116.716167
http://dx.doi.org/10.3390/cancers11111818
http://dx.doi.org/10.1177/1535370217752350
http://www.ncbi.nlm.nih.gov/pubmed/29310447
http://dx.doi.org/10.1074/jbc.M806688200
http://dx.doi.org/10.18632/oncotarget.13268
http://www.ncbi.nlm.nih.gov/pubmed/27845895
http://dx.doi.org/10.1258/ebm.2010.009351
http://dx.doi.org/10.3389/fcell.2016.00141
http://www.ncbi.nlm.nih.gov/pubmed/27999774
http://dx.doi.org/10.1038/s41420-018-0047-4

Cancers 2020, 12,2189 20 of 22

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Chang, N.S,; Lu, C.Y,; Su, W.P; Chen, YA ; Jen, WW. Z Cells Activated by Zinc Finger-Like Protein and Uses
Thereof in Cancer Treatment. U.S. Patent Number 9546354, 17 January 2017.

Flynn, M.].; Hartley, J.A. The emerging role of anti-CD 25 directed therapies as both immune modulators
and targeted agents in cancer. Br. |. Haematol. 2017, 179, 20-35. [CrossRef]

Herrmann, F,; Cannistra, S.A.; Levine, H.; Griffin, ].D. Expression of interleukin 2 receptors and binding of
interleukin 2 by gamma interferon-induced human leukemic and normal monocytic cells. J. Exp. Med. 1985,
162,1111-1116. [CrossRef]

Kaminski, D.A.; Wei, C.; Qian, Y.; Rosenberg, A.F; Sanz, I. Advances in human B cell phenotypic profiling.
Front. Immunol. 2012, 3, 302. [CrossRef] [PubMed]

Rodriguez-Bayona, B.; Ramos-Amaya, A.; Pérez-Venegas, ].].; Rodriguez, C.; Brieva, ].A. Decreased frequency
and activated phenotype of blood CD27 IgD IgM B lymphocytes is a permanent abnormality in systemic
lupus erythematosus patients. Arthritis Res. Ther. 2010, 12, R108. [CrossRef] [PubMed]

Baker, D.; Marta, M.; Pryce, G.; Giovannoni, G.; Schmierer, K. Memory B cells are major targets for effective
immunotherapy in relapsing multiple sclerosis. EBioMedicine 2017, 16, 41-50. [CrossRef] [PubMed]
Lemstrova, R.; Melichar, B.; Mohelnikova-Duchonova, B. Therapeutic potential of taxanes in the treatment of
metastatic pancreatic cancer. Cancer Chemother. Pharmacol. 2016, 78, 1101-1111. [CrossRef] [PubMed]

Mok, T.S,; Crino, L.; Felip, E.; Salgia, R.; De Pas, T.; Tan, D.S.; Chow, L.Q. The accelerated path of ceritinib:
Translating pre-clinical development into clinical efficacy. Cancer Treat. Rev. 2017, 55, 181-189. [CrossRef]
[PubMed]

Chou, PY,; Lai, EJ.; Chen, Y.A.; Sie, Y.D.; Kuo, H.L.; Su, W.P,; Wu, C.Y; Liu, T.Y.; Wen, K.Y.; Hsu, L.].; et al.
Strategies by which WWOX-deficient metastatic cancer cells utilize to survive via dodging, compromising,
and causing damage to WWOX-positive normal microenvironment. Cell Death Discov. 2019, 5, 1-13.
[CrossRef]

Chen, S.J.; Lin, PW.,; Lin, H.P,; Huang, S.S.; Lai, E].; Sheu, HM.; Hsu, L.J.; Chang, N.S. UV irradiation/cold
shock-mediated apoptosis is switched to bubbling cell death at low temperatures. Oncotarget 2015, 6, 8007.
[CrossRef]

Chang, N.S. Bubbling cell death: A hot air balloon released from the nucleus in the cold. Exp. Biol. Med.
2016, 241, 1306-1315. [CrossRef]

Abdeen, S K.; Ageilan, R.I. Decoding the link between WWOX and p53 in aggressive breast cancer. Cell Cycle
2019, 18, 1177-1186. [CrossRef]

Chen, Y.A; Lu, C.Y,; Cheng, TY,; Pan, S.H.; Chen, HE; Chang, N.S. WW domain-containing proteins
YAP and TAZ in the hippo pathway as key regulators in stemness maintenance, tissue homeostasis, and
tumorigenesis. Front. Oncol. 2019, 9. [CrossRef]

Hussain, T.; Liu, B.; Shrock, M.S.; Williams, T.; Aldaz, CM. WWOX, the FRA16D gene: A target of and a
contributor to genomic instability. Genes Chromosomes Cancer 2019, 58, 324-338. [CrossRef]

Saigo, C.; Kito, Y.; Takeuchi, T. Cancerous Protein Network That Inhibits the Tumor Suppressor Function of
WW Domain-Containing Oxidoreductase (WWOX) by Aberrantly Expressed Molecules. Front. Oncol. 2018,
8, 350. [CrossRef]

Abu-Remaileh, M.; Joy-Dodson, E.; Schueler-Furman, O.; Ageilan, R.I. Pleiotropic functions of tumor
suppressor WWOX in normal and cancer cells. |. Biol. Chem. 2015, 290, 30728-30735. [CrossRef]

Aldaz, C.M.; Ferguson, B.W.; Abba, M.C. WWOX at the crossroads of cancer, metabolic syndrome related
traits and CNS pathologies. Biochim Biophys Acta Rev. Cance 2014, 1846, 188-200. [CrossRef] [PubMed]
Salah, Z.; Ageilan, R.; Huebner, K. WWOX gene and gene product: Tumor suppression through specific
protein interactions. Future Oncol. 2010, 6, 249-259. [CrossRef] [PubMed]

Chang, N.S.; Hsu, L.J.; Lin, Y.S,; Lai, EJ.; Sheu, HM. WW domain-containing oxidoreductase: A candidate
tumor suppressor. Trends Mol. Med. 2007, 13, 12-22. [CrossRef] [PubMed]

Lai, FJ.; Cheng, C.L.; Chen, S.T.; Wu, C.H.; Hsu, LJ.; Lee, ].Y.Y.; Chao, S.C.; Sheen, M.C.; Shen, C.L,;
Chang, N.S.; et al. WOX]1 is essential for UVB irradiation-induced apoptosis and Down-regulated via
translational blockade in UVB-induced cutaneous squamous cell carcinoma in vivo. Clin. Cancer Res. 2005,
11, 5769-5777. [CrossRef]

Multhoff, G.; Vaupel, P. Hypoxia Compromises Anti-Cancer Immune Responses. Adv. Exp. Med. Biol. 2020,
1232, 131-143.


http://dx.doi.org/10.1111/bjh.14770
http://dx.doi.org/10.1084/jem.162.3.1111
http://dx.doi.org/10.3389/fimmu.2012.00302
http://www.ncbi.nlm.nih.gov/pubmed/23087687
http://dx.doi.org/10.1186/ar3042
http://www.ncbi.nlm.nih.gov/pubmed/20525218
http://dx.doi.org/10.1016/j.ebiom.2017.01.042
http://www.ncbi.nlm.nih.gov/pubmed/28161400
http://dx.doi.org/10.1007/s00280-016-3058-y
http://www.ncbi.nlm.nih.gov/pubmed/27250969
http://dx.doi.org/10.1016/j.ctrv.2017.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28427013
http://dx.doi.org/10.1038/s41420-019-0176-4
http://dx.doi.org/10.18632/oncotarget.3153
http://dx.doi.org/10.1177/1535370216644531
http://dx.doi.org/10.1080/15384101.2019.1616998
http://dx.doi.org/10.3389/fonc.2019.00060
http://dx.doi.org/10.1002/gcc.22693
http://dx.doi.org/10.3389/fonc.2018.00350
http://dx.doi.org/10.1074/jbc.R115.676346
http://dx.doi.org/10.1016/j.bbcan.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/24932569
http://dx.doi.org/10.2217/fon.09.152
http://www.ncbi.nlm.nih.gov/pubmed/20146584
http://dx.doi.org/10.1016/j.molmed.2006.11.006
http://www.ncbi.nlm.nih.gov/pubmed/17142102
http://dx.doi.org/10.1158/1078-0432.CCR-04-2274

Cancers 2020, 12,2189 21 of 22

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Abu-Remaileh, M.; Khalaileh, A.; Pikarsky, E.; Ageilan, R.I. WWOX controls hepatic HIF1x to suppress
hepatocyte proliferation and neoplasia. Cell Death Dis. 2018, 9, 511. [CrossRef]

Bunai, K.; Okubo, H.; Hano, K.; Inoue, K.; Kito, Y.; Saigo, C.; Shibata, T.; Takeuchi, T.J. TMEM207 hinders the
tumour suppressor function of WWOX in oral squamous cell carcinoma. Cell Mol. Med. 2018, 22, 1026-1033.
[CrossRef]

Ghebrehiwet, B.; Geisbrecht, B.V.; Xu, X,; Savitt, A.G.; Peerschke, E.I. The C1q Receptors: Focus on gC1qR/p33
(C1gBP, p32, HABP-1). Semin. Immunol. 2019, 45, 101338. [CrossRef]

Li, Z.; Zheng, Z.; Ruan, J.; Li, Z.; Tzeng, C.M. Chronic inflammation links cancer and Parkinson’s disease.
Front. Aging Neurosci. 2016, 8, 126. [CrossRef]

Karimian, A.; Ahmadi, Y.; Yousefi, B. Multiple functions of p21 in cell cycle, apoptosis and transcriptional
regulation after DNA damage. DNA Repair (Amst.) 2016, 42, 63-71. [CrossRef] [PubMed]

Georgakilas, A.G.; Martin, O.A.; Bonner, WM. p21: A two-faced genome guardian. Trends Mol. Med. 2017,
23,310-319. [CrossRef] [PubMed]

Chang, N.S.; Doherty, J.; Ensign, A. JNK1 physically interacts with WW domain-containing oxidoreductase
(WOX1) and inhibits WOX1-mediated apoptosis. J. Biol. Chem. 2003, 278, 9195-9202. [CrossRef] [PubMed]
Akdemir, E.S.; Huang, A.Y.S.; Deneen, B. Astrocytogenesis: Where, when, and how. FI000Res 2020, 9.
[CrossRef] [PubMed]

Benmamar-Badel, A.; Owens, T.; Wlodarczyk, A. Protective Microglial Subset in Development, Aging, and
Disease: Lessons from Transcriptomic Studies. Front. Immunol. 2020, 11, 430. [CrossRef] [PubMed]
Mumaw, C.L.; Levesque, S.; McGraw, C.; Robertson, S.; Lucas, S.; Stafflinger, ].E.; Campen, M.J.; Hall, P;
Norenberg, J.P.; Anderson, T.; et al. Microglial priming through the lung-brain axis: The role of air
pollution-induced circulating factors. FASEB ]. 2016, 30, 1880-1891. [CrossRef]

Galdo, ED.; Maul, G.G.; Jiménez, S.A.; Artlett, C.M. Expression of allograft inflammatory factor 1 in tissues
from patients with systemic sclerosis and in vitro differential expression of its isoforms in response to
transforming growth factor (3. Arthritis Rheum. 2006, 54, 2616-2625. [CrossRef]

Chou, PY.; Lin, S.R;; Lee, M.H.; Schultz, L.; Sze, C.I; Chang, N.S. A p53/TIAF1/WWOX triad exerts
cancer suppression but may cause brain protein aggregation due to p53/WWOX functional antagonism.
Cell Commun. Signal. 2019, 17, 76. [CrossRef]

Huang, S.S.; Hsu, L.J.; Chang, N.S. Functional role of WW domain-containing proteins in tumor biology and
diseases: Insight into the role in ubiquitin-proteasome system. FASEB BioAdv. 2020, 2, 234-253. [CrossRef]
Chanmee, T.; Ontong, P.; Kimata, K.; Itano, N. Key roles of hyaluronan and its CD44 receptor in the stemness
and survival of cancer stem cells. Front. Oncol. 2015, 5, 180. [CrossRef]

Hoseini, S.S.; Hapke, M.; Herbst, J.; Wedekind, D.; Baumann, R.; Heinz, N.; Schiedlmeier, B.; Vignali, D.A.;
van den Brink, M.R.; Schambach, A.; et al. Inducible T-cell receptor expression in precursor T cells for
leukemia control. Leukemia 2015, 29, 1530-1542. [CrossRef] [PubMed]

De Luca, L,; Trino, S.; Laurenzana, I.; Tagliaferri, D.; Falco, G.; Grieco, V.; Bianchino, G.; Nozza, F; Campia, V.;
Dralessio, F.; et al. Knockdown of miR-128a induces Lin28a expression and reverts myeloid differentiation
blockage in acute myeloid leukemia. Cell Death Dis. 2017, 8, €2849. [CrossRef] [PubMed]

Jiang, X.; Huang, H.; Li, Z.; Li, Y.; Wang, X.; Gurbuxani, S.; Chen, P.; He, C.; You, D.; Zhang, S.; et al. Blockade
of miR-150 maturation by MLL-fusion/MYC/LIN-28 is required for MLL-associated leukemia. Cancer Cell
2012, 22, 524-535. [CrossRef] [PubMed]

Ghisi, M.; Corradin, A.; Basso, K.; Frasson, C.; Serafin, V.; Mukherjee, S.; Mussolin, L.; Ruggero, K;
Bonanno, L.; Guffanti, A.; et al. Modulation of microRNA expression in human T-cell development: Targeting
of NOTCH3 by miR-150. Blood 2011, 117, 7053-7062. [CrossRef]

Tyagarajan, S.; Spencer, T.; Smith, J. Optimizing CAR-T Cell Manufacturing Processes during Pivotal Clinical
Trials. Mol. Ther. Methods Clin. Dev. 2020, 16, 136-144. [CrossRef]

Chang, N.S.; Schultz, L.; Hsu, L.J.; Lewis, J.; Su, M.; Sze, C.I. 17 3-Estradiol upregulates and activates
WOX1/WWOXv1 and WOX2/WWOXv2 in vitro: Potential role in cancerous progression of breast and
prostate to a premetastatic state in vivo. Oncogene 2005, 24, 714-723. [CrossRef]


http://dx.doi.org/10.1038/s41419-018-0510-4
http://dx.doi.org/10.1111/jcmm.13456
http://dx.doi.org/10.1016/j.smim.2019.101338
http://dx.doi.org/10.3389/fnagi.2016.00126
http://dx.doi.org/10.1016/j.dnarep.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27156098
http://dx.doi.org/10.1016/j.molmed.2017.02.001
http://www.ncbi.nlm.nih.gov/pubmed/28279624
http://dx.doi.org/10.1074/jbc.M208373200
http://www.ncbi.nlm.nih.gov/pubmed/12514174
http://dx.doi.org/10.12688/f1000research.22405.1
http://www.ncbi.nlm.nih.gov/pubmed/32269761
http://dx.doi.org/10.3389/fimmu.2020.00430
http://www.ncbi.nlm.nih.gov/pubmed/32318054
http://dx.doi.org/10.1096/fj.201500047
http://dx.doi.org/10.1002/art.22010
http://dx.doi.org/10.1186/s12964-019-0382-y
http://dx.doi.org/10.1096/fba.2019-00060
http://dx.doi.org/10.3389/fonc.2015.00180
http://dx.doi.org/10.1038/leu.2015.20
http://www.ncbi.nlm.nih.gov/pubmed/25652739
http://dx.doi.org/10.1038/cddis.2017.253
http://www.ncbi.nlm.nih.gov/pubmed/28569789
http://dx.doi.org/10.1016/j.ccr.2012.08.028
http://www.ncbi.nlm.nih.gov/pubmed/23079661
http://dx.doi.org/10.1182/blood-2010-12-326629
http://dx.doi.org/10.1016/j.omtm.2019.11.018
http://dx.doi.org/10.1038/sj.onc.1208124

Cancers 2020, 12,2189 22 of 22

58. Chang, J.Y.; Lee, M.H,; Lin, S.R;; Yang, L.Y.; Sun, H.S,; Sze, C.L; Hong, Q.; Lin, Y.S.; Chou, Y.T.; Hsu, LJ.; et al.
Trafficking protein particle complex 6A delta (TRAPPC6AA) is an extracellular plaque-forming protein in
the brain. Oncotarget 2015, 6, 3578. [CrossRef]

59. Chang, N.S. Transforming growth factor-B1 blocks the enhancement of tumor necrosis factor cytotoxicity by
hyaluronidase Hyal-2 in 1929 fibroblasts. BMC Cell Biol. 2002, 3, 1-9. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.18632/oncotarget.2876
http://dx.doi.org/10.1186/1471-2121-3-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Zfra and WWOX Peptides Suppress Cancer Growth and Metastasis In Vivo 
	Ser6 and Ser7 Are Not Involved in Zfra-Mediated Cell Death 
	Binding of Zfra with the First WW Domain of WWOX Leads to Nullification of Each Other’s Function in Cancer Suppression 
	Increased Binding of Endogenous WWOX with Specific Proteins in Organs of Mice Correlates with Cancer Growth Suppression 
	Zfra-Mediated Cancer Suppression Involves Hyal-2 and WWOX of the Hyal-2/pY33- WWOX/SMAD4 Signaling 
	Transfer of Purified Activated Z Cells to Recipient Mice Confers Resistance to Tumor Growth 
	Zfra Causes WWOX de-Phosphorylation at Y33 and Y61 to Drive Z Cell Activation in the Spleen 
	Zfra-Activated Z Cells Relocate to Cancer Lesions to Block Cancer Growth 
	Zfra Suppresses pS14-WWOX Expression in the Lung and Thereby Prevents Glioblastoma Cell Metastasis to the Lung 
	Sonicated Hyaluronan (HAson) Suppresses Cancer Growth In Vivo via Hyal-2/WWOX Signaling 
	Activated Spleen Z Cells Aggressively Attack and Cause Breast Cancer Cell Death In Vitro 

	Discussion 
	Materials and Methods 
	cDNA Constructs, Site-Directed Mutagenesis, and Transient Gene Expression 
	Antibodies, Immunohistochemistry, and Immunofluorescence Microscopy 
	Synthetic Peptides 
	Hyaluronan Preparations and Agarose Gel Electrophoresis for Hyaluronan 
	Cell Lines 
	Z Cell Activation and Purification for Killing Cancer Cells In Vitro by Time-Lapse Microscopy 
	Experimental Models: Animal Models and Cancer Cell Growth In Vivo 
	Organ Lysates and Co-Immunoprecipitation 
	Quantification and Statistical Analysis 
	Ethics Approval in Animal Use 

	Conclusions 
	Patents 
	References

