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ABSTRACT OF DISSERTATION

THE DEVELOPMENT AND CHARACTERIZATION OF NANOBODIES SPECIFIC
TO PROTEIN TYROSINE PHOSPHATASE 4A3 (PTP4A3/PRL-3) TO DISSECT AND
TARGET ITS ROLE IN CANCER

Protein Tyrosine Phosphatase 4A3 (PTP4A3 or PRL-3) is an oncogenic dual-
specificity phosphatase that drives tumor metastasis, promotes cancer cell survival, and is
correlated with poor patient prognosis in a variety of solid tumors and leukemias. The
mechanisms that drive PRL-3’s oncogenic functions are not well understood, in part due
to a lack of research tools available to study this protein. The development of such tools
has proven difficult, as the PRL family is ~80% homologous and the PRL catalytic binding
pocket is shallow and hydrophobic. Currently available small molecules do not exhibit
binding specificity for PRL-3 over PRL family members, and the only new antibody
specific for PRL-3, PRL-3-zumab, is inaccessible to the research community while in
clinical trial.

To address the lack of tools available to study PRL-3, | have developed alpaca-
derived single-domain antibodies, or nanobodies, targeting PRL-3. Nanobodies have
emerged as a valuable research tool and show promise as cancer therapeutics. Their
advantages include their small size and lack of light chains, allowing them to reach cavities
within active sites that conventional antibodies cannot access. Nanobodies also have high
specificity and affinity for their antigens. | hypothesized that PRL-3 nanobodies may be
able to differentiate between the PRL family and provide new insights into the role of PRL-
3 in cancer progression.

Following synthesis, sequencing, and purification, | identified seven unique
nanobodies that bind to PRL-3 with little to no activity towards PRL-1 and PRL-2, making
them one of the first tools to selectively target and bind directly to PRL-3 in its native
conformation. The nanobodies can be wused in immunoprecipitation and
immunofluorescence assays. Interestingly, | found that N-terminal tags on PRL-3, such as
3XFLAG or GFP, enhanced PRL-3 localization to the membrane, while untagged PRL-3
is widely distributed throughout the cell. These data may have important implications for
previous PRL-3 functional studies that necessarily relied on tagged-PRL-3.

The nanobody binding affinity for PRL-3 is within a KD of 30 - 300 nM, similar to
that of commercially available antibodies. Hydrogen-deuterium exchange mass
spectrometry showed nanobodies bind near the PRL-3 active site and could reduce PRL-3
phosphatase activity against a generic substrate. The interaction between PRL-3 and the
nanobody also showed overlap with the binding site of a known PRL-3 interacting partner,



the magnesium transport protein CNNM3. A competition assay showed that the nanobody
and CNNMa3 can bind PRL-3 simultaneously, but the nanobody partially outcompetes the
CNNM3 binding.

The nanobodies can be used immediately as a PRL-3 specific research tool and can
be further developed as an inhibitor. They also have a great deal of potential in additional
applications. First, we are using these nanobodies to stabilize PRL-3 in X-ray
crystallography to develop higher-resolution structures to establish exactly where the
nanobodies bind PRL-3. Determining the location of these binding pockets would allow us
to better contribute to substrate identification and drug design. Secondly, we are using a
fluorescently labeled nanobody to examine the PRL-3:CNNM complex, PRL-3 trafficking
and function during cancer processes, such as proliferation, invasion, and stress. Our
ultimate goal is to provide new insight into how PRL-3 contributes to cancer progression
with the use of this exciting tool.

KEYWORDS: camelid, phage display, antibody engineering, protein purification,
confocal microscopy, hydrogen-deuterium exchange
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Chapter 1. The Oncogenic Phosphatase, PRL-3.

1.1. The Phosphatase of Regenerating Liver (PRL) Family of Proteins.

1.1.1. Phosphatases regulate cellular signaling.

Protein tyrosine phosphorylation is a critical regulatory mechanism in eukaryotic
cell physiology. Protein phosphorylation is catalyzed by protein kinases (PTKs) and
regulated by protein phosphatases (PTPs). Protein phosphorylation is necessary for many
cellular processes, including communication between and within cells, metabolism,
motility, trafficking and transport, proliferation, apoptosis, and other critical physiological
processes (1). Over the last approximately 45 years, the uncontrolled activation of kinases
has been frequently observed in cancer (2). As a result, PTKs have been studied extensively
in order to develop PTK inhibitors for the prevention and treatment of cancer. However,
20 years after the discovery of oncogenic kinases, the discovery of the phosphatase PTEN
demonstrated that suppression of phosphatases contributes to cancer as well (2, 3). PTEN
is now known to be a tumor suppressor, often losing its function in a variety of tumors (3)
leading to advanced disease, chemotherapy resistance, and poor survival in patients (4).

With the discovery of phosphatases involved in cancer came the knowledge that
failure to balance kinase and phosphatase activity leads to tumorigenesis in many types of
tumors (5). Since the discovery of PTEN, loss and gain of function of other phosphatases
have continued to be discovered in cancer. Two of the most notable are SHP2 and PTP1B.
SHP2 is an oncogene that is mutated in several types of leukemia and hyperactivated by
other mechanisms in some solid tumors (6). PTP1B promotes oncogenesis in many tumor
types (pancreatic, glioblastoma, colorectal, ovarian, and breast), yet it has also been shown
to be tumor suppressive in fibroblasts and endothelial cells (7). This dual role makes
targeting PTP1B in cancer challenging. The roles of SHP2 and PTP1B have been
extensively studied in cancer, and there are several other phosphatases that have been
shown to be involved with cancer, but their overall function has yet to be defined, one of

which is the Phosphatase of Regenerative Liver (PRL) family of proteins.
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1.1.2. Discovery of the PRL phosphatases.

PRL-1 was the first identified PRL, discovered in 1991 as an up-regulated gene in
regenerating rat liver after partial hepatectomy (8, 9). Following sequence analysis,
Diamond et al. found that PRL-1 contained an eight amino acid long signature PTP motif
in its active site (10). This motif is formally known as the VCH(X)sR maotif, encompassing
valine-histidine-cysteine-(up to any five amino acids)-arginine. However, PRL-1 showed
no homology to other PTPs outside of this phosphatase domain; therefore, they tested the
protein in an in vitro assay and demonstrated that it had phosphatase activity on a generic
substrate (10), creating a new class of phosphatases known as the PRLs. The final two
phosphatase family members, PRL-2 and PRL-3, were discovered through database
searches using the PRL-1 sequence seven years later in 1998 (11).

Following the discovery of the three PRL proteins, Zeng et al. began assessing the
similarities and differences between the PRLs structurally by comparing the murine
phosphatase sequences. Later, identification of the human PRL sequence designated a high
level of sequence homology between the PRLs (PRL-1/PRL-2: 86%); (PRL-1/PRL-3:
78%); (PRL-2/PRL-3: 75%), represented in Figure 1.1 (12). With the discovery of PRL-2
and PRL-3 also came the discovery of unique features of this protein family. Phosphatase
catalysis is a conserved, two-step nucleophilic reaction that is facilitated by a number of
conserved loops that form the active site (13). Like PRL-1, PRL-2 and -3 exhibit this
classical active site which includes a phosphatase binding loop (P-loop) that contains the
catalytic cysteine that attacks the phosphate on the substrate (9, 13). The second conserved
loop of the PRL active site is the WFPDD-loop that contains the catalytic aspartate that
donates a proton to the leaving group of the substrate, therefore the dephosphorylated
substrate can be released (9, 13). For step two, the aspartate in the WFPDD-loop activates
awater molecule to hydrolyze the phosphatase-phosphate complex to release the phosphate
group (13).

In addition, all three proteins contain a C-terminal consensus sequence for
prenylation (11), making the PRLs the only prenylated phosphatase family (14). The
presence of the CAAX motif leads the field to hypothesize that this motif anchors the PRLs
to the plasma membrane and early endosomes (15). Furthermore, the PRLs have a

12



polybasic region upstream of the CAAX motif that facilitates interactions with negatively
charged phospholipids, thought to enhance this potential membrane anchoring.

Sequence analysis also revealed that the PRL proteins exhibited significant
sequence homology to the newly identified phosphatase that is a tumor suppressor, PTEN
(11). Structural studies have also exemplified that the PRLs exhibit similar overall folding
compared to PTEN (9, 16). Furthermore, the PRLs have a shallow binding pocket (9, 16,
17), similar to that of PTEN, while also exhibiting similarities to PTEN outside the active
site. Thus began an intense exploration into the normal function of the PRL proteins and

how they may contribute to cancer.

1.2. The PRLs as oncogenes.

1.2.1. PRLs in normal physiology.

The original studies that began trying to outline PRL function in animals were with
knock-out mice. There have been several studies conducted examining phenotypes
following PRL knock-out. Most notably, PRL-1 and PRL-2 were found to be critical
requirements for both in mouse embryonic development, as double knock-out mice were
not viable (18). To investigate which stage the embryos were dead, Bai et al. carried out
time mating to harvest embryos at E17.5, E14.5, E11.5 and E9.5 days. They could not
identify any viable double knockout mice at any of these staging, indicating early
embryonic lethality and necessity of both PRL genes for survival. However, individual
knock-outs were viable and showed subtle phenotypic changes (18), suggesting that the
PRLs may be able to compensate for one another functionally. The PRLs are known to
regulate cellular magnesium concentrations (see below 1.3.2.), and following PRL-2
knock-out, serum magnesium levels were up-regulated (18).

Two independent groups have developed conditional PRL-3 knock-out mice;
unfortunately, resulting phenotypes confound one another. In the first study in 2011, PRL-
3 knock-out mice showed no significant differences in body weights, blood glucose, or
lipid metabolism (19). However, John Lazo’s group showed that knock-out in males

exhibited a 10% lower body weight and a 7% decrease in BMI compared to wild-type
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littermates (20). Individual knock-outs of PRL-3 were embryonically viable, but post-natal
lethality was higher in males than females, consistent with the phenotypes observed (20).
These conflicting results leave the mechanisms of action of PRL-3 relatively unknown.
Elizabeth Patton’s group has generated PRL-3 knock-out models in zebrafish to
study melanocyte regeneration. Zebrafish have two PRL genes, prl3a and prl3b. This group
decided to knock them out individually, as PRL-3A is most similar to the human PRL-3
protein (21). They showed that a TALEN, zinc-finger nucleases, prl3a mutant had no
embryonic melanocyte phenotype, but had increased melanocyte regeneration in a stem
cell background model (21). PrI3b deletion through CRISPR, along with pri3a and prl3b
morpholino double knock-out showed no detectable embryonic or stem cell regeneration,
indicating that pri3b does not have a unique role in zebrafish melanocyte regeneration (21).
Due to the lack of prl3b’s role, the rest of their studies focused on prl3a. While these
models are interesting, future research should still focus on and examine the use of double-
knockout zebrafish depending on the nature of the study. PRL3b may not have a role in

melanocyte regeneration, but it may play roles in oncogenesis and other disease states.

1.2.2. The discovery of PRLs as oncogenes.

As mentioned, PRL-1 was determined initially to be an immediate early gene
expressed in liver regeneration. In that same study, cells stably transfected with PRL-1
were transformed and displayed altered cell growth and morphology (10). This study was
the first to show that the PRLs potentially contribute to tumorigenesis. Ten years later,
Vogelstein’s group showed evidence that PRL-3 acted as an oncogene in colorectal cancer
(22). Specifically, they compared the global gene expression profiles of the normal
colorectal epithelium to benign tumors, primary cancers, and metastatic lesions in the
colon. PRL-3 expression was at high levels in 18 metastatic tissue samples studied but at
low levels in primary, benign, and normal tissue (22). Soon after, in 2002, high expression
of PRL-2 was linked to prostate cancer (23). Since these pioneering studies, many research
groups have validated Vogelstein's findings, showing that over-expression of PRL-3

correlates to poor survival in a variety of models, including colorectal cancer cell lines
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(24), immunohistochemistry of tumor sections (25), and mouse xenograft models (26).
Figure 1.2 describes each of the tumor types that each PRL influences.

Following their discovery as oncogenes, many groups show that all PRLs are up-
regulated in numerous solid tumors. PRL-3 is the only family member overexpressed in a
wide variety of cancers (14). Overall, research groups show that over-expression of PRL-
3 acts as a potential biomarker of cancer progression and metastasis in colorectal (22, 27),
gastric (28), ovarian (29), kidney (30), bladder (31), lung (32), breast (33), brain (34), and
prostate (35) cancers, as well as melanoma (21, 36), and leukemias (37, 38). Experimental
evidence indicates that PRL-3 expression increases cancer cell proliferation, migration, and
invasion in vitro (39-41) and enhances tumor growth and metastasis in mouse models (11,
22). In contrast, PRL-3 knock-down significantly suppresses tumor formation and spread
in vivo (20). PRL-3 is well-established in inhibiting apoptosis, promoting epithelial-to-
mesenchymal transition (EMT), and inducing migration in cancer cells. With all of the
research surrounding PRL-3 and its role as an oncogene, thus far, conclusions drawn about

its role in promoting cancer are widely varied.

1.3. Proposed PRL-3 mechanisms of action in cancer.

1.3.1. PRL-3 associated with signaling mechanisms in cancer.

While PRL-3 is associated with many types of cancer, PRL-3’s direct substrates
have not been identified. However, many studies have suggested their impact on cellular
signaling pathways. The currently suggested substrates are phosphatidylinositol (4,5)
bisphosphate (42), ezrin (43), Keratin 8 (44), Integrinal (45), Elongation factor 2 (46) and
nucleolin (47). However, these are not validated extensively as direct binding partners. For
example, the influence of PRL-3 over-expression on ezrin phosphorylation states has yet
to be confirmed (44). Nucleolin and Keratin 8 were co-immunoprecipitated with inactive
PRL-3 (44, 47) but there is no evidence of direct effects on phosphorylation. Over-
expression of PRL-3 has demonstrated an impact on the phosphorylation state of P1 (4,5)P2
(42); unfortunately, validation using in vivo models does not exist. While the potential

substrates demonstrate progress and effort toward discovering a PRL-3 substrate in cancer,
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searching for direct substrates of this protein is necessary for the field to define it as a
biomarker.

With the search for PRL-3 substrates, the list of mechanisms that PRL-3 is involved
in or contributes to in cancer progression continues to grow. In a review article in 2018,
Hardy et al. outlined those mechanisms assessed by multiple research groups (14). First,
the PI3K-Akt pathway is activated by PRL-3 in hematologic malignancies, yet the
mechanism is still unclear (14). The primary regulator of the PI3K-Akt pathway is the
tumor suppressor PTEN. Groups reported that PTEN is down-regulated following the over-
expression of PRL-3 in colon (48) and gastric (49) cancer cells. While these findings
suggest that PTEN downregulation could be an essential factor in PRL-3/PI3K-Akt
signaling, there have yet to be findings that better explain this relationship.

Several research groups, including the Blackburn lab, have linked PRL-3 to Src
activation, yet the direct effect on Src still needs clarification. Liang et al. began telling this
story by demonstrating that PRL-3 promotes cell invasion and proliferation by
downregulating Csk, a negative regulator of Src, leading to Src activation (50). More
recently, the Blackburn lab confirmed that the SRC pathway is associated with PRL-3
expression at both the mRNA and protein level through Gene Set Enrichment Analysis
(GSEA) and Reverse-Phase Protein Array (RPPA), respectively (37) in a T-cell leukemia
model. We also confirmed that PRL-3 downregulated CSK expression by examining the
Src Y527 phosphorylation site regulated by CSK. When PRL-3 is overexpressed,
phosphorylation at this site decreases; PRL-3 is knock-down, resulting in phosphorylation
increases, confirming Liang et al. findings (37). Unfortunately, Src did not co-
immunoprecipitate with PRL-3, indicating that Src is not a direct substrate of PRL-3 in this
model (37). PRLs also regulate p53, Rho family GTPases, E-Cadherin, and matrix
metalloproteases (9), with no direct targeting mechanisms discovered. The search for direct

substrates of PRL-3 phosphorylation regulation is very much alive.

1.3.2. The CNNM membrane transport proteins as regulators of PRL-3 function.

While no direct substrates of PRL-3’s phosphatase activity are exclusively defined,

one binding partner of PRL-3, the CNNM family of proteins, is the most extensively
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researched class of PRL binding partners. Also known as the CBS-pair domain, divalent
metal cation transport mediators (CNNMSs) are a conserved family of integral membrane
proteins that maintain cellular Mg2+ influx and efflux for many physiologic functions (51).
Hardy et al. showed that PRL-2 forms a heterodimer with CNNM3 and that CNNM3 is not
a phosphorylated substrate of PRL-2 (52). Specifically, this interaction occurs between the
active site of PRL-2 and a loop unique to the CBS domains in the CNNM proteins.
Furthermore, they demonstrate that the knock-down of PRL-2 decreases cellular
magnesium influx both in vitro and in vivo (52). These results indicated a clear relationship
between the PRL proteins and magnesium regulation. They even show that in xenograft
tumor assays, the PRL-2/CNNM3 interaction promotes cellular transformation (52). Since
this discovery, many groups have solved the structure for many of the PRL/CNNM CBS-
domain using x-ray crystallography approaches. Thus far interactions have been shown for
PRL-1/CNNM2 (PDB: 5MMZ, 5LXQ (53)), PRL-2/CNNM3 (PDB: 5K22 (54)), 5K23
(55)), 5K24 (55)), and PRL-3/CNNM3 (PDB: 5TSR (55)) (Fig 1.3).

The original link between PRL-3 and the CNNM proteins was established in 2014
when Funato et al. demonstrated the tumorigenic effects in colorectal cancer (56). They
determined that when PRL-3 binds CNNM4, it prevents CNNM-dependent magnesium
efflux, which has roles linked to cell metabolism and AMK/mTOR signaling (56). The
Gehring group has determined that the formation of a phosphocysteine in the active site
regulated the PRL/CNNM complex; cysteine phosphorylation blocks binding to the
CNNM proteins and prevents magnesium regulation (54). They have since characterized
the binding sites of CNNM proteins on PRL-3 and how interrupting each site affects
magnesium regulation and cancer phenotypes (57). They have also characterized PRL-3 as
a pseudo-phosphatase, demonstrating that PRL-3 catalytic activity is not required in a
mouse metastasis model, but CNNM4 binding is necessary (57). However, as outlined in
1.1.2., the PRL proteins have classical phosphatase characteristics and catalytic activity.
Therefore, this group hypothesizes that phosphatase activity leads to the formation of this
phosphocysteine that blocks CNNM activity. In the future, when designing new PRL
inhibitors, researchers should consider the proteins’ ability to block CNNM binding.
Deeming this protein as a pseudo-phosphatase seems premature when examining the

literature surrounding PRL-3 catalytic activity.
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Ultimately, PRL-3 expression is highly elevated in various cancers and leads to
poor survival in vitro and in vivo, and this data correlates to poor patient prognosis (37).
Nevertheless, no one has identified a direct substrate of PRL-3. Furthermore, while PRL-
3/CNNM interactions alter magnesium regulation, how these changes lead to downstream
effects contributing to cancer progression and metastasis is poorly understood. This lack
of clarity is mainly due to the fact that outside of over-expression, knock-out, and point
mutation studies, few tools allow researchers to differentiate between the PRLs and study

their function.

1.4. Studying and targeting PRL-3 function in cancer to date.

1.4.1. Anti-PRL-3 antibodies in the literature: advancements and pitfalls.

Developing antibodies specific for PRL-3 has also proven difficult, with most
antibodies lacking specificity towards PRL-3 over other PRL proteins. Four PRL
antibodies have primarily been used in the literature to demonstrate PRL-3 protein
expression and cellular localization. We have continued to test these antibodies in our
research.

Many groups, including ours, have published findings over the last ten years using
the Abcam antibody, Anti-PTP4A3/PRL-R antibody (ab50276). Abcam claims this tool
can be used for western blot and immunohistochemistry studies to examine PRL-3 protein
expression. Many groups have taken advantage of this tool to look at PRL-3 expression in
cell lines (37, 58), tumor tissue samples (59), and even protein expression in tumor
microarrays using immunofluorescence (60). However, one of the pitfalls we began to
notice when examining PRL-3 expression in leukemia cell lines in our lab was that, when
blotting for endogenous PRL-3, we often saw many off-target band patterns (Fig 1.4).
Secondly, this antibody seems only useful when studying PRL-3 expression; it has never
been used to determine PRL-3 binding partners, cellular localization, or any other
characteristics that may aid in its contribution to tumorigenesis. While all of this work has
contributed to specifying all of the tumor types PRL-3 is over-expressed in (35, 59-61) the
advancements are halted here based on the limitations of this antibody.
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Next is the Genetex antibody, PTP4A3 antibody [N1C3]. This tool is interesting,
as the designated immunogen is a “Recombinant protein encompassing a sequence within
the center region of human PTP4A3.” Yet, its reactivity is with zebrafish, with predicted
reactivity with human, mouse, rat, bovine, xenopus tropicalis, and rhesus monkey. PRL-3
is highly conserved between humans, mice (14), and zebrafish (62), and the Blackburn lab
has confirmed that this antibody can detect zebrafish PRL-3 protein expression (63). Yet,
no other publications have referenced this antibody for research use. The Blackburn lab is
the only zebrafish lab studying PRL-3 currently, and while this tool has advantages in
detecting PRL-3 expression in our model, it has yet to do much to advance the PRL field
as a whole.

The antibody that the Blackburn lab currently uses for PRL-3 protein expression
studies is the R&D Systems antibody, Human/Mouse/Rat PRL-3 Antibody (MAB3219).
Like the Abcam antibody, R&D Systems recommends using their antibody to define PRL-
3 protein expression in multiple tumor types using western blot (64-66) along with
immunohistochemistry staining approaches (65, 67). Our lab demonstrated that this
antibody is specific for PRL-3 over PRL-1 and PRL-2 in a dot blot using purified protein
(Fig 1.5). We recently published a manuscript using this antibody to confirm PRL-3 over-
expression in manufactured cell lines (68). However, no publications have used this
antibody in immunofluorescence studies to examine cellular localization or
immunoprecipitation assays to assess PRL-3 substrates.

The final commercially available antibody widely used in the literature is the Santa
Cruz Biotechnology antibody, PRL-3 Antibody (318) (sc-130355). This antibody is the
one commercial antibody licensed for applications other than PRL-3 protein expression. It
is also the only antibody that claims to differentiate PRL-3 from PRL-1 and PRL-2. The
company recommends using it in western blot, immunohistochemistry,
immunofluorescence, immunoprecipitation, and flow cytometry. Many assumed that
following the development of this tool, it would open up the PRL field, allowing
researchers to develop assays studying PRL-3 biology in normal and cancer cells. Yet,
most of this tools research still focuses on protein expression data surrounding western
blotting (69-78) and immunohistochemistry (74, 79). One group in particular, Hjort et al.,
expanded the use of this antibody in their research. They detected PRL-3 expression in
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flow cytometry and showed punctate localization of PRL-3 in the cytoplasm of B-cell
leukemia cells (80). They also examined PRL-3 expression in Hodgkin’s lymphoma using
immunohistochemistry and immunofluorescence (79). Yet, other groups are not utilizing
this antibody for PRL-3 biology research and are utilizing protein tagging mechanisms,
further discussed in 1.4.3. Furthermore, while the use of this antibody is more widespread
than others, only one group has examined its specificity for PRL-3. Shi et al. transfected
DLD-1 colorectal cancer cells with GST-PRL-1, -2, and -3, and western blot with sc-
130355 only detected a signal on PRL-3 overexpressing cell lysates (70). Furthermore,
while research groups are utilizing this antibody in the various assays described, no one
has tested its specificity for PRL-3 outside of western blotting.

Finally, a few groups have developed in-house anti-PRL-3 antibodies to complete
their research studies (81). Unfortunately, these are not often made available to the research
community. The most recently in-house antibody in the literature was a humanized
monoclonal antibody, PRL-3-zumab, that binds to PRL-3 specifically over PRL-1 and
PRL-2 and has anti-cancer effects in vivo (82, 83). The authors of this work predicted that
PRL-3 is presented on the cell surface via exosomal secretion to allow binding by PRL-3-
zumab. This event stimulates Fc-receptor-dependent interactions between PRL-3 positive
cells and host immune effectors, activating classical antibody-mediated tumor clearance
pathways leading to tumor cell death (83). While PRL-3-zumab is currently in phase 2
clinical trial in Singapore (NCT04118114) for gastric and hepatocellular carcinomas and
in the United States (NCT04452955) for solid tumors, this antibody is not currently

commercially available, which limits its research use.

1.4.2. PRL-3 small molecule inhibitors in the literature.

The literature demonstrates that the over-expression of PRL-3 in tumor cells
correlates to poor patient outcomes; therefore, there has been significant interest in
designing inhibitors of PRL-3. Unfortunately, similar to antibody design, developing
inhibitors of PRL-3 has proven difficult due to PRL’s conservative active site with other

phosphatases, like PTEN, and the high degree of homology within the PRL family. Due to
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the challenges faced when developing a PRL-3 inhibitor, many of the PRL inhibitors
discovered thus far were found by screening drug libraries.

Some PRL inhibitors are already used in the clinic to treat other diseases. For
example, pentamidine is a well-known PRL inhibitor that inhibits the growth of cancer cell
lines with high PRL-3 expression (84). However, pentamidine has also been shown to
inhibit PTP1B, showing that is not selective for the PRLs (84). Furthermore, our
collaborators have shown that pentamidine does not bind to PRL-3 in NMR. Another
example is curcumin, a compound extracted from turmeric previously known to induce
apoptosis of cancer cells. Curcumin inhibits MRNA expression of PRL-2 and PRL-3 (85).
We also completed a screen of 1443 FDA-approved drugs for activity against each of the
PRLs. We identified two potent, non-toxic broad PRL inhibitors, Salirasib and Candesartan
(68). While in silico modeling revealed allosteric binding of both drugs to PRL-3 and
potential inhibition of substrate binding, each of these drugs binds all three PRLs, lacking
specificity for PRL-3.

The other most common practice for identifying PRL inhibitors has been using a
technique known as structural-activity-relationship (SAR), which examines drug
properties to find relationships between its chemical structure and chemical activity that
may stabilize the compound and limit off-target effects. SAR was used to identify
rhodanine (86), Analog 3 (87), and thienopyridone (66) as PRL inhibitors. Rhodanine
inhibits PRL-3 in phosphatase assays (66). Rhodanine lacked specificity for PRL-3 (86);
however, many groups have continued to design and develop derivatives of rhodanine to
target PRL-3 (88). Unfortunately, neither rhodanine nor its derivatives have proven to
target PRL-3 over other phosphatases specifically and do not interact directly with PRL-3.
The story is similar for Analog 3, which inhibits the activity of the entire PRL family and
has an 1C50 of 31 uM (87), which is outside the range of a physiologically relevant dose
one would consider administering to a patient.

Thienopyridone has been the most studied PRL inhibitor, showing selectivity for
the PRL proteins over eleven other phosphatases (66). Again, thienopyridone inhibited the
activity of all PRL family members. To improve the selectivity of this compound, John
Lazo’s group performed a SAR study of thienopyridone to try to stabilize the compound
and limit off-target effects (89). This experiment resulted in the development of JMS-053,
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a thienopyridone derivative that demonstrated a 10-fold increase in potency in inhibiting
the PRL proteins (89). JIMS-053 has shown anti-cancer effects in ovarian (89), colorectal
(90), and breast (89) tumors. Thienopyridone binds PRL-3 in computational docking
models, but these findings have not been validated in molecular or in vivo models (89, 91).
Unfortunately, Zhang et al. performed in vitro phosphatase assays along with NMR and
showed that both thienopyridone and JMS-053, also known as iminothienopyridone, are
redox active compounds and inhibit the PRLs and other phosphatases through oxidation
(92). While they both effectively inhibit PRL activity, these data make their use for
studying cellular function problematic due to the likelihood of off-target effects (92). There
has yet to be a small molecule inhibitor specific for PRL-3, reduces protein activity, and

binds directly to the protein.

1.4.3. Current methods for defining PRL-3 substrates and cellular localization.

Due to the lack of tools available to specifically study PRL-3, localization and
substrate identification studies were primarily performed with over-expressed PRL-3 with
different protein tags to examine the characteristics of PRL-3. These types of experiments
are how each of the substrates discussed in section 1.3.1. were discovered. For example,
the interactions of phosphatidylinositol (4,5) bisphosphate and ezrin with PRL-3 were
shown using FLAG-PRL-3 and FLAG beads for immunoprecipitation (42, 43). Keratin
and nucleolin studies utilized eGFP-PRL-3 both in immunoprecipitation assays along with
co-localization studies to show protein interaction (44, 47). Similarly, scientists found the
interactions between Integrinal and PRL-3 using a GST-PRL-3 (45). None of these
substrates bind to endogenous PRL-3, only these forms of overexpressed PRL-3.

The same tools have been used in most research focusing on PRL-3 localization. It
is often GFP-PRL-3, as it doesn't require an antibody to visualize in immunofluorescence
studies. Most research examining PRL-3 localization has used either eGFP-PRL-3 (93, 94)
or Myc-PRL-3 (15, 57, 95). Studies using both tags have demonstrated that PRL-3
predominantly localizes to the cell membrane (15, 57). This hypothesis is influenced by
the presence of the prenylation motif at the C-terminus of the protein (15), along with its

interactions with the CNNM proteins (57). PRL-3 also localizes in punctate structures in
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the cytoplasm (95). However, the functional outcomes of this localization have yet to be
determined. Mutants of PRL-3 that are not prenylated can localize to the nucleus (93, 96);
nuclear localization correlates to telomere deprotection and chromosomal instability.
Researchers often assume that N- and C-terminal tags have little influence on the secondary
and tertiary structures and localization of fused proteins (44). However, several reports
have demonstrated that using GFP may impact the biological activity of fusion proteins
(19, 45, 46), including cellular localization. Therefore, it is necessary to have a tool in the
field that can detect wild-type PRL-3 rather than tagged versions of the protein to study its
localization.
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hPRL-2 ECGMKYEDAVQFIRQKRRGAFNSKQLLYLEKYRPKMRLRFRDTNGH-~-~-CCVQ 167
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Figure 1.1. Sequence homology of human PRLs. Human PRL protein sequences aligned

using Clustal Omega Multiple Sequence Alignment.
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Figure 1.2. Over-expression of the PRL genes in cancer. This figure is reprinted from
(14) with permission. Representation by gene name (PTP4A1/PRL-1; PTP4A2/PRL-2;

PTP4A3/PRL-3) showing over-expression of the proteins at the mRNA or protein level by

cancer type.
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5LXQ 5K22 5TSR

PRL-2 PRL-3

Figure 1.3. Published structures of CNNM CBS-domain/PRL interactions,
determined by x-ray crystallography. 5LXQ (PRL-1/CNNM2) both are made based on
mouse protein sequence, structure derived by x-ray diffraction at 3.33 A; 5K22 (PRL-
2/CNNM3) both are made based on human protein sequence, PRL-2 is in the reduced state,
and structure was derived by x-ray diffraction at 3.00 A; 5TSR (PRL-3/CNNM3) both are
made based on human protein sequence and structure was derived by x-ray diffraction at
3.19 A. Each of these renderings was made in Pymol after downloading their associated

PDB files, available on the Protein Data Bank.
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Figure 1.4. Off-target binding of Anti-PTP4A3/PRL-R antibody (ab50276) in western
blot. Western blot of solid tumor cell lines for PRL-3. Primary antibody Anti-
PTP4A3/PRL-R antibody (ab50276) 1:1000, secondary rabbit-HRP 1:5000. Cell lines
include G401 (rhabdoid tumor), DAOY (medulloblastoma), D283 (medulloblastoma),
RH30 (rhabdomyosarcoma), RD (rhabdomyosarcoma), TC71, A673, and TC32 (Ewing
sarcomas). Positive control is HEK293T cells transfected with plenti-CMV-PRL-3

construct.
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Figure 1.5. R&D Biosystems antibody MAB3219 is specific for PRL-3. Dot blot of
recombinant PRL-1, PRL-2, and PRL-3 absorbed by PVDF membrane. Membrane was
blocked for 1 hour at room temperature with 5% milk, incubated with MAB3219 1:1000
for 1 hour followed by TBST washes and 1 hour of incubation with anti-mouse-HRP
secondary 1:2500 for 1 hour, and imaged with ECL substrate.
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Chapter 2. Introduction to Nanobodies

2.1. Discovery and advantages of camelid-derived nanobodies.

Nanobodies were discovered serendipitously 30 years ago, in 1993 (97). Serge
Muyldermans' group noticed that camel, dromedary, and llama serum contain conventional
antibodies. However, about half of the IgG populations included a unique type of antibody
devoid of light chains (97). Since their discovery, cartilaginous fish have been the only
other animals found to produce these types of antibodies (98). These "heavy chain only™
antibodies have heavy chains with a lower molecular weight than conventional antibodies
due to the absence of a CH1 domain (Fig 2.1). With the lack of light chains, these antibodies
bind their antigen solely with the variable domain of the heavy chain, referred to as the
VHH domain (99). These antibodies comprise the VHH domain and a hinge region
connecting the CH2 and CH3 domains (Fig 2.1). The antigen binding domain, or VHH,
derived from these antibodies is only 15 kDa (99). The lack of light chains causes the
formation of a longer complementary determining region-(CDR)3 with a secondary
disulfide bond to stabilize the structure of the VHH domain. Thus far, no one has
determined why camelids and cartilaginous fish produce these antibodies and other animals
do not. A complete comparison of conventional antibodies and VHH domains is displayed
in Table 2.1.

Five years after the discovery of heavy chain-only antibodies, Lauwereys et al.
found that isolated VHH from these antibodies can act as a potent inhibitor of their antigen
(200). First, they immunized dromedaries with o.-amylase and harvested both heavy chain-
only antibodies and conventional antibodies, where only the heavy chain-only antibodies
acted as inhibitors of the protein (100). Secondly, they cloned the VHH domains out of the
heavy chain-only antibodies using phage-display technology and produced the VHH
domains as a recombinant protein in E.coli. They demonstrated that these small VHH
proteins also act as competitive inhibitors against their substrate (100). They were among
the first to exhibit that these small antibody fragments would be valuable in designing small

synthetic inhibitors.
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Cloning the repertoire of antigen-binding fragments in an immunized phage display
vector and selection by phage display became a routine method at this time (101).
Researchers quickly adapted the approach for the isolation of VHH. VHH antigen binding
sites are encoded in a single gene fragment (102). By isolating peripheral blood
lymphocytes, cDNA libraries are prepared following PCR of potential VHH regions.
Isolating the VHH domain of heavy chain-only antibodies has led to the discovery of many
advantages for using these small antibodies.

Along with being a single gene and easily cloned, VHH domains offer a variety of
advantages compared to conventional antibodies. They exude high expression yields and
are easily purified from E. coli. (103). Recombinant VHH are most commonly purified
from bacterial expression systems that direct the protein to the periplasm (103). These
periplasm's oxidizing environment stimulates disulfide bond formation, which is crucial in
producing a functional VHH. Further purification using Immobilized Metal Affinity
Chromatography and size exclusion chromatography is standard if cDNA libraries clone
C-terminal His-tags fused to the VHH sequences.

VHH domains are also highly stable and naturally soluble due to substitutions of
hydrophobic by hydrophilic residues in their framework regions (102). Ghahroudi et al.
tested VHH stability by examining activity after incubation at 37°C for 200 hours, and
VHHs retained 100-80% of binding activity to their antigens (104). The presence or
absence of the critical CDR3 secondary disulfide bond caused variation in binding activity
(104). Furthermore, their small size (15 kDa), ten times smaller than conventional
antibodies, permits binding in grooves and cavities in active sites (100). Specifically, VHH
domains can form convex shapes, allowing VHH regions to reach narrow, concave binding
and activation sites on proteins that normal antibodies cannot bind to (100), establishing
high specificity and affinity for their antigens. VHH regions also are stable under stringent
conditions, lack immunogenicity, and show affinities for their antigens in the nanomolar
range (105, 106), establishing their potential as therapeutic agents. These single antigen
binding domains of heavy chain-only antibodies were trademarked by Ablynx as
nanobodies (107), based on their size (4 nm in length, 2.5 nm in width) (108), which is
what they will be referred to as for the remainder of this dissertation.
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2.2. The potential of nanobodies as a scientific research tool.

2.2.1. Fluorescent nanobodies for cellular imaging.

Monoclonal antibodies have continued to be invaluable tools for studying proteins
for many decades, both in research and clinical settings. While they will continue to remain
indispensable, the development of nanobodies offered an exciting new research tool for
applications that antibodies were less than a desirable tool. For example, the large size of
antibodies has caused them to mainly target extracellular proteins in vivo, as they cannot
readily penetrate cellular membranes (109). For this same reason, they are primarily used
to examine protein expression only in fixed tissue samples (109). Finally, for proteins like
the PRLs, current antibodies, other than PRL-3-zumab, do not offer the specificity to
differentiate between these phosphatase family members (see Chapter 1). Since their
discovery, research groups have continued to manipulate the advantages nanobodies offer
for further use in scientific research to study protein biology.

First and foremost, nanobodies made against proteins that do not currently have
antibodies to study them are immediately helpful in fixed immunofluorescence assays. In
addition, nanobodies improve penetration during these fixed analyses, as shown by de Beer
and Giepmans when anti-GFP nanobodies demonstrate improved nuclear labeling of
Histone 2B-GFP compared to conventional GFP antibodies (110). Conducting traditional
immunolabeling applications occurs using one of two procedures. First, nanobodies can
act as primary antibodies in immunofluorescence thanks to companies like Jackson
ImmunoResearch, which have developed fluorescently linked VHH secondary antibodies

(www.jacksonimmuno.com). This tool detects alpaca nanobodies and delineates their

localization through fluorescent labeling.

Secondly, chromobodies, which are nanobodies genetically or chemically fused to
a fluorescent protein, are helpful in similar approaches. Nanobodies are also linked to
fluorescent probes following purification by chemical modifications (111) or using
company-manufactured kits, such as the Biotium mix-n-Stain nanobody labeling protocol.

These can be useful for real-time visualization of endogenous proteins in the cell (111).
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Due to the stability of nanobodies, following fusion to fluorescent proteins or probes, they
retain their dynamic folds and functional antigen binding (112).

Chromobodies set themselves apart from conventional immunolabeling tools
because they can serve as tracers for intracellular target localization and trafficking studies,
avoiding the need for modifying proteins with fluorescent tags (112). The field had to
overcome the hurdle of getting these nanobodies into cells to label their specific antigens
when looking at intracellular targets. The plasma membrane is a physical barrier for
nanobodies; therefore, the discovery of custom delivery methods was necessary to target
endogenous proteins (110). Delivery of fluorescent nanobodies to cells occurs through
engineered endocytosis (113) or lipid-based protein transfection (114, 115). There is a
second obstacle these nanobodies face, which is escaping endosomal degradation upon
cellular delivery. Unfortunately, endosomal escape is often low (116). Therefore,
alternative methods were necessary so nanobodies could reach their targets.

To prevent endocytic uptake, researchers developed cell-penetrating peptide-linked
(CPP) nanobodies. CPPs are arginine-rich peptides that facilitate direct penetration of the
plasma membrane for dispense into the cytoplasm, independent of endocytosis (110). For
example, Herce et al. attached intracellularly stable cyclic arginine-rich cell-penetrating
peptides (CPPs) to nanobodies (117). CPPs increase the size of cargo that can be delivered
efficiently into living cells (118). This strategy was successful in delivering nanobodies
targeted against GFP (27.5 kD), GFP—PCNA (63 kD), and the therapeutically relevant
Mecp2— GFP fusion protein (83 kD) into HeLa cells to study protein interactions (117).
Delivering nanobodies to cells via chromobodies has advantages, primarily if controlling
the amount of nanobody is necessary. But, the disadvantage is the necessity of these
complex delivery mechanisms to visualize outcomes.

Another form of fluorescent nanobodies created to combat these delivery
challenges are intrabodies. Intrabodies express the cDNA of the nanobody sequence fused
to the cDNA of a fluorescent probe, which is then expressed by cellular machinery. The
nanobody directs the fluorescent protein to its antigen (119). The benefit of using cDNA
encoding intrabodies over chromobodies is the ease of switching between probes fused to
the nanobody and the ease of delivery to cells through basic DNA transfection methods

(110). Many groups have developed intrabodies against disease-related targets, including
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HIF-1a (120), HPV16 E6 (121), Ras (122), and many others. The primary challenge in
intrabody development is that the reducing environment of the cytosol can impact the
formation of the disulfide bonds needed for nanobody folding, which can negatively impact
nanobody-reporter gene folding and the ability of the intrabody to recognize its target
(123). Most nanobodies yielded from conventional screening methods are not readily
functional in living cells. Therefore, many groups have employed different selection
methods to acquire functional intracellular binders, reviewed by Wagner and Rothbauer
(119).0ne strategy is to remove conserved cysteine residues, and test if nanobodies are
functional; if they are then the reducing environment is no longer a disadvantage. However,
this usually contributes to a loss in nanobody stability. Rather than mutating nanobodies
after phage display, there are also methods such as yeast-two-hybrid systems, that lend
themselves to initial nanobody identification (124). In yeast-two-hybrid the nanobody and
antigen are fused to a DNA binding domain and growth on selection media following
binding serves as a reporter. The advantage of this method is the potential for cytosol and
nuclear expression when fused to a DNA binding domain (119). However, there is potential
for numerous false positives with this method and such methods are continually being
optimized to improve intrabody screening. Overall, chromobodies and intrabodies have
distinct advantages when used for fixed and live-cell imaging, depending on the project's

research goal.

2.2.2. Using nanobodies to identify protein substrates and DNA binding partners.

Conventional antibodies will continue to be useful for co-immunoprecipitation
studies to identify protein substrates and protein-protein interactions. Again, there are
proteins like PRL-3 where protein-specific conventional antibodies still need to be
developed. Fortunately, following purification, nanobodies have been evaluated for co-
immunoprecipitation purposes (112, 125) and can be used to study specific protein-protein
interactions. In the current research climate surrounding genomic and proteomic analyses,
identifying signaling mechanisms involved in these protein and DNA interactions is a
challenge. Nanobodies are now being used in chromatin immunoprecipitation (ChlP) to

identify protein-DNA interactions, as well as being followed up with DNA microarray
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hybridization (ChlIP-on-chip) to assess genome-wide identification for protein-DNA
interactions (126). Nguyen-Duc et al. developed a proof of principal ChlP-on-chip assay
to demonstrate that nanobodies are useful. They created Ss-LrpB-specific nanobodies, a
well-studied transcription factor of the hyperthermophilic archaeon Sulfolobus solfataricus
(126). Genome-wide ChlIP-on-chip with this nanobody identified known Ss-LrpB binding
sites and revealed several unknown target sequences. These findings are likely due to the
unique specificity that nanobodies offer. Nanobodies will continue to be an excellent

resource for identifying protein-protein and protein-DNA interactions.

2.2.3. Nanobody-directed protein degradation.

One of the most common approaches to studying protein function is removing it
from the cell to study molecular and phenotypic changes in its absence. Many studies have
been done through genetic approaches with CRISPR-Cas9 and silencing RNA approaches,
even to the point of conditional and tissue-specific knock-outs. However, a new approach
that is becoming common is removing expression at the protein level rather than the RNA
level by hijacking the proteasome. One way to achieve this is by fusing a nanobody of
interest to a subunit of an E3 ubiquitin ligase complex, often the F-box subunit. The F-box
stimulates the recruitment of the nanobody antigen to the complex, leading to
polyubiquitination of the antigen and degradation by the proteasome (109). Caussinus et
al. were the first to streamline this process by using an anti-GFP nanobody in drosophila,
a system now termed deGradFP, designed for the degradation of fluorescently labeled
proteins (127). deGradFP has been used to degrade several Drosophila proteins and
successfully degraded proteins in mammalian cell lines (128). However, research groups
had to redesign this approach to target proteins in zebrafish by swapping in the zebrafish
F-box protein rather than the homologous Drosophila protein (129), which is controlled
conditionally under a heat-shock promoter, directed by the water temperature of zebrafish
housing. Direct protein degradation has advantages over classical genetic approaches,
including tissue-specific knock-out using specific E3 systems. Thus far, no one has taken

this approach and replaced the GFP nanobody in these systems with a nanobody of interest.
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Doing so would allow for the study of endogenous protein removal rather than tagged-

over-expressed proteins.

2.2.4. Nanobodies enhance x-ray crystallography.

The fact that nanobodies are small and have high stability and specificity for their
antigens lends them well to acting as chaperones in structural studies (130). Specifically,
their specificity is for a single conformation of their antigen (131), so they can be applied
in structural biology to freeze their dynamic antigens into single functional conformations
(131). X-ray crystallography obtains three-dimensional molecular structures from a protein
crystal. Groups have successfully crystallized a nanobody-antigen complex and get high-
resolution structures because of the nanobody's highly specific nature (131). Zavrtanik et
al. compared the binding characteristics of nanobodies to conventional antibodies by
analyzing 105 nanobody-antigen crystal structures (132). This group demonstrated that
while antibodies use six CDR loops for antigen binding, nanobodies only utilize three;
nanobodies maintain an average 6 nM affinity for their antigen. Therefore, with fewer
loops, they retain binding affinity for their antigen comparable to conventional antibodies
(132). They also observed that nanobody recognition sites on their antigens are more
similar to general protein-protein interactions than antibody-antigen interactions.
Therefore, epitopes recognized by nanobodies may overlap with sites involved with
protein-protein interactions (132). These discoveries are fascinating as they detail that
nanobodies could act as potential inhibitors at these sites or aid in developing protein

interaction inhibitors by mimicking the binding of protein substrates or binding partners.

2.3. Nanobody use in cancer.

2.3.1. Nanobodies for cancer diagnosis.

Tumors and their microenvironment are continuing to become more complex.

Therefore, it is becoming increasingly important to detect tumor antigens and visualize the

tumor microenvironment to effectively diagnose and treat patients, as it encompasses many
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factors contributing to cancer growth and metastasis (133). For example, an anti-human
epidermal growth factor nanobody, a kinase over-expressed in a variety of cancers, has
been developed for single-photon emission computed tomography, or SPECT imaging
(134). SPECT uses a variety of radionuclides to emit gamma-ray photons to visualize the
body’s organs, tissues, and bones (135). This anti-HER2 nanobody (®3Ga-HER2 Nbs
2Rs15d) is radiolabeled with gallium-68 (134). Phase I clinical trial showed that 60 minutes
post-injection, these nanobodies detected HER2-positive primary and metastatic tumors in
breast cancer patients with no adverse effects (136). These positive results led to a phase
Il clinical trial that demonstrated these nanobodies could cross the blood-brain barrier and
detect HER2-positive metastatic brain lesions in an orthotopic tumor-bearing athymic nude
mouse model (137).

Furthermore, this nanobody's uptake and therapeutic efficacy were compared to the
anti-HER2 monoclonal antibody, trastuzumab. Radiolabeled HER2 nanobody exhibited
high and specific tumor uptake, while trastuzumab could not accumulate in these brain
tumor models, and the nanobody increased the median survival of the model (137). This
single example of nanobodies for cancer imaging displays their usefulness in diagnosis and
their ability to treat lesions inaccessible to monoclonal antibodies potentially.

Beyond imaging tumor cells, the tumor microenvironment (TME) has become an
essential topic in cancer research, as it directly contributes to cancer cell support and
survival. Many factors comprise the TME, including immune cells, stromal cells, blood
vessels, and the extracellular matrix (138). Multiple nanobodies have targeted aspects of
the TME, mainly focusing on the structural components, such as fibronectin and
vasculature. An example of this is an anti-VCAM nanobody that targets the vasculature
cell adhesion molecule 1(VCAM-1), a protein involved in the adhesion of leukocytes to
vascular endothelium (139). Anti-VCAM-1 nanobodies allow imaging of tumor
vasculature through ultrasound only 10 minutes after uptake (140). Tools like these will
enable cancer researchers to not only diagnose the expression profile of tumor cells but
also assess the makeup of the TME to prepare a better treatment plan that will eliminate
tumor resources and contribute to limiting cancer relapse.

One of the caveats to radiolabeled nanobodies is their clearance mechanisms. In the

HER2-nanobody study, one-hour post-injection, less than 10% of the injected dose was
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circulating in the blood (107, 141), which limits toxicity to healthy tissue. However, this
rapid clearance is pushing a large percentage of the radiolabeled nanobody through the
kidneys, potentially leading to unwanted radiation damage in the kidneys. Fortunately,
Huyvetter et al. demonstrated reduced kidney retention when co-infusing radiolabeled
nanobodies with Gelofusin, a volume expander often used as a plasma replacement (141).
Reducing kidney retention should allow nanobody cancer diagnostic research to expand
and improve early detection and patient treatment plans to improve patient outcomes and

quality of life.

2.3.2. Nanobodies for cancer treatment.

In 2019, the first nanobody therapeutic, Caplacizumab or Cablivi, was approved by
the FDA to aid in accelerating platelet aggregation in acquired thrombotic
thrombocytopenic purpura (aTTP). This disease causes tiny blood clots throughout the
body. Many nanobodies targeting cancer-associated proteins have shown promise in in
vitro studies. However, in tumor models, they are cleared rapidly due to their lack of
immunogenicity. It is hypothesized that while these nanobodies can target the tumor cells
independently, the absence of the Fc domain causes cells to lack an immune response that
triggers white blood cells to kill tumor cells (142).

For this reason and others, there are currently no FDA-approved nanobodies.
However, there are ~20 nanobodies in various clinical trial stages, of which 11 are in trials
related to treating multiple types of tumors (5). These nanobodies are displayed in Table
2.2. Despite the lack of approved cancer nanobodies, numerous groups continue to
contribute to the field with nanobodies that have therapeutic potential (5), each utilized
with different techniques.

For example, several researchers have exploited nanobodies as vehicles to deliver
drugs or toxins to tumor sites to reduce off-target toxicity in normal cells, ultimately
diminishing the side effects of treatment (143). Nanobody-reduced immunogenicity is
advantageous here, as a triggered immune response would stop the delivery of the cargo,
and small size improves penetration within solid tumors (144). One example is an

immunotoxin, which is the conjugation of an antigen-specific nanobody to a specific toxin
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(143). There are many versions of nanobodies fused to different toxins in the literature.
One example is the conjugation of a VEGFR-specific nanobody to Pseudomonas exotoxin
A (PE38) (145). PE38 kills VEGFR-expressing tumor cells by binding the receptor on the
cell surface with the nanobody, entering the cell via endocytosis where PE38 binds the
ADP-ribosylating elongation factor Il where it halts protein synthesis and cell proliferation
(145). Behdani et al. was the first group to report a bacterial protein-based immunotoxin
that inhibits tumor cell growth of VEGFR-positive tumors (145).

The other platform using nanobodies for cancer treatment has nanobodies acting as
vehicles for drug delivery. Specifically, they decorate the surface of nanoparticles such as
liposomes, micelles, or albumin nanoparticles carrying targeted therapies (142). The first
instance showing that these nanobody tools are internalized by target cells was an anti-
EGFR nanobody, EGal, decorating a liposome (146). Since this discovery, micelles
decorated with EGal nanobodies encapsulating doxorubicin, a commonly used
chemotherapy that stunts cell growth, were shown to inhibit tumor growth and prolong
animal survival compared to non-specific nanobody targeting (146). Utilizing nanobodies
as cargo carriers for targeted therapy is an impressive way to harness these tools when they

may not have antagonistic potential on their own.
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Table 2.1. Comparison of conventional antibodies and nanobodies, adapted from

(147).

CONVENTIONAL ANTIBODY
High immunogenicity
150 kda
Long half-life
Slow clearance
Limited tumor penetration
Average CDR3 length
Low stability
Prone to degradation with temperature
and pH changes
Expensive, large-scale production
Mammalian expression
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NANOBODY
Low immunogenicity
15 kda
Short half-life
Fast clearance
Deep tumor penetration
Long CDR3 length
High stability
Tolerant of temperature, pressure, and
pH changes
Inexpensive, large-scale production
Bacterial expression



Table 2.2. Nanobodies currently in clinical trial, adapted from (5).

Nanobody Disease Target Phase of trial Clinical Trial
ALX-0061 Rheumatoid IL6R Phase lI NCT0251862
arthritis
ALX-0061 SIE IL6R Phase lI NCT02437890
ATN-103 Rheumatoid TNF Phase lI NCT01063803
arthritis
ALX-0761 Psoriasis ILI7A/LL7F Phase I NCT03384745
M1095 Psoriasis IL17A/L17F Phase lI NCT03384745
Caplacizumab TTP VWEF Approved NCT02878603
ALX-0171 RSV F-protein RSV Phase lI NCT02979431
ALX-0651 Healthy CXCR4 Phase | NCT01374503
volunteers
B1836880 Solid tumors Angiopoietin/VEGF Phase | NCT02674152
KNO046 Squamous Non PD-L1/TLA4 Phase IlI NCT04474119
small-cell lung
cancer
KN046 Advanced HCC PD-L1/CTLA4 Phase | NCT04601610
KNO035 Hepatocellular PD-L1 Phase | NCT03101488
carcinoma
BCMA nanobody | Relapsed/ CD8/4-1BB Phase | NCT03664661
CAR-T cells Refractory
Myeloma
CD7 CAR-T cells | T-lymphoblastic CD7 Phase | NCT04004637
infusion Lymphoma
CD22 CAR-T cells | B-cell Lymphoma | CD22 Phase | NCT03999697
ydT Cell infusion B-cell Leukemia CDh22 Early Phase | NCT04439721
agent
CD19/CD20 CAR- | B-cell Lymphoma | CD19/CD20 Phase | NCT03881761
T cells
oaPD1-MSLN Non small-cell PD-1 Early Phase | NCT04489862
CAR-T cells Lung cancer
aPD1-MSLN Mesothelioma PD-1 Early Phase | NCT04489862
CAR-T cells
oPD1-MSLN Colorectal Cancer | PD-1 Phase | NCT05089266
CAR-T cells
M6495 Symptpmatic ADAMTS-5 Phase lI NCT03583346
Knee
Osteoarthritis
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VH VH

VL VL
CH1 CH1 VHH VHH G
cL CcL ﬁ
Nanobody
(~15 kda)
CH2 CH2 CH2 CH2
CH3 CH3 CH3 CH3
Conventional (human) Camelid heavy-chain only
immunoglobulin immunoglobulin
(~150 kda) (~80 kda)

Figure 2.1. Size and domains of immunoglobulin proteins. Conventional antibodies
found in humans and partially in camelid serum are 150 kda. Camelid heavy-chain only
antibodies are 80 kda. Nanobodies are the antigen binding regions of heavy-chain only
antibodies, at 15 kda. Abbreviations represent the following: VL — variable light chain; VH
— variable heavy chain; CL — constant light chain; CH# - constant heavy chains 1-3; VHH

— variable heavy chain of camelid antibodies.
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Chapter 3. Materials and Methods

3.1. Bacterial and mammalian expression vectors.

3.1.1. Bacterial expression vectors.

To generate recombinant protein for alpaca immunization, human PRL-1, -2, and -
3 cDNA was amplified with gene-specific primers and cloned into the bacterial expression
vector, pSKB3. pSKB3 is a modified pET-28b vector. A TEV protease cleavage site
replaced the original thrombin cleavage site in the vector initially constructed by Dr. Steve
Burley, Rutgers, The State University of New Jersey. We used pSKB3 to clone PRL-1, -2,
and -3 cDNA at Nhel and Xhol restriction sites using T4 ligase. A representative plasmid
map for pskb3-PRL-3 is shown in Figure 3.1.

The 3XFLAG-tagged PRL-3 protein expression vector was generated by
amplifying 3XFLAG-PRL-3 from a plenti-CMV-3XFLAG-PRL-3 vector via PCR and
cloned into pSKB3 utilizing Nhel and Xhol restriction sites using T4 ligase. The CBS-HA
protein expression vector was made by cloning full-length CNNM3 CBS-HA domain
gBlocks™ Gene Fragments (IDT) into pSKB3 using Nhel and Xhol restriction enzyme

sites and T4 ligase.

3.1.2. Mammalian expression vectors.

The 3XFLAG-tagged PRL mammalian expression plasmids were made by cloning
full-length PRL-1, -2, or -3 human cDNA into a p3XFLAG-CMV-14 expression vector
(Sigma, E7908). Then 3XFLAG-PRLs were cloned into pLenti-CMV-puro (Addgene
17452) to make plenti-CMV-3XFLAG-PRL-puro constructs. A representative map of the
final plenti-CMV-puro-3XFLAG-PRL-3 is shown in Figure 3.2.

The GFP-tagged and untagged PRL mammalian expression plasmids were made
by cloning full-length PRL-1, -2, or -3 gBlocks™ Gene Fragments (IDT) into the
pcDNA™3.1 (-) (Invitrogen VV79520) at BamHI and Hindlll restriction sites. In addition,
a GFP gBlock was cloned into the pCDNA3.1-PRL plasmids to generate CMV:GFP-PRL
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fusion constructs at Notl and BamHI restriction sites. A representative pcDNA3.1 GFP-
PRL-3 map is shown in Figure 3.3.

The HA-tagged PRL-3 mammalian expression plasmid was made by cloning a full-
length HA-PRL-3 gBlocks™ Gene Fragments (IDT) into a pENTR middle entry vector.
Invitrogen LR Clonase Il (Life Technologies 11791020) allowed gateway cloning into
pLenti-CMV-puro (Addgene 17452) to make a plenti-CMV-HA-PRL-3-puro construct.

3.2. Production, bacteriophage display, and sequencing of nanobodies.

Nanobodies were produced by the University of Kentucky Protein Core, as
previously described in Chow et al. (130). All procedures with the alpacas were performed
following protocols (2017-2627 and 2018-2925) approved by the University of Kentucky's
Institutional Animal Care and Use Committee (IACUC) (130). In summary, 100 ug of
recombinant PRL-3 antigen (See Section 3.4.1) was subcutaneously injected into alpacas
once per week for six weeks to boost nanobody presence in the immune system. 3-5 days
following the final injection, 50 mL of alpaca blood was harvested to isolate peripheral
blood lymphocytes by density gradient centrifugation. RNA was isolated from these
lymphocytes, and cDNA was synthesized using reverse transcriptase. A bacteriophage
display cDNA library was made by cloning potential VHH regions, with restriction
enzymes, into the phage display vector pMES4. pMES4 phage was expressed with the
VHH insert fused to gene 111 of the filamentous phage to produce the phage solution. Two
rounds of phage display against PRL-3, as described by Chow et al. (130), utilizing this
cDNA library yielded 96 clones that were analyzed in multiple rounds of colony PCR by
VHH specific primers (F: AGCGCCCAATACGCAAACCGCCT; R:
GACAGCCCTCATAGTTAGCGTAACG). Figure 3.4 shows representative colony PCR,
which yielded 32 potentially VHH-positive clones (~400 bp band). These clones were
confirmed by  sequencing using a  VHH-specific  primer, pEX-Rev
(CAGGCTTTACACTTTATGCTTCCGGC), by Eurofins Genomics. DNA sequences
were translated using the ExPASy Bioinformatics Resource Portal Translate Tool

(https://web.expasy.org/translate/), where they were analyzed for nanobody components,

including pelB sequence and 6XHis-tag followed by a stop codon. 16 of 32 clones

43


https://web.expasy.org/translate/

embodied these components, represented in Figure 4.1, and were analyzed for specificity
toward PRL-3 in ELISA experiments.

3.3. Cell lines and culture conditions.

Two human cell lines were utilized in this study (HEK293T, HCT116) and were
authenticated by short tandem repeat (STR) profiling and tested for mycoplasma
contamination before experiments using the LookOut® Mycoplasma PCR Detection Kit
(Sigma, MP0035-1KT). HEK293T (ATCC CRL-3216) and HCT116 (ATCC CCL-247)
cells were grown in 1X DMEM (Thermofisher, 11965092). For both cell lines, media was
supplemented with 10% heat-inactivated fetal bovine serum (R&D Systems, S11150H,
Lot. H19109). Cells were cultured at 37 °C with 5% CO2. To overexpress the CMV:PRL-
3, CMV:.GFP-PRL, CMV:3XFLAG-PRL, and CMV:HA-PRL-3 plasmids, cells were
transfected using Lipofectamine 3000 (Thermofisher, L3000-015) following the
manufacturer's protocol. HEK293T stably expressing PRL cell lines were selected with 1
ug/mL puromycin (Thermofisher, A1113803).

3.4. Expression and purification of recombinant proteins.

3.4.1. PRL-1, -2, and -3 purification.

pskb3-PRL bacterial expression plasmids described in Section 3.1.1 were
transformed into and expressed using the One-Shot BL21 Star DE3 bacterial cell line
(Invitrogen, C601003) by stimulating induction with 0.5 mM IPTG (Fisher Scientific,
BP175510) for 16 hours at 16°C following a culture O.D.s00 of 0.6. Cells were pelleted at
5,000 rpm for 15 minutes at 4°C and resuspended in 10 mL of lysis buffer [300 mM NaCl
(VWR BDH9286), 20mM Tris pH 7.5, 10 mM Imidazole pH 8.0 (Sigma-Aldrich 12399),
1:1000 protease inhibitor cocktail (Sigma-Aldrich P8465)] per gram of cell pellet and lysed
using a microfluidizer (Avestin, EmulsiFlex-C5). The soluble lysate was separated from

the insoluble lysate by centrifugation at 18,000 rpm for 50 minutes at 4°C. The soluble
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lysate was run over 1 mL columns (Biorad, 7321010) packed with Ni-NTA Resin (VWR,
786-940). Before elution, the resin is washed with 10 mL of lysis buffer.

The PRL proteins were eluted with 2 mL of elution buffer (300 mM NaCl, 20 mM Tris pH
7.5, and 250 mM Imidazole pH 8.0).

For the second purification step, the N-terminal 6XHis-tag on recombinant PRLs
was cleaved using TEV protease (gift from Dr. Konstantin Korotkov), as the pSKB3
plasmid contains a TEV cleavage site. This cleavage is performed through dialysis against
Wash Buffer [300 mM NaCl 20 mM Tris pH 7.5]. The cleaved recombinant PRLs were
then reapplied to the Ni-NTA column to remove uncleaved protein. The resin was washed
five times with 10 mL of wash buffer. Samples from the first and second purification steps
were analyzed by SDS-PAGE gels using 4-20% Mini-PROTEAN TGX Stain-Free Gels
(Biorad 4568094) for cleavage of the 6XHis-tag and homogeneity of samples from the
second step. A representative gel of PRL-3 Ni-NTA purification and His-tag cleavage is
shown in Figure 3.5A. Homogeneous flowthrough and wash fractions from the second step
were pooled and concentrated for the third purification step.

The pooled PRLs were further purified using a Superdex 200 Increase 10/300 GL
column (G.E., 28990944) on an AKTA purification system in buffer containing 100 mM
NaCl and 20 mM HEPES (Fisher Scientific, BP310-100) pH 7.5. Purification was verified
by running samples on 4-20% Mini-PROTEAN TGX Stain-Free Gels. The purest fractions
were pooled, concentrated, flash-frozen on dry ice, and stored at -80°C. A representative

gel of purified fractions is shown in Figure 3.5B.

3.4.2. Anti-PRL-3 nanobody purification.

PMES4-nanobody plasmids, as described in section 3.2, are also bacterial
expression vectors, which were transformed into BL21 Star DE3 bacterial cells, as
described in section 3.4.1. Bacteria were induced, harvested, and lysed in the same manner
as 3.4.1. Following lysis, separation from the insoluble proteins, and running over the 1
mL Ni-NTA column, nanobodies underwent a stepwise elution. The first step was elution
with 6 mL of 30 mM Imidazole elution buffer to remove as many non-specific proteins as

possible. The second elution step was with 2 mL of 250 mM Imidazole elution buffer
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containing the purified sample. A representative gel of nanobody 91°s Ni-NTA purification
is shown in Figure 3.6. Recombinant nanobodies remained with their C-terminal 6XHis-
tag intact, as the pMES4 vector does not contain a protease cleavage site. All samples
underwent buffer exchange and concentration by centrifugation with ~25 mL of wash
buffer to remove imidazole. Nanobodies were further purified using a Superdex 200
Increase 10/300 GL column, verified through gel electrophoresis, and stored as described
in 3.4.1.

3.4.3. 3XFLAG-PRL-3 and CBS-HA purification.

The protocol outlined in 3.4.1 was followed to express and purify pSKB3-
3XFLAG-PRL-3 and pSKB3-CBS-HA (Section 3.1.1). Purification was completed
following protease cleavage of the 6X-His-tag and reapplication to the Ni-NTA column
(Section 3.4.1). Further purification was unnecessary for competition studies, and
purification was confirmed using gel electrophoresis outlined in 3.4.1 for the 3XFLAG-
PRL-3, shown in Figure 3.7A. A western blot was necessary to confirm CBS-HA
purification. This protein does not contain any tryptophan residues, which are required to
see total protein on Biorad Mini-PROTEAN TGX Stain-Free Precast Gels. A western blot
showing the purification of the CBS-HA protein is shown in Figure 3.7B.

3.5. Nanobody specificity analysis for PRL-3 using an in-house ELISA approach.

Recombinant, purified, PRL-1, -2, and -3 (Section 3.4.1) proteins were plated at 1
pug/mL (100 pl) in sodium bicarbonate buffer [0.42g sodium bicarbonate (Fisher Scientific,
BP328-500) in 50 mL diH20] in Corning® 96 Well EIA/RIA Assay Microplates (Sigma,
CLS3590) and incubated for 16-20 hours at 4°C. Plates were washed three times with
0.05% PBST and loaded with a blocking solution of 0.5% BSA (Fisher Scientific,
BP9706100) in 0.1% PBST for 1 hour at room temperature. The blocking buffer was
removed, and nanobodies were diluted to 1 pg/mL, or designated pMol concentration for
dosing experiments, and incubated in wells for 1 hour at room temperature. Wells were
washed three times in PBS and incubated with 1:1000 anti-His HRP antibody (GenScript,
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A00612, Lot. 19K001984) for 1 hour at room temperature. Plates were washed three times
with PBS and developed with TMB 2-Component Microwell Peroxidase Substrate Kit
(Seracare, 5120-0053). Reactions were stopped after 90 seconds with 0.1 N HCI (Fisher
Scientific, A144500) and read on a Biotek Synergy Multi-mode Plate Reader at 450 nm.
Controls included PRL-only wells to specify the lack of a 6X-His-tagged nanobody,
secondary-only wells to establish the necessity of PRL presence for binding and buffer
only to provide evidence that sodium bicarbonate and BSA did not elucidate a colorimetric
change. Raw data from all control wells were pooled for each plate, and experimental wells
were normalized to controls by dividing individual wells by average control wells.
Individual well readouts were placed in GraphPad Prism 9 in a Grouped format Table.
Values for two replicate experiments were graphed for relative absorbance at 450 nm
compared to the average of control wells. A two-way ANOVA analyzed statistics using

Sidak’s multiple comparisons tests where ns = not significant, *p < 0.05, ***p < 0.001.

3.6. Immunoprecipitation (IP) of PRL-3 with nanobody or commercially available PRL

antibodies.

3.6.1. IP of PRL-3 with nanobody coupled Dynabeads.

PRL-3 nanobodies were coupled to Dynabeads (Life Technologies, 14311D) for
3XFLAG-PRL immunoprecipitation following the manufacturer's instructions. Briefly,
150 pg of nanobody protein supplemented with C1 buffer to 250 pL was added to 5 mg of
Dynabeads® M-270 Epoxy beads after the beads were washed with 1 mL of C1 buffer.
Then, 250 pL of C2 buffer was added to the beads and nanobody mixture to incubate on a
rotator at room temperature overnight (16—24 hours). After removing the supernatant, the
nanobody-coupled beads were washed with H.B. (0.05% Tween 20), L.B. (0.05% Tween
20) buffer once, S.B. buffer shortly twice, and S.B. buffer for 15 minutes once. Finally, the
resulting beads covalently linked to the nanobody were resuspended in 500 pL S.B. buffer
and stored at 4°C before experimentation. Before conducting all experiments, 30 uL of
beads were heated at 95°C for 5 minutes with 50 pL 2x Laemmli Sample Buffer (Biorad,
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161-0737) with 2-Mercaptoethanol (Fisher Scientific, 034461-100) and the supernatant was
run on an SDS-PAGE gel to confirm coupling.

HEK293T (~20 million) stably expressing pLenti-CMV-puro (Addgene 17452)
empty vector, 3XFLAG-PRL-1/-2, or -3 under 1 ug/mL puromycin selection were lysed
for 30 minutes with intermittent vortexing in Pierce IP lysis buffer (Thermo 87788)
supplemented with 1% protease inhibitor cocktail (1.P. buffer) at 500 pl per 10 million
cells. Following lysis, cells supplemented with I.P. buffer were spun at 12,000 rpm for 10
minutes at 4°C to pellet cell debris. Protein concentration was quantified using the
QuickStart Bradford 1X Dye Reagent (Biorad, 5000205). 150 puL of nanobody-coupled
beads were washed in 1 mL of PBS for 5 minutes, then equilibrated in 500 pL of I.P. buffer
for 5 minutes. 2.5 mg of total extracted protein was added to the equilibrated nanobody-
beads complex overnight for incubation at 4°C with rocking. After washing the beads-
protein complex in cold I.P. buffer four times, 50 pL. 2x Laemmli Sample Buffer with 2-
Mercaptoethanol was added to the beads for elution. The mixture was boiled at 95°C for
10 minutes to denature immunoprecipitated proteins and coupled nanobodies, and the

supernatant was collected for western blot analysis.

3.6.2. IP of PRL-3 with commercially available PRL antibodies.

HCT116 cells were transfected with CMV-HA-PRL-3, as described in Section
3.1.2. 48 hours post-transfection, cells were lysed as described in 3.1.7. PRL-3 nanobodies
were coupled to Dynabeads for HA-PRL-3 immunoprecipitation following the
manufacturer's instructions, as outlined in Section 3.6.1.

For commercial antibodies (Abcam, ab50276; GeneTex, GTX100600; R&D
Systems, MAB3219; and Santa Cruz Biotechnology, sc-130355), 3 ug of each antibody
was incubated with 400 ug of HCT116/CMV-HA-PRL-3 cell lysate at 4°C overnight with
rocking. Lysate/antibody complexes were then incubated with 25 ul of Protein A (Cell
Signaling Technologies 70024) and 25 pl of Protein G (Cell Signaling Technologies
73778) beads for 2 hours at 4°C with rocking. Washing, elution, and western blot analysis

were carried out identically to methods outlined in 3.6.1.
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3.7. Fixed immunofluorescence of HCT116 cells using anti-PRL-3 nanobodies to detect

PRL-3 expression and cellular localization.

3.7.1. Nanobody specificity for GFP-PRL-3 over GFP-PRL-1 and GFP-PRL-2.

HCT116 colorectal cancer cells were plated at 5,000 cells per well in 96-well black
glass-bottomed plates (Cellvis, P96-1.5H-N) and transfected with either CMV:GFP-PRL-
1/-2/-3, as described in section 3.1.2. All solution exchanges and imaging occurred in the
96-well plate. 24 hours post-transfection, cells were washed once with 100 ul of PBS, fixed
with 50 pl 4% paraformaldehyde (VWR, AAJ61899-AK) for 15 minutes, washed once
with 100 pl of PBS, permeabilized for 10 minutes in 50 pl of 1% Triton X-100 (Sigma,
X100-100), and washed three times again with 100 ul of PBS. A blocking solution of 2%
BSA in PBS was applied to all wells for 1 hour. Acting as primaries, all nanobodies were
diluted to 1 mg/ml in blocking solution, further diluted 1:100 in blocking solution, and
incubated with the fixed cells for 1 hour at room temperature, followed by five 100 ul PBS
washes. The secondary antibody used to detect nanobody staining was an anti-alpaca IgG
VHH conjugated to Alexa Fluor-594 (Jackson ImmunoResearch, 128-585-232) diluted
1:400 in blocking solution and counterstained with Hoechst, 1:1000 dilution
(ThermoFisher, H3570). Images were acquired at the University of Kentucky Light
Microscopy Core using a Nikon A1R confocal microscope using a 40X water objective.
To detect Hoescht counterstain, images were obtained using the DAPI (405nm) laser at
gain 150, power 6.00. To detect GFP-PRLs, images were acquired using the FITC (488)
laser at gain 30, power 2.00. To detect nanobody staining, images were obtained using the
TRITC (561 nm) laser at gain 60, power 2.00. Images were processed in Adobe Photoshop
2022 to both increase image brightness and overlay the 405 (Hoescht), 488 (GFP-PRL-3),

and 561 (Nanobodies) channels. Channels were pseudocolored by RGB channels.

3.7.2. Co-staining of commercially available PRL-3 antibodies with nanobody.

HCT116 colorectal cancer cells were plated at 5,000 cells per well in 96-well black
glass-bottomed plates (Cellvis, P96-1.5H-N) and transfected with either CMV:PRL-3, as
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described in section 3.1.2. Cells were fixed and permeabilized according to the protocol
outlined in section 3.7.1. To act as primary antibodies, nanobody 19 was diluted to 1 mg/ml
in blocking solution and further diluted 1:100 in blocking solution. For commercial
antibodies R&D Systems, MAB3219 was diluted to 1:500, and Santa Cruz Biotechnology,
sc-130355 was diluted to 1:500, each in blocking solution. Primary antibodies were
incubated with the fixed cells for 1 hour at room temperature, followed by five 100 ul PBS
washes. The secondary antibody used to detect nanobody staining was the anti-alpaca IgG
VHH (3.7.1) conjugated to Alexa Fluor-594 diluted 1:400 in blocking solution. The
secondary antibody to detect the commercial primaries was a goat anti-mouse IgG
conjugated to Alexa Fluor-647 (ThermoFisher, A21235). All samples were counterstained
with Hoechst, 1:1000 dilution (ThermoFisher, H3570). ). Images were acquired at the
University of Kentucky Light Microscopy Core using a Nikon A1R confocal microscope
using a 40X water objective. To detect Hoescht counterstain, images were acquired using
the DAPI (405nm) laser at gain 150, power 6.00. To detect nanobody staining, images were
acquired using the TRITC (561 nm) laser at gain 60, power 2.00. To detect MAB3219 and
sc-130355 staining, images were acquired using the Far red (640 nm) laser at gain 60,
power 2.00. Images were processed in Adobe Photoshop 2022 to both increase image
brightness and overlay the 405 (Hoescht), 488 (GFP-PRL-3), and 561 (Nanobodies)

channels. Channels were pseudocolored by RGB channels.

3.7.3. Cellular localization of tagged PRL-3 compared to wildtype PRL-3.

HCT116 colorectal cancer cells were plated at 5,000 cells per well in 96-well black
glass-bottomed plates (Cellvis, P96-1.5H-N) and transfected with either pcDNA3.1-PRL-
3, CMV:GFP-PRL-3, plenti-HA-PRL-3, or pLV-3XFLAG-PRL-3 (Addgene 123223) as
previously described in section 3.1.2. Equal expression of all constructs was measured via
western blot, shown in Figure 3.8. Cells were fixed, permeabilized, and stained according
to the protocol outlined in section 3.7.1. Images were again acquired on a Nikon A1R
confocal microscope using a 40X water objective. To detect Hoescht counterstain, images
were acquired using the DAPI (405nm) laser at gain 150, power 6.00. To detect GFP-PRL-
3, images were acquired using the FITC (488 nm) laser at gain 30, power 2.00. To detect
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nanobody staining of tagged PRL-3, images were acquired using the TRITC (561nm) laser
at gain 60, power 2.00.

Image J was used to quantify the average grey area of the TRITC channel for the
tagged-PRL-3 in three cellular compartments (membrane, cytoplasm, and nucleus).
Briefly, Nikon files (.nd2) were converted to .tif files, and images from Channel 3 (561
nm) were opened in Adobe Photoshop 2022, where brightness and contrast were adjusted
to match the three different tags. Adobe Photoshop 2022 images were saved as .tif files and
opened in ImageJ. The Straight tool, or the line tool, was selected from the toolbar to draw
and measure a line across a single cell. Five 120-pixel rectangles were drawn on a single
cell and placed on the two points on the line that showed the plasma membrane, two sides
of the cytoplasm, and one to denote the nucleus. The average grey value for each rectangle
was measured, and the plasma membrane and cytoplasm results were averaged for each
cell. Ten cells were measured for each condition (3XFLAG, GFP, or W.T.). The Analyze
menu was selected from the toolbar, and then Plot Profile was selected. Average grey value
quantifications were exported to Microsoft Excel as .xIs files and graphed using GraphPad
Prism 9. Statistical analysis was done using a two-way ANOVA with multiple comparisons
to examine the localization of three different types of PRL-3 to three separate cellular

compartments.

3.8. Biolayer Interferometry (BLItz) analysis to determine the binding affinity of
nanobodies for PRL-3.

Anti-Penta-HIS (HIS1K) Biosensors (ForteBio, 18-5120) were hydrated for 10
minutes in 1X Kkinetics buffer (ForteBio, 18-1105, Lot. 20070082) in a 96-well black
bottom plate. Following hydration, the biosensor was secured to the biosensor mount. The
Advanced Kinetics Assay protocol on BLItzProl.3 software was used, with five steps in
the following order: (1) Initial Baseline 30 seconds, 250 ul 1X kinetics buffer (ForteBio,
18-1105) in a 500 ul black microcentrifuge tube; (2) Loading 30 seconds, 4 ul of ligand
(626.57 nM nanobody) in the drop holder; (3) Baseline 30 seconds, 250ul 1X kinetics
buffer in a 500 ul black microcentrifuge tube; (4) Association 5 minutes, 4 ul analyte (PRL-
3) in the drop holder; Dissociation 2 minutes, 250 pl 1X kinetics buffer in a 500 pl black
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microcentrifuge tube. An exchange between the tube holder and drop holder was manually
performed between each step. A new biosensor was hydrated and used for each
concentration of PRL-3 and each nanobody. Global K.D. for each nanobody was analyzed
with BLItzPro 1.3 software using baseline correction for the association and dissociation

steps.

3.9. Phosphatase assay.

2.5 UM recombinant PRL-1, -2, or -3 (6.25 pl) was mixed with 2.5 uM of each
nanobody (6.25 pl) in black 384-well plates (Thermo Scientific, 164564) and incubated at
room temperature for 1 hour in Reaction Buffer (20 mM Tris, 150 mM NaCl). Following
incubation, the recombinant protein mixtures were combined with 12.5 pl of 12.5 uM 6,8-
Difluoro-4-Methylumbelliferyl Phosphate (DiFMUP) (Life Technologies, E12020) or 12.5
pl of reaction buffer, added to 384-well plates, and incubated for 20 minutes in the dark at
room temperature. Reactions without DiIFMUP substrate act as the negative control for
background fluorescence, and PRL-3 alone wells act as the baseline and positive control.
Fluorescence intensities were measured on a Biotek Synergy Multi-mode Plate Reader at
360 nm/460 nm excitation and emission wavelengths, respectively. Assays were completed
with six technical replicates and repeated in two biological replicates. Raw values for non-
substrate-containing controls were averaged and subtracted from values of wells incubated
with the substrate to remove background fluorescence and then normalized to fluorescence
of PRL-3 alone. Normalized values were transferred to Prism 7 software in a Grouped
format, where one-way ANOVA with Dunnett’s multiple comparisons test was performed
with ns = not significant, **p < 0.01, ***p<0.001 ****p < 0.0001.

3.10. Hydrogen deuterium exchange mass spectrometry (HDX-MS).
The coverage map for PRL-3, shown in Figure 3.9, was performed by the Deredge
Lab at the University of Maryland School of Pharmacy. The result in Figure 3.9 was

obtained from undeuterated controls as follows: 3 L. of 20 uM apo-PRL-3 in 20 mM
HEPES pH 7.5, 100 mM NaCl was added to 9 pL of buffer (20 mM HEPES, pH 7.5, 100
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mM NaCl). The reaction was quenched with 14 uL of ice-cold quench (100 mM glycine,
pH 2.5, 7 M Guanidine HCI, 10 mM TCEP) and then diluted with 54 pL of ice-cold dilution
buffer (100 mM Glycine, pH 2.5, 10 mM TCEP). Next, 40 pL of this solution was injected
into a Waters HDX nanoAcquity UPLC (Waters, Milford, MA) with in-line protease
XI11/pepsin digestion (NovaBioAssays). Peptic fragments were trapped on an Acquity
UPLC BEH C18 peptide trap and separated on an Acquity UPLC BEH C18 column. A 7
min, 5-35% acetonitrile (0.1% formic acid) gradient was used to elute peptides directly
into a Waters Synapt G2-Si mass spectrometer (Waters, Milford, MA). MSE data were
acquired with a 20-30 V ramp trap C.E. for high energy acquisition of product ions and
continuous lock mass (Leu-Enk) for mass accuracy correction. Peptides were identified
using Waters's ProteinLynx Global Server 3.0.3 (PLGS). Further filtering of 0.3 fragments
per residue was applied in DynamX 3.0.

For each complex and the apo-PRL-3, the H.D. exchange reactions and controls
were acquired using a LEAP autosampler controlled by Chronos software. The reactions
were performed as follows: 1.5 uL of 40 uM PRL-3 in buffer with 1.5 uL 100 uM of the
given nanobody in buffer (or 1.5 pL of buffer for the apo PRL-3 experiments) was labeled
with 9 uL of 20 mM HEPES, pD 7.5 ?H20 based buffer with 100 mM NaCl, and quenched
with 14 pL of ice-cold quench (100 mM Glycine, pH 2.5, 7 M Guanidine HCI, 10 mM
TCEP) then diluted with 54 L ice-cold dilution buffer (100 mM Glycine, pH 2.5, 10 mM
TCEP). 40 pL of this solution was used for analysis. All deuteration time points were
acquired in triplicates. Back exchange correction was performed against fully deuterated
controls. Fully deuterated controls were done by incubating 2 pL of 40 uM PRL-3 in 8 uL
of unfolding buffer (100 mM Glycine pH 2.5, 7 M Guanidine HCI, 10 mM TCEP) for two
hours. Then 3 uL of the unfolded solution was deuterated for 2 hours in 9 uL of a
deuterium-based buffer. This reaction was quenched with 14 pL of ice-cold quench (100
mM Glycine, pH 2.5, 10 mM TCEP) and then diluted with 54 pL ice-cold dilution buffer
(100 mM Glycine, pH 2.5, 10 mM TCEP). 40 uL of this solution was used for analysis.
The deuterium uptake for all identified peptides with increasing deuteration time and for
the fully deuterated control was determined using Water's DynamX 3.0 software.

The normalized percentage of deuterium uptake (%Dy) at an incubation time t for a given

peptide is calculated as such:
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With m¢ the centroid mass at incubation time t, mo the centroid mass of the undeuterated
control, and ms the centroid mass of the fully deuterated control. The percentage
deuteration difference was calculated as A%Dt(PRL-3 — PRL-3 NB Complex). A%D: for
each complex at each time point was mapped onto the PRL-3 structure. Kinetic uptake

plots and corresponding heatmaps were generated using an in-house python script.
3.11. Co-immunoprecipitation of CBS-HA and nanobodies with 3XFLAG-PRL-3.

For each pulldown, 50 ul of Anti-FLAG M2 magnetic beads (Sigma, M8823-5ML,
Lot. SLCF4223) were prepared by washing in 500 pl of Wash Buffer (300 mM NaCl, 20
mM Tris pH 7.5) twice. Initial complexing to beads occurred for 1 hour at 4°C, with
secondary complexing occurring for a second hour at 4°C; complexing steps are outlined
in Figure 5.6. CBS-HA, and Nanobody 26 were added in 1:1.1 molar ratios to 3XFLAG-
PRL-3 complexed beads. Following the second complexing step, the supernatant was
removed, and beads were washed four times with 900 pl of Wash Buffer. Next, beads were
eluted with 50 pL 2x Laemmli Sample Buffer with 2-Mercaptoethanol. The eluates were
boiled at 95°C for 10 minutes to denature immunoprecipitated proteins, and the supernatant
was collected for western blot analysis. The density of 3XFLAG-PRL-3, CBS-HA, and
NB26-His pulldown in experimental lanes was determined by ImageLab band detection
software. The amount of NB26-His and CBS-HA pulled down in each assay was
normalized to the amount of 3XFLAG-PRL-3 immunoprecipitation in the respective lane.

3.12. Western blot analysis.

For western blots, 30 pg of total protein for input or 45 ul of pulldown supernatant
was loaded into 4-20% Mini-PROTEAN® TGX Stain-Free™ Protein Gels. Total protein
was assessed through stain-free imaging on a Biorad ChemiTouch Imaging System, which
allows total protein loaded into the well to be used as the loading control. Protein was
transferred onto the PVDF membrane (Biorad, 162-0255) using the Trans-Blot Turbo
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Transfer System (Biorad 1704150). Membranes were blocked with 5% milk in 0.1% TBST
for 1 hour and probed with one of the following antibodies at the designated dilution
overnight at 4°C. 1:3000 Monoclonal ANTI-FLAG® M2 antibody (Sigma, F1804, Lot.
SLBK1346V) (Sections 3.6.1 and 3.11), 1:1000 anti-His HRP antibody (GenScript,
A00612, Lot. 19K001984) (Section 3.11), 1:1000 anti-HA-Tag (C29F4) Rabbit mAb (Cell
Signaling, 37245, Lot. 8) (Section 3.4.3, 3.7.2, and 3.11), or 1:1000 anti-
Human/Mouse/Rat PRL-3 Antibody (R&D Systems, MAB3219, Lot. WXH0419091)
(Section 3.7.1). Following three 5-minute washes with 0.1% TBST, secondary HRP-
conjugated 1:2500 anti-mouse 1gG antibody (Cell Signaling, 7076S, Lot. 33) or 1:5000
anti-Rabbit IgG HRP Linked F(ab’)2 (Sigma, NA9340V, Lot. 17065618) was added for 1
hour. Membranes were again washed three times for 5 minutes with 0.1% TBST. Blots
were imaged using Clarity Western ECL Substrate (Biorad, 1705061), a Biorad

ChemiTouch Imaging System, using a Chemiluminescence filter.
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Figure 3.4. Colony PCR vyields VHH-positive clones. Glycerol stocks of 96 clones
resulting from two rounds of bacteriophage display were thawed, and 2ul of cells were
used for colony PCR utilizing the Q5 polymerase protocol (New England Biolabs M0491).
PCR products were run on a 3% agarose gel for 1 hour at 120V. VHH-positive clones are
represented by a PCR product of ~400 bp. L marks the 100 base pair DNA ladder, with
100 and 500 base pair markers denoted.
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Figure 3.5. Purification of PRL family of proteins from BL21 DE3 E.coli. (A) Step 1
of PRL-3 purification using Ni-NTA Resin, including 6X-His-tag cleavage. Abbreviations
denote the following: L — ladder, S — soluble protein fraction, F.T. — Flowthrough, W# -
wash number, E# - elution, P.D. — post dialysis fraction. >1 ug of protein sample loaded
per lane. FT2, W1-WS5 were concentrated together for size exclusion chromatography. (B)
Final PRL purification product following Ni-NTA, size exclusion chromatography, and
protein concentration. 10 ug of protein was loaded per lane. All images were taken with

the Stain Free Gel application on a Biorad ChemiTouch Imaging System.
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Figure 3.6. Ni-NTA purification of Nanobody 91 from BL21 DE3 E.coli. (A) Step 1 of
Nanobody 91 purification using Ni-NTA Resin, 6X-His-tag was not cleaved.
Abbreviations denote the following: L — ladder, 1.S. — insoluble protein fraction, S — soluble
protein fraction, F.T. — Flowthrough, W1 - wash, E1 and E2 — 30 mM imidazole elution,
E3 — 250 mM imidazole elution. >1 ug of protein sample loaded per lane. All images were
taken with the Stain Free Gel application on a Biorad ChemiTouch Imaging System. All

other nanobodies were purified using this protocol.
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Figure 3.7. Protein purification of 3XFLAG-PRL-3 and CBS-HA. (A) Immobilized
metal affinity chromatography purification of 3XFLAG-PRL-3, with an expected size of
25 kDa. FT2, W1-W5 were concentrated together for final protein amounts. (B)
Immobilized metal affinity chromatography purification of CBS-HA was validated with
an anti-HA western blot. FT2, W1-W5 were concentrated together for final protein
amounts. Abbreviations denote the following: L — ladder, I.S. — insoluble protein fraction,
S — soluble protein fraction, F.T. — Flowthrough, W# - wash, E1 — elution, P.D. — post

dialysis. >1 ug of protein sample loaded per lane.
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Figure 3.8. Tagged versions of PRL-3 were equally expressed across
immunofluorescence experiments. PRL-3 western blots indicate a similar expression of
exogenous proteins using the R&D Systems MAB3219 anti-PRL-3 antibody. 3XFLAG-
PRL-3 can be seen at ~27 kD, and GFP-PRL-3 is shown at ~55 kD. HA-PRL-3, CMV-
PRL-3, and endogenous PRL-3 are represented at 22 kD.
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Figure 3.9. Sequence coverage map of apo-PRL-3 in HDX-MS. After mass
spectrometry, all deuterated peptides were mapped back to the PRL-3 amino acid sequence.
Each blue bar represents a detected peptide. The high coverage and redundancy of PRL-3
peptides indicated that epitope mapping experiments would yield high-quality data. 1 pl of
40 uM PRL-3 was used for deuterium exchange; the reaction was quenched with 200 pl
1XQ (0.5 mM Guanidine HCI); 100 pl was injected for mass spectrometry analysis. 87
peptides were detected with a redundancy score of 7.70. 89.6% of PRL-3 was mapped with
these peptides.
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Chapter 4. Alpaca-derived anti-PRL-3 nanobodies show specificity for their antigen
and can be utilized to study PRL-3 biology in cancer

4.1. Introduction.

With the challenges presented by anti-PRL antibodies currently on the market,
nanobodies became a logical step when developing a tool specific for studying PRL-3.
Following the production of anti-PRL-3 nanobodies in alpacas, bacteriophage display
against PRL-3, and purification using an E.coli system, we needed to determine if these
nanobodies could even bind to PRL-3. Furthermore, it was necessary to assess if this
specificity is retained within a cell. Therefore, we utilized multiple approaches to assess
the specificity of PRL-3 nanobodies using recombinant protein as well as PRL-3 expressed

in cancer cell models.

4.2. Results.

4.2.1. Nanobody variability resides in Complimentary Determining Region 3.

To produce alpaca-derived anti-PRL-3 nanobodies, human recombinant PRL-3
protein was purified from the BL21 Star DE3 E.coli strain (3.4.1). The recombinant PRL-
3 was injected into alpacas once per week, and B-lymphocytes expressing potential anti-
PRL-3 nanobodies were harvested six weeks later. All possible anti-PRL-3 nanobody
sequences were cloned into a pMES4 phage display vector to develop a cDNA library, as
diagramed in Figure 4.1A. To pull out PRL-3-specific nanobodies, we performed two
rounds of bacteriophage display panning of the library against recombinant PRL-3. The
resulting pool of nanobody-expressing colonies was screened by colony PCR with
nanobody or VHH-specific primers. Of 96 clones screened by colony PCR, 32 showed a
400 bp band designating a potential anti-PRL-3 nanobody (Fig 3.1). Those 32 clones were
sent for sequencing with a nanobody-specific primer and analyzed for a complete N-
terminal PelB sequence for packaging the protein in the bacterial periplasm for protein

purification, a C-terminal 6XHis-tag for immobilized metal affinity chromatography
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purification, and a stop codon. Of the 32 clones identified in colony PCR, only 16
nanobodies contained all three parameters (Fig 4.1B).

Sequence alignment demonstrated that nanobodies 91, 90, and 13 were 100%
identical in their amino acid sequence. The fact that the alpacas continued to make this
specific nanobody, which we will refer to as nanobody 91, illustrates that it may contain
an evolutionary advantage in its structure or binding capacity to PRL-3. With the nanobody
91 sequence recurring most frequently, we utilized nanobody 91 as our standard anti-PRL-
3 nanobody in all studies. The complementary determining regions of this nanobody were
predicted using ABodyBuilder, an automated antibody modeling pipeline (148). Nanobody
sequences were clustered based on the number of amino acid alterations or insertions
compared to nanobody 91. These include four groups containing 0, 1-4, 10-20, and 25+
amino acid changes compared to nanobody 91 (Fig 4.1B).

Multiple unique aspects encompass these nanobodies. Throughout the development
of nanobodies as research tools, it has been shown that binding specificity and diversity
are primarily carried in the third complementary determining region (CDR3) (149) due to
its unique development in B-lymphocytes. The amino acid differences that occur in the 1-
4 group predominantly occur in CDR1 and CDR2, and there are no changes to CDR3
among these nine nanobodies compared to nanobody 91 (Fig 4.1B). Most of these amino
acid changes occur within the same amino acid family or are very similar structurally. For
example, nanobody 10 has an aspartic acid to asparagine change, which differ in its R
group by the presence of a polar -OH. There are two phenylalanine to tyrosine changes,
one in nanobody 4 and another in nanobody 29, which also differ by the presence of a polar
-OH on their benzene ring. With nanobody 10, there is an isoleucine to leucine change,
which varies faintly in their R-group structure. Overall, these small amino acid changes are
unlikely to impact the structure, binding capacity, or specificity of the anti-PRL-3
nanobodies.

However, the 16-24 group and the 25+ group have various changes in all of the
CDR regions along with the framework regions (Fig 4.1B). In the 16-24 group, the amino
acid changes in nanobodies 19 and 84 are highly conserved, mainly occurring in all three
CDR regions, with the largest number of alterations occurring in CDR3. In the 25+ amino

acid change group, amino acid variability in CDR3 comes into play. Nanobodies 23 and
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26 broadly differ from all other nanobodies in all three CDR regions, mainly in the
framework regions. Nanobodies 28 and 68 are primarily conserved in CDR1 and CDR2,
yet the CDR3 of these two nanobodies is entirely different. Examining the CDR regions of
all 16 nanobodies allows us to hypothesize which nanobodies will have similar binding
capacity and specificity to PRL-3. Throughout this work, we will compare findings to
nanobody 91 as the standard and determine if those nanobodies with highly variable

CDR3s differ from nanobody 91 in any structural or functional capacities.

4.2.2. Nanobodies show specifity for PRL-3 over other family members in indirect ELISA
analysis.

Following the sequencing of potential nanobody sequences, the 16 nanobodies with
proper sequence characteristics were purified using an E. coli system outlined in 3.4.2.
Interestingly, the first purification step showed that three nanobodies were not highly
expressed following induction with IPTG and resulted in a low protein yield; these were
nanobodies 7, 68, and 92. Therefore, these nanobodies were utilized for specificity studies
but were noted for producing a low protein yield.

The PRL-1 and PRL-2 proteins have 79% and 76% amino acid sequence homology
to PRL-3, making identifying specific small molecules challenging. To determine if these
16 purified anti-PRL-3 nanobodies showed specificity for PRL-3 over PRL-1 and PRL-2,
we constructed an indirect ELISA method with the help of Dr. Jaqueline Rivas and Dr.
Martin Chow (Fig 4.2A). PRL-1/-2/ and -3 were purified from E. coli following a similar
protocol to that of the nanobodies outlined in Section 3.4.1. | screened all 16 nanobodies
against the PRL family by detecting nanobody binding by the presence of their 6X-His-
tag.

We found 11 of the 16 nanobodies had a significantly greater affinity for PRL-3
over PRL-1 and PRL-2 (Fig 4.2B). Nanobodies 7, 68, and 92 were among the five with
low specificity, most likely due to their inability to be purified in the E. coli system.
However, this also included nanobodies 23 and 28, which make up the nanobodies with 25
or more amino acid changes when compared to nanobody 91. Yet, nanobody 26 and all

others showed highly significant specificity for PRL-3 over other PRL family members.
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This initial endpoint assay was completed in mild saturating conditions with a 1:1.25 ratio
of PRL:nanobody. Therefore, it was necessary to determine if the nanobodies bind
nonspecifically to other PRL family members in highly saturated conditions.

The same ELISA protocol was carried out with a range of nanobody concentrations,
with a PRL:nanobody ratio ranging from 1:0.12 to 1:2.5, allowing us to observe both the
lower and upper range of binding of these nanobodies to all PRL family members. Even
under these saturating conditions, most anti-PRL-3 nanobodies lacked any binding to PRL-
1 or PRL-2 protein (Fig 4.2C). Again, we observed that nanobodies 23 and 28 had a lower
binding capacity for PRL-3 at all concentrations when compared to the other 12
nanobodies. Therefore, nanobodies 7, 68, 92, 23, and 28 were no longer pursued as
potential research tools for studying PRL-3. As expected, nanobodies with similar amino
acid sequences had comparable binding to PRL-3. For example, nanobodies 91, 90, and 13
show similar specificity for PRL-3 in both the endpoint and saturating experiments. To
streamline this study, the remaining dissertation experiments focus on four nanobodies (19,
26, 84, and 91). Nanobody 91 represents our standard, nanobodies 19 and 84 illustrate a
large amount of variability in CDR3, and nanobody 26 represents variability throughout
all CDR regions and framework regions. These demonstrate strong specificity and affinity
for PRL-3 as defined by this indirect ELISA approach.

4.2.3. Nanobodies maintain specificity for PRL-3 over other family members in cell-

based assays.

Thus far, nanobody specificity for PRL-3 has only been demonstrated in in vitro
assays against recombinant PRL-3 purified from E. coli. It is known that post-translational
protein modifications occur in a relatively low number of bacterial proteins compared to
eukaryotic proteins (150), and the number of modifying enzymes differs significantly
among bacterial species compared to eukaryotes. Therefore, we needed to test if our
nanobodies still bind to PRL-3 in human cancer cells and if they retain their specificity for
PRL-3. We examined this both in immunofluorescence assays as well as in

immunoprecipitation.
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One antibody on the market is specific to PRL-3 only in western blot (R&D
MAB3219). There are no commercially available antibodies specific to PRL-1 or PRL-2,
only MAB32191 (R&D Biosystems) that simultaneously detects PRL-1 and PRL-2, but
not PRL-3. We tested the ability of the anti-PRL-3 nanobodies to immunoprecipitate PRL-
3 protein from HEK293T cells stably expressing FLAG-tagged PRL-1, PRL-2, or PRL-3.
With this method, we could exploit the 3XFLAG tag to detect the pulldown of each PRL
without worrying about non-specific or cross-reactive antibodies. Nanobodies 19, 26, 84,
and 91 were covalently coupled to Dynabeads, as outlined in 3.6.1. 3XFLAG-PRL
expressing HEK293T cells were lysed, and immunoprecipitation was set up with each
nanobody coupled to beads, outlined in 3.6.1. and all four nanobodies selectively pulled-
down 3X-FLAG-tagged PRL-3 over PRL-1 and PRL-2 (Fig 4.3A). Nanobodies 19 and 84
immunoprecipitated small amounts of 3XFLAG-PRL-1 and PRL-2, but these were not
comparable to PRL-3 pulled down. Confirmation of nanobody coupling to beads was
detected by the presence of their 6X-His-tag (Fig 4.3B). Beads-only controls did not
immunoprecipitate 3XFLAG-PRL-3 (Fig 4.3C), indicating that all FLAG-PRL-3 pulldown
was due to the presence of each nanobody. These data demonstrate that these nanobodies
can immunoprecipitate PRL-3 independent of post-translational modifications that may
occur in HCT116 cells compared to E. coli.

We also examined the ability of our nanobodies to retain PRL-3 specificity in
immunofluorescence experiments for two reasons. First, this acts as an avenue to confirm
the immunoprecipitation specificity of these nanobodies. Secondly, there is a great deal of
speculation as to where PRL-3 is localized in cells normally and in cancer conditions, as
shown in Chapter 1. If these nanobodies can specifically detect PRL-3 localization in cells,
they offer great potential for better defining PRL-3 cellular localization and how that may
contribute to cancer phenotypes when PRL-3 is upregulated.

The human colon cancer cell line HCT116 was used, as it is efficiently transfected,
has a large cell body to visualize localization, and expresses endogenous PRL-3. Cells were
transfected with CMV:GFP-PRL-1, -2, or -3 constructs to visualize the PRLs, as no
commercially available antibodies distinguish PRL-1 and PRL-2 in immunofluorescence.
Transfection, fixation, permeabilization, immunofluorescence, and imaging protocols are

outlined in 3.6.1. Our goal was to determine the extent to which the anti-PRL-3 nanobodies
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co-localize with each of the GFP-PRLs. Nanobody 91 co-localized with GFP-PRL-3, found
mainly at the plasma membrane and rarely in the nucleus (Fig 4.4), which are previously
described sites of PRL-3 localization (15, 93, 96). The anti-PRL-3 nanobody did not stain
cells expressing GFP-PRL-1, GFP-PRL-2, or the GFP vector control. Similar results were
seen when staining with nanobodies 19 (Fig 4.5), 26 (Fig 4.6), and 84 (Fig 4.7). The
immunoprecipitation and immunofluorescence results demonstrate that these nanobodies

are specific for PRL-3 and can detect PRL-3 in human cell lines.

4.2.4. Comparison of anti-PRL-3 nanobodies to commercially available PRL antibodies.

As indicated previously, some antibodies on the market are designed to have PRL
or PRL-3 specificity. Yet, many of them have shown the ability to bind PRL-1 and PRL-2
or are only designated for use in western blot. As discussed in Chapter 2, nanobodies are
useful in various experiments, including immunoprecipitation. Therefore, it was necessary
to demonstrate that these alpaca-derived nanobodies perform equal to or better than those
tools currently available on the market. To do so, we turned to nanobody 19, as previous
results indicate that it maintains the same specificity for PRL-3 as nanobody 91 and
immunoprecipitation materials were on hand. We examined nanobody 19’s ability to
immunoprecipitate HA-PRL-3 compared to four commercially available anti-PRL-3
antibodies. These included ab50276 (Abcam), GTX100600 (GeneTex), MAB3219 (R&D
Systems), and sc-130355 (Santa Cruz Biotechnology). Each of these has been used in
various publications to define PRL-3 localization and expression, described in Chapter 1
and Table 4.1.

For these experiments, we transfected cells with an HA-PRL-3 plasmid; using any
of the PRL-3 antibodies in the pulldown for western blot would cause cross-reactivity with
the 1gG and IgH used in the IPs. HCT116 colorectal cancer cells were used as they are
efficiently transfected. Following transfection, cells were lysed, and protein was harvested
according to 3.6.2. Nanobody 19 was coupled to Dynabeads while commercial antibodies
were coupled to Protein A and Protein G beads, as nanobodies only have a VHH region
and could not bind to Protein A and G beads efficiently. As shown in Fig 4.8A, ab50276
and GTX100600 could not immunoprecipitate PRL-3 compared to beads. Nanobody 19
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exhibited an equally efficient pulldown of HA-PRL-3 compared to MAB3219 and sc-
130335 (Fig 4.8A). These data demonstrate that nanobody 19 can immunoprecipitate PRL-
3 as efficiently as antibodies used to immunoprecipitate PRL-3 in the literature.

We repeated this in HCT116 immunofluorescence experiments, similar to those
outlined in 4.2.3. First, we examined the ability of these antibodies to bind PRL-3 in
immunofluorescence experiments by transfecting cells with GFP-PRL-3 and examined
their ability to co-localize with the protein. ab20576 and GTX100600 displayed no
fluorescence signal following IF (Fig 4.9), while MAB3219 and sc-130355 showed some
co-localization with GFP-PRL-3 (Fig 4.9). Therefore, due to these results and the lack of
binding shown in IP experiments (Fig 4.8A) we did not perform further IF experiments
using either of these antibodies. Next, we tested the specificity of MAB3219 and sc-130355
as this research is lacking in the literature, described in Chapter 1. We transfected HCT116
cells with either GFP-PRL-1, PRL-2, or PRL-3 and examined staining with either
MAB3219 (Fig 4.10A) or sc-130355 (Fig 4.10B). Staining with both antibodies showed
specificity for PRL-3 over PRL-1 and PRL-2. Yet, the antibodies did not completely co-
localize with the GFP-PRL-3, mainly exhibiting staining only at the membrane (Fig 4.10).
Therefore, we examined the co-localization of nanobody 19 versus these nanobodies with
PRL-3.

Cells were transfected with CMV-PRL-3 and followed the immunofluorescence
protocol outlined in 3.6.1. However, the primary and secondary antibody steps were more
complex. For the primary antibody, we added either MAB3219 (R&D Systems) or sc-
130355 (Santa Cruz Biotechnology) along with nanobody 19. This allowed us to directly
compare the ability of commercially available PRL-3 antibodies to our nanobody in
detecting PRL-3 localization. This can be done as MAB3219 and sc-130355 were both
raised in mice, whereas our nanobodies were raised in alpacas. Therefore, secondaries
specific to each animal allow us to differentiate between the staining patterns of each
primary. Nanobody 19 is shown in red while staining with the commercially available
antibodies is shown in green. Fig 4.8B shows that staining with nanobodies is much more
robust than either of the commercially available counterparts. Localization of MAB3219
is overall similar to that of nanobody 19. Yet, sc-130355 exhibited staining only at the cell
membrane. Overall, neither commercially available antibodies showed cytoplasmic and
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nuclear staining to the extent of nanobody 19 (Fig 4.8B). These data demonstrate that
nanobody 19 can detect PRL-3 better and is more sensitive than commercially available

antibodies used to study PRL-3 in the literature.

4.2.5. N-terminal tags alter PRL-3 localization.

While exploring GFP-PRL-3 (Fig 4.4) along with wildtype PRL-3 (Fig 4.8B)
localization in the cell, we observed that GFP-tagged PRL-3 localized mainly to the cell
membrane, with occasional foci present at the nucleus (Fig 4.4). However, wildtype PRL-
3 localized more heavily in the cytosol (Fig 4.8B). GFP is ~28 kD in size, doubling the size
of the PRL-3 expressed in HCT116 cells. Researchers often assume that N- and C-terminal
tags have little influence on the secondary and tertiary structures and localization of fused
proteins. However, several reports have demonstrated that using GFP may impact the
biological activity of fusion proteins, including cellular localization. Many past studies
examining PRL-3 localization, which have primarily characterized PRL-3 as membrane
exclusive due to a C-terminal prenylation motif, have utilized N-terminal tags such as Myc
or EGFP. PRL-3 nanobodies finally allow us to detect wild-type, untagged PRL-3 in cells
to determine if tagged versions of PRL-3 localize differently than untagged PRL-3.

We examined the localization of GFP-PRL-3, 3XFLAG-PRL-3, HA-PRL-3, and
an untagged (WT) PRL-3 in HCT116, as outlined in section 3.6.2. These tags are 238, 22,
and 9 amino acids in length, respectively. FLAG tags, often utilized in
immunoprecipitation experiments, are made of primarily charged amino acids, while HA
has an overall neutral charge. We expressed GFP-tagged, 3XFLAG-tagged, HA-tagged,
and WT PRL-3 at equal levels in HCT116 cells (Fig 3.5). Probing with Nanobody 26 or
19 revealed that GFP and 3XFLAG tagged PRL-3 were strongly localized to the
membrane, compared to the cytoplasm, with punctate staining at the nucleus (Fig 4.11A).
In comparison, HA-tagged and WT PRL-3 are evenly distributed across the cytoplasm and
cell membrane (Fig 4.11A). Localization was quantified based on the protocol outlined in
3.6.2 (Fig 4.11B). HA-tagged PRL-3 most likely localizes similarly to the wildtype tag as
the tag is only 3 kDa and has a neutral charge, indicating that it would change PRL-3
structure and charge the least of the three tags. We recommend that all future studies

utilizing human cell culture or in vivo models use these forms of PRL-3 rather than GFP
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or 3XFLAG-tagged protein. The presence of these tags in much of the PRL-3 literature,

mentioned in Chapter 1, may need to be clarified for their results.
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Table 4.1. PRL-3 antibodies in the literature.

Antibody Name Supplier/Catalog = Specificity Applications Cited
Number works

Anti-PTP4A3/PRL-  Abcam /ab50276 @ PTP4A3/PRL- | IHC, Western (35, 37,

R antibody R blot 58-61)

PTP4A3 antibody | Genetex / PTP4A3 Western blot (63)

[N1C3] GTX100600

Human/Mouse/Rat | R&D Systems / PTP4A3 Western blot (64-68)

PRL-3 Antibody MAB3219

PRL-3 Antibody SantaCruz PTP4A3 Western blot, (69-80)

(318) Biotechnology / IP, IF, IHC and
sc-130355 ELISA
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NB18  MKYLLPTAAAGLLLLAAQPA MAQVQLQESGGGLVQTGGSL RLSCAASQSTFNFOVMGWYR LAPGKQREFLTSITNGGNIY YADSVKGRFTTARDDSKTTM YLEMNSLKPEDTAVYTCYGQ THKPRVTTSWGQGTQVTVSS HHHHHH-
NB29 MKYLLPTAAAGLLLLAAQPA MAQVQLQESGGGLVQTGGSL RLSCAASQSTYNFDVMGWYR LAPGKQREFLTSITNGGNIY YADSVKGRFTIARDDSKTTM YLEMNSLKPEDTAVYTCYGQ THKPRVTTSWGQGTQVTVSS HHHHHH-

NB84 MKYLLPTAAAGLLLLAAQPA MAQVQLQESGGGLVQAGGSL GLSCAASRSIFNFKVMGWYR QAPGKQRELVASITNSDNTY YADSVKGRFTISREDAKTTM YLEMNSLKPEDTTVYRCYGQ NWGLRATTYWGQGTQVTVSSHHHHHH-
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Figure 4.1. Anti-PRL-3 nanobody sequences from bacteriophage display yielded 16
nanobodies with varying frequencies and complementary determining regions. (A)
Schematic of generating and isolating anti-PRL-3 nanobodies (Created with
BioRender.com). (B) Amino acid sequence for 16 nanobodies (NB) used in this study.
Nanobodies are grouped based on amino acid similarity to nanobody 91. Each group of
nanobodies is either the same sequence as nanobody91, differs by 1-4, 10-25, or 25+ amino
acids (red). Complimentary determining regions (CDs, blue) were predicted using
ABodyBuilder.
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Figure 4.2. Nanobodies are specific for PRL-3 over the other PRL family members.
(A) Schematic indirect ELISA assay to test the specificity of nanobodies against PRL-1, -
2, and -3 (Created with BioRender.com). (B) Binding of each histidine-tagged nanobody
(NB, at a concentration of 6.22 pmol) to 5 pmol PRL-1, PRL-2, or PRL-3 in 96-well plates.
(C) The binding of each nanobody at the concentrations indicated to 5 pmol of each PRL
was measured by indirect ELISA. Data are the absorbance at 450 nm after NB/PRL wells
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were washed and probed with His-HRP conjugated antibody. All assays were completed
with two technical replicates and repeated in two biological replicates. Error bars represent
standard deviation. ns = not significant, *p < 0.05, ***p < 0.001 by two-way ANOVA with
Sidak’s multiple comparisons tests. The number of amino acid changes compared to the

most common anti-PRL-3 nanobody sequence is indicated by color coding.
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Figure 4.3. Nanobodies selectively immunoprecipitate PRL-3 from HEK293T cell
lysate. PRL-3 specific nanobodies coupled to superparamagnetic Dynabeads® M-270
Epoxy beads were used in immunoprecipitation assays with lysates from HEK293T cells
transduced with 3XFLAG-PRL-1, -2, or -3. (A) All nanobodies pulldown 3XFLAG-PRL-
3 with minimal to no pulldown of 3XFLAG-PRL-1 or 3XFLAG-PRL-2. (B) Successful
nanobody coupling to Dynabeads in all groups was verified using an antibody against the
C-terminal 6XHis-tag on each nanobody. (C) Controls demonstrate that the Dynabeads®
M-270 Epoxy beads do not readily bind 3XFLAG-PRL-3 without NB91. S — Supernatant
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Figure 4.4. Nanobody 91 is specific to PRL-3 in immunofluorescence assays. HCT116
colorectal cancer cells were transfected with CMV:GFP, CMV:GFP-PRL-1, CMV:GFP-
PRL-2, or CMV:GFP-PRL-3 for 24 hours before cell fixation and permeabilization.
Immunofluorescence assays were completed with 1:100 1 mg/mL NB91 followed by 1:400
Alexa Fluor® 594-AffiniPure Goat Anti-Alpaca 1gG, VHH domain, showing that
nanobodies detect and co-localize with PRL-3 but not PRL-1 or PRL-2.
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Figure 4.5. Nanobody 19 is specific to PRL-3 in immunofluorescence assays. HCT116
colorectal cancer cells were transfected with CMV:GFP-PRL-1, CMV:GFP-PRL-2, or
CMV:GFP-PRL-3 for 24 hours before cell fixation and permeabilization.
Immunofluorescence assays were completed with 1:100 1 mg/mL NB19 followed by 1:400
Alexa Fluor® 594-AffiniPure Goat Anti-Alpaca IgG, VHH domain, showing that
nanobodies detect and co-localize with PRL-3 but not PRL-1 or PRL-2.
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Figure 4.6. Nanobody 26 is specific to PRL-3 in immunofluorescence assays. HCT116
colorectal cancer cells were transfected with CMV:GFP-PRL-1, CMV:GFP-PRL-2, or
CMV:GFP-PRL-3 for 24 hours before cell fixation and permeabilization.
Immunofluorescence assays were completed with 1:100 1 mg/mL NB26 followed by 1:400
Alexa Fluor® 594-AffiniPure Goat Anti-Alpaca 1gG, VHH domain, showing that
nanobodies detect and co-localize with PRL-3 but not PRL-1 or PRL-2.
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Figure 4.7. Nanobody 84 is specific to PRL-3 in immunofluorescence assays. HCT116
colorectal cancer cells were transfected with CMV:GFP-PRL-1, CMV:GFP-PRL-2, or
CMV:GFP-PRL-3 for 24 hours before cell fixation and permeabilization.

CMV
GFP-PRL-1

CMV
GFP-PRL-2

CMV
GFP-PRL-3

Immunofluorescence assays were completed with 1:100 1 mg/mL NB84 followed by 1:400
Alexa Fluor® 594-AffiniPure Goat Anti-Alpaca IgG, VHH domain, showing that
nanobodies detect and co-localize with PRL-3 but not PRL-1 or PRL-2.
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Figure 4.8. Nanobody 19 binds more specifically to PRL-3 than commercial
antibodies, MAB3219, and sc-130355. (A) Nanobody 19 was coupled to
superparamagnetic Dynabeads® M-270 Epoxy beads; commercial antibodies were
coupled to Protein A and G beads. All were used in immunoprecipitation assays with
lysates from HCT116 cells transfected with HA-PRL -3. Nanobody 19 pulls down HA-
PRL-3 more efficiently than ab20576 and GTX100600, and equally compared to
MAB3219 and sc-130355. (B) Immunofluorescence of HCT116 cells transfected with
CMV:HA-PRL-3. Cells were stained with primary: anti-PRL-3 nanobody 19 (NB) and
MAB3219 (top panel, RD) or sc-130355 (bottom panel, SC). This was followed by
secondary staining with an anti-alpaca VHH coupled to Alexa594 (VHH_555) and anti-
mouse IgG coupled to Alexa647 (m647) for visualization. Each channel was
pseudocolored as: Hoescht (blue), nanobody (red), MAB3219, and sc-130355 (green).
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Figure 4.9. Commercial antibodies MAB3219, and sc-130355 bind GFP-PRL-3 while
ab20576 and GTX100600 do not. Immunofluorescence of HCT116 cells transfected with
CMV:GFP-PRL-3. Cells were stained with primary: ab20576, GTX100600, MAB3219 or
sc-130355. This was followed by secondary staining with an anti-rabbit 1gG coupled to
Alexa647 (ab20576 and GTX100600) or an anti-mouse IgG coupled to Alexa647
(MAB3219 and sc-130355) for visualization. Each channel was pseudocolored as: Hoescht

(blue), GFP-PRL-3 (green), commercial antibody (purple).
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Figure 4.10. Commercial antibodies MAB3219 and sc-130355 are specific for PRL-3
over PRL-1 and PRL-2. HCT116 colorectal cancer cells were transfected with
CMV:GFP-PRL-1, CMV:GFP-PRL-2, or CMV:GFP-PRL-3 for 24 hours before cell
fixation and permeabilization. Immunofluorescence assays were completed with (A)
MAB3219 or (B) sc-130355 primary staining followed by secondary staining with an anti-
mouse 1gG coupled to Alexa647 for visualization. Each channel was pseudocolored as:
Hoescht (blue), GFP-PRL (green), commercial antibody (red). Hoescht staining for PRL-
2 in (A) was skipped during experimentation and therefore could not be documented.
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Figure 4.11. PRL-3 localization assessed by Nanobody 26 and 19 is altered by N-
terminal 3XFLAG and GFP tags. (A) Immunofluorescence of HCT116 cells transfected
with CMV:3XFLAG-PRL-3, CMV:GFP-PRL-3, CMV:HA-PRL-3, or CMV-PRL-3, as
indicated. Cells were stained with anti-PRL-3 nanobody 26 or 19 (HA) followed by an
anti-alpaca VHH coupled to Alexa594 secondary antibody for visualization. (B) ImageJ
quantification of nanobody/PRL-3 staining. Groups were compared using a Mixed-effects
analysis with Tukey’s Multiple Comparisons Test where **p < 0.01, ***p < 0.001,
***%p<0.0001.
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Chapter 5. Anti-PRL-3 nanobodies block the CNNM/PRL-3 interaction that
contributes to tumorigenesis.

5.1. Introduction.

After clearly defining that the alpaca-derived anti-PRL-3 nanobodies bind to PRL-
3 with high specificity and can bind to cellular PRL-3, it was necessary to continue
exploring how these nanobodies could help in studying PRL-3 biology. This process begins
with determining these nanobodies' affinity for PRL-3 and where they bind to the protein.
It is crucial to assess the binding relationship if the goal is to develop nanobodies as PRL-
3 inhibitors. In addition, we need structural studies to examine where the nanobodies bind
to PRL-3 to define better their functional effects on PRL-3 and how we can use them to
design better tools to target PRL-3. The goal of this chapter is to demonstrate nanobody
binding on PRL-3 and their potential for being adapted as PRL-3 inhibitors. The work in
this chapter, specifically 5.2.2. was done in collaboration with Daniel Deredge and Kyle

Kihn at the University of Maryland School of Pharmacy.

5.2. Results.

5.2.1. Nanobody affinity for PRL-3 is comparable to the affinity of FDA-approved
antibodies for their targets and partially inhibits PRL-3 activity.

We determined the affinity of nanobodies 19, 26, 84, and 91 for PRL-3 using
Biolayer Interferometry (BLI). The BLI technology used by the BLItz system provides
real-time data on protein interactions. The BLItz system emits white light down the
biosensor, then collects any reflected light. A spectrometer captures the reflected light and
reports results in relative intensity units (nm). Any change in the number of molecules
bound to the biosensor causes a shift in this interference pattern or reflected light measured
in real-time. BLI allowed us to measure the association constant (ka) and dissociation
constant (kd) of each nanobody at increasing concentrations of PRL-3 to calculate the
equilibrium dissociation constant (Kp) for each nanobody tested. For example, Figure 5.1

represents the readout for BLI of nanobody 26 binding to six concentrations of PRL-3.
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A smaller Kp correlates to a higher Ka and indicates a stronger interaction between
PRL-3 and nanobody. The BLItz analysis software calculated a local KD for each
concentration of PRL-3 loaded onto each nanobody (Table 5.1). Raw data for these
calculations are shown in Supplemental Table 1. From here, it then calculated the global
Kb of each nanobody, accounting for all local measurements (Table 5.2). Nanobodies 19
and 26 have the highest affinity for PRL-3, at 98.4 nM and 28.9 nM, respectively (Table
5.3). Nanobodies 84 and 91 had similar associations at 101.4 nM and 202.8 nM,
respectively. On average, commercially available and FDA-approved antibodies have
affinities ranging from 10-° to 10-* M for their targets; our anti-PRL-3 nanobodies are well
within this range for binding to PRL-3.

With the nanobodies having this strong affinity for PRL-3, the next question we
needed to answer is how they impact PRL-3 function. As outlined in Chapter 1, the field
is debating the role of PRL-3 in general and cancer. Yet, following the discovery of PRL-
3, scientists determined that PRL-3 has a phosphatase domain in its structure. Therefore,
we began by testing the impact of nanobody presence on PRL-3's ability to
dephosphorylate a generic substrate. When 6,8-Difluoro-4-Methylumbelliferyl Phosphate
(DiIFMUP) has its phosphate group removed by a phosphatase, the reaction product
(DiIFMU) has excitation/emission maxima of ~358/450 nm, allowing us to quantify the
amount of product made using a GFP filter cube (Fig 5.2A). We performed experiments
with an excess substrate, and initially, we tested each nanobody's effect on PRL-3 at a
single concentration of nanobody. We discovered that nanobodies 26 and 84 could reduce
the phosphatase activity of PRL-3 (Fig 5.2B). Nanobody 19 caused no change in PRL-3
phosphatase activity, but nanobody 91 seemed to enact an increase in phosphatase activity
(Fig 5.2B) which could be due to human error or an impurity in the nanobody 91 protein
sample. Therefore, we took this a step further and examined the effect that nanobody 91
may have on PRL-3 phosphatase activity in a concentration-dependent manner. Nanobody
91 significantly decreased PRL-3's ability to dephosphorylate DiIFMUP (Fig 5.2C),
beginning at 0.5 uM of nanobody. These results demonstrate that the findings for nanobody
91 in Figure 5.2B were most-likely due to an error in experimentation, and further research
demonstrates nanobody 91 can inhibit phosphatase activity in a similar manner as
nanobody 26 and 84.
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While these results are exciting and could significantly impact PRL-3 inhibitor
development, there are outstanding questions in the field, and we need to contribute to
finding answers to advance our nanobodies as inhibitors. First, generally in a phosphatase
assay, a reducing agent ensures that the active site can dephosphorylate the substrate.
Unfortunately, we could not include a reducing agent in our studies, as it would also reduce
the critical disulfide bond necessary for nanobody structure. Therefore, a second assay
representing fully reduced PRL-3 is required to determine how intensely phosphatase
activity is affected by nanobody presence. This could potentially be done by reducing PRL-
3 protein prior to the phosphatase assay. Tris (2-carboxyethyl) phosphine (TCEP) is a
reducing agent whose reaction is irreversible. Therefore, we could reduce PRL-3 in
solution, and remove TCEP from the protein sample by dialysis or immobilization on
magnetic beads (151). When the reduced PRL-3 is mixed with nanobody, the nanobody
will not be reduced. Secondly, the nanobodies' ability to alter PRL-3 phosphatase activity
does not mean that the nanobodies bind to the active site; they could interact elsewhere on
the protein. Determining nanobody localization on PRL-3 would allow us to hypothesize
better how these nanobodies reduce phosphatase activity. Therefore, we set out to
determine if the effects of the nanobody on PRL-3's phosphatase activity are due to the
nanobody physically blocking the active site or a potential shift in PRL-3's structure upon
nanobody binding occurring elsewhere on the protein, allowing the nanobodies to work

allosterically.

5.2.2. Nanobodies partially bind the PRL-3 active site.

To study the binding sites of nanobodies 19, 26, and 91 on PRL-3, we used
Hydrogen Deuterium Exchange Mass Spectrometry (HDX-MS). HDX-MS probes the
structure of a protein complex by monitoring the exchange of backbone amide hydrogen
atoms with solvent deuterium atoms upon exposure to deuterated solvent. We compared
the deuterium uptake of apo-PRL-3 to PRL-3 complexed with either nanobody 19, 26, or
91. Following deuterium exchange, apo-PRL-3 or the PRL-3/nanobody complex was
subjected to trypsin digestion, and peptides were measured using mass spectrometry, as

outlined in 3.10. The peptides where deuterium exchange did not occur due to complex
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formation were compared to the same apo-PRL-3 deuterated peptides to examine potential
nanobody binding sites on PRL-3. These experiments were performed in collaboration with
Kyle Kihn and Dr. Daniel Deredge at the University of Maryland School of Pharmacy.

Through this form of epitope mapping, we found that nanobody interaction with
PRL-3 protected PRL-3 from deuteration in two regions, shown in blue for nanobody 19
(Fig 5.3), nanobody 26 (Fig 5.4), and nanobody 91 (Fig 5.5). In addition, we unexpectedly
found an increase in deuteration, or deprotection of PRL-3, of up to 30% in one region of
PRL-3 after nanobody binding (shown in red), which may indicate a slight conformational
change in PRL-3 caused by nanobody binding, compared to apo-PRL-3. One caveat to this
experiment was our inability to determine some structural interactions at portions of the
PRL-3 active site between amino acids 80 to 104 due to a lack of sequence coverage. This
lack of coverage includes the catalytic cysteine of PRL-3, C104, involved in phosphatase
activity. We currently cannot know if these nanobodies interact with this catalytic site
based on these data. Nanobody 91 deprotected PRL-3 from residues 13-19 and protected
at amino acids 56-79 and 132-146 (Fig 5.5B). One of the fundamental aspects of
phosphatase catalysis is the WFPDD-loop, described in Chapter 1. The PRL-3 WFPDD-
loop encapsulates residues 68-72, which is protected by Nanobody 91. If nanobodies bind
near the WFPDD-loop, this may contribute to the decreased phosphatase activity in 5.2.1.
Nanobody 19 and 26 had similar deuterium uptake alterations compared to nanobody 91,
where nanobody 26 also shows protection of the WFPDD loop (Fig 5.3B and 5.4B).
Through this pattern of protection and deprotection, we conclude that all three nanobodies
bind very similar regions of PRL-3 and would likely have similar effects on overall protein
structure, stability, and activity on the WFPDD-loop during a catalytic event.

5.2.3. Nanobodies disrupt interaction with known PRL-3 binding partner, CNNM3.

As specified in Chapter 1, the magnesium transporter CNNM3 is a well-established
PRL-3 binding partner in the field and is involved in PRL-3's oncogenic pseudo-
phosphatase activity (152). Therefore, after first exploring how these nanobodies impact
the phosphatase activity of PRL-3 and determining that they bind to amino acids essential

for protein catalysis, we then needed to decide how to use these nanobodies to study the
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other hypothesis in the field, that PRL-3 acts as a pseudo-phosphatase by binding CNNM
proteins at the cellular membrane. Fortunately, other groups are studying the interface
between the CNNM and PRL proteins and determined that the Bateman domain (CBS) of
CNNM3 interacts with the active site of PRL-3, published by Kozlov et al. in an x-ray
crystal structure of the complex, PDB:5TSR (51).

In Fig 5.6A, we display the 5TSR CBS:PRL-3 interaction in a space-filling
structure, along with the amino acid footprint of Nanobody 91, where the nanobody
protects PRL-3, as determined by HDX-MS epitope mapping. Based on this structural
representation, these nanobodies may block or disrupt CBS binding in its resident binding
pocket, as shown by the overlapping CBS (orange) and nanobody binding region (dark
blue) on PRL-3 (cyan). To test this hypothesis, we designed multiple competition assays
for the binding of each protein to PRL-3. For this, we utilized recombinantly expressed
protein and purified the CNNM3 CBS domain fused to a hemagglutinin (HA) tag (CBS-
HA) and a 3XFLAG-tagged PRL-3 (Fig 3.4) from E.coli, described in 3.11. The following
experiment aimed to examine the impact of nanobody binding on the PRL-3:CBS complex.

To do this, we set up a series of competition immunoprecipitation assays outlined
in 3.12 utilizing recombinant 3XFLAG-PRL-3, HA-tagged CBS domain, and the 6X-His-
tagged nanobody 26. We used nanobody 26 in these studies as it has a strong affinity for
PRL-3 (Table 5.2), inhibits PRL-3 phosphatase activity upon binding (Fig 5.2B), and binds
the PRL-3 WFPDD-loop (Fig 5.3B). In this series of assays, we used 1:1.1 molar ratios of
PRL-3:nanobody and PRL-3: CBS, with nanobody:CBS being 1:1. Therefore every
molecule should only be bound to one nanobody or one CBS domain; there was excess
nanobody and CBS to cause them to compete for the PRL-3 binding site. Fig 5.6B shows
experimental controls, where FLAG Dynabeads pull down only 3XFLAG-PRL-3, and the
CBS and nanobodies are not. Fig 5.6C demonstrates that individually, both anti-PRL-3
nanobody 26 and the CBS domain co-IP with FLAG-PRL-3, once PRL-3 is bound to
FLAG Dynabeads. We then set up three different immunoprecipitation assays, as
diagramed in Fig 5.6D. Assays 1 and 2 added either nanobody 26 or CBS to PRL-3 bound
beads for one hour, then added the opposing protein for one hour to determine if one could
block the other's binding to PRL-3. However, results shown in Fig 5.6D show that no

matter the order of addition, both proteins can bind to PRL-3 simultaneously. These data
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demonstrate that the binding sites of the CNNM3 CBS domain and our anti-PRL-3
nanobodies do not fully overlap.

In assay 3, we found that adding nanobody 26 and CBS-HA to PRL-3
simultaneously decreased the ability of both proteins to immunoprecipitate with PRL-3
(Fig 5.6D), compared to assays 1 and 2. These data suggest that the nanobody and CBS
may compete for some of the same occupancies in the PRL-3 active site. In addition, these
data indicate that anti-PRL-3 nanobodies bind near the active site of PRL-3 and impact the
ability of protein substrates to interact while limiting catalytic phosphatase activity on those
substrates. Further studies described in Chapter 6 will determine if these nanobodies can
block the PRL-3 active site in such a way as to act as an inhibitor in scientific research and

clinical studies.
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Table 5.1. Local Ko of nanobodies binding to six concentrations of PRL-3.

|

NANOBODY 19

PRL-3 (nM) Kb (M) Ka (1/Ms) ka Error ka (1/s) kq Error
113.6 1.00 x 10°*? 3.49 x 108 6.87 x 108 1.00 x 10”7 0
227.3 1.00 x 10°*? 2.68 x 10* 8.64 x 103 1.00 x 10”7 0
454.4 2.46 x 107 1.05 x 10* 2.89 x 103 2.58 x 103 1.47 x 10*
1136 5.52x10°% 1.77 x 10* 5.95x 103 9.76 x 10* 2.92 x10*
2273 4.03x 108 7.58 x 108 6.917 3.05x 10* 2.50 x 10
4545 2.15x 108 4.74 x 108 4.179 1.02 x 10 1.85x10°

| NANOBODY 26

PRL-3 (nM) Kb (M) ka (1/Ms) ka Error kd (1/s) kd Error
113.6 1.00 x 107 1.00 x 104 0 1.00x 10’3 0
227.3 1.63x 107 1.56 x 10° 3.48 x 108 2.54 x 101 1.50 x 10!
454.4 6.37 x 107 6.82 x 10* 2.52 x 10* 4.34 x 104 2.53 x10*
1136 1.67 x 108 2.37 x 10* 8.56 x 10° 3.97 x 10* 1.93x 10
2273 1.00 x 10°*? 6.45 x 10° 1.22 x 10* 1.00 x 10”7 0
4545 1.00 x 10%? 4.41 x 108 3.25 1.00 x 10”7 0

| NANOBODY 84

PRL-3 (nM) Kb (M) ka (1/Ms) ka Error kd (1/s) kd Error
113.6 1.00 x 107 1.00 x 10* 0 1.00 x 10°3 0
227.3 1.00 x 107 1.00 x 10* 0 1.00x 103 0
454.4 1.00 x 1012 7.37 x 102 8.30 x 104 1.00 x 107 0
1136 5.64 x 108 8.34 x 108 9.31x 10 4.71x10* 1.31x10°
2273 1.00 x 1012 6.89 x 10° 2.16 x 10t 1.00 x 107 0
4545 3.42 x10°® 4.56 x 108 3.26 1.56 x 10 1.54 x 10®

| NANOBODY 91

PRL-3 (nM) Kb (M) Ka (1/Ms) ka Error ka (1/s) kq Error
113.6 1.00 x 107 1.00 x 10* 0 1.00 x 103 0
227.3 1.00 x 10”7 1.00 x 10* 0 1.00x 10°3 0
454.4 1.00 x 107 1.00 x 10* 0 1.00 x 103 0
1136 2.77 x 107 4.87 x 108 7.39 x 10? 1.35x 103 6.41 x 10°
2273 1.31x107 6.63 x 10° 3.77 x 10? 7.49 x 104 2.64 x 10°
4545 2.95x 107 6.28 x 10° 7.85x 10! 1.85x 103 2.31x10°

Kb: equilibrium dissociation constant, Ka/kqd
ka: association constant
kq: dissociation constant
Run Time per reaction: 510 s
Shaker Speed per reaction: 2200 rpm

Integration per reaction: 1.6 ms
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Table 5.2. Global Kp of nanobodies binding to PRL-3.

Nanobody Ko (M) ka (1/Ms) ka Error Ka (1/s) ka Error
NB 19 9.84 x10°® 3.922 x108 5.284 x10t 3.860 x10* 1.399 x10°
NB 26 2.89 x108 4.383 x103 2.742 x10t 1.267 x10* 8.223 x10°
NB 84 1.014 x10”7 3.277 x10° 8.773 x10* 3.324 x10* 1.547 x10°
NB 91 2.028 x10”7 6.878 x103 1.358 x10? 1.395 x10°® 7.692 x10°®

Kp: equilibrium dissociation constant, ka/kd

ka: association constant
kq: dissociation constant
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Figure 5.1. Biolayer Interferometry Analysis (BLItz) to denote KD of Nanobody 26
for PRL-3. Sequential loading of five steps for Biolayer Interferometry Analysis of
Nanobody 26 (626.57 nM) at six concentrations of PRL-3. Baseline — 30 seconds of BLI
buffer to equilibrate the biosensor; Loading — 30 seconds of nanobody incubation with
biosensor; Association — 300-second binding of recombinant PRL-3 at varying
concentrations to measure association constant with nanobody 26; Dissociation — 120
seconds of incubation with BLI buffer to determine dissociation constant from PRL-3 at

varying concentrations.
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Figure 5.2. Anti-PRL-3 nanobodies inhibit PRL-3 phosphatase activity in a dose-

dependent manner. (A) Schematic demonstrates that upon removing the phosphate group

on DiIFMUP, the DiFMU product fluoresces at excitation/emission maxima of ~358/450

nm. (B) Phosphatase activity of PRL-3 alone or in complex with one of four nanobodies

against a generic diFMUP substrate. The graph shows relative fluorescence units, n=12 +

standard deviation. (C) Phosphatase activity of PRL-3 alone or in complex with increasing

nanobody 91 against a generic diFMUP substrate. The graph shows normalized

fluorescence to PRL-3 alone, n=12 + standard deviation. Assays were completed with six

technical replicates and repeated in two biological replicates. Error bars represent standard

deviation. ns = not significant, **p < 0.01, ***p<0.001 ****p < 0.0001 by two-way

ANOVA with Dunnett's multiple comparisons tests.
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Figure 5.3. Hydrogen Deuterium Exchange Mass Spectrometry (HDX-MS) defines
Nanobody 19 binding sites with PRL-3. (A) PRL-3 in complex with Nanobody 19 shows
regions of increased (red) and decreased (blue) deuterium uptake compared to apo-PRL-3.
Heatmap indicates approximately 70% sequence coverage by mass spectrometry; gray
areas represent portions of PRL-3 where deuterium exchange was not recovered. (B)
Peptide 13-19 showed PRL-3 deprotected following nanobody binding, while peptides 54-
64 and 132-146 showed decreases in deuterium uptake, reflecting more protection by
nanobody 19 on PRL-3 in these regions. This figure was developed through collaboration

with Daniel Deredge and Kyle Kihn at the University of Maryland School of Pharmacy.
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Figure 5.4. Hydrogen Deuterium Exchange Mass Spectrometry (HDX-MS) defines
Nanobody 26 binding sites with PRL-3. (A) PRL-3 in complex with Nanobody 26 shows
regions of increased (red) and decreased (blue) deuterium uptake compared to apo-PRL-3.
Heatmap indicates approximately 70% sequence coverage by mass spectrometry; gray
areas represent portions of PRL-3 where data for deuterium exchange was not recovered.
(B) Peptide 13-19 showed PRL-3 deprotected following nanobody binding, while peptides
63-79 and 132-146 showed decreases in deuterium uptake, reflecting more protection by
nanobody 26 and PRL-3 on these regions. This figure was developed through collaboration

with Daniel Deredge and Kyle Kihn at the University of Maryland School of Pharmacy.
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Figure 5.5. Hydrogen Deuterium Exchange Mass Spectrometry (HDX-MS) defines
Nanobody 91 binding sites with PRL-3. (A) PRL-3 in complex with nanobody 91 shows
regions of increased (red) and decreased (blue) deuterium uptake, compared to apo-PRL-
3. Heatmap indicates approximately 70% sequence coverage by mass spectrometry; gray
areas represent portions of PRL-3 where data for deuterium exchange was not recovered.
(B) Peptides 13-19 on PRL-3 were deprotected following nanobody binding, while
peptides 56-79 and 132-146 showed decreases in deuterium uptake, reflecting more
protection by nanobody 91 on PRL-3 in these regions. This figure was developed through
collaboration with Daniel Deredge and Kyle Kihn at the University of Maryland School of

Pharmacy.
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Figure 5.6. Anti-PRL-3 nanobodies partially interact with the PRL-3 active site and
site of CNNM3 CBS-domain binding. (A) PDB:5TSR, where the CNNM CBS domain
is colored in orange and PRL-3 in blue. Specifically, dark blue is the footprint for
Nanobody 91 binding (Fig 5.5), and cyan is the rest of the PRL-3 surface filling structure.
This figure was developed in Pymol after downloading the 5TSR PDB file from the Protein
Data Bank (B) Recombinant 3XFLAG-PRL-3 readily binds ANTI-M2 FLAG beads, while
recombinant nanobody 26 and CBS do not, eliminating background binding. (C)
Recombinant His-tagged nanobody 26 and HA-tagged CBS readily bind 3XFLAG-PRL-3
bound to ANTI-M2 FLAG beads. (D) Immunoprecipitation competition assays 1-3.
3XFLAG-tagged PRL-3 was complexed with anti-FLAG beads and either the HA-tagged
CBS domain of CNNM3 (1), histidine-tagged Nanobody 26 (2), or neither for 1 hour. After
1 hrincubation, NB26-His (1), CBS-HA (2), or both proteins (3) were added to the complex
for the second hour. L, ladder; I, input. Antibodies used for western blot are shown. The
Quantification of CBS-HA and NB26-His pulldown is normalized to 3XFLAG-PRL-3

immunoprecipitation lane by ImageLab normalization analysis.
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Chapter 6. Discussion

6.1. Strengths and weaknesses of anti-PRL-3 nanobodies in their current iteration.

The work of this dissertation aimed to demonstrate and develop a new tool to study
the oncogenic phosphatase PRL-3. This finding was displayed by developing an alpaca-
derived anti-PRL-3 nanobody, as these tools are highly specific for their antigens. The
results of this dissertation demonstrate their necessity to the field and potential in future
cancer research through numerous approaches. The results in Chapter 4 describe the
development and characterization of the first novel PRL-3 nanobodies. These anti-PRL-3
nanobodies are useful in biochemical assays such as ELISA, immunofluorescence, and
immunoprecipitation, where they interact with PRL-3 without binding to PRL-1 or PRL-
2. Chapter 4 also compared currently available commercial resources to study PRL-3 to
this set of PRL-3 nanobodies. In addition, the results of Chapter 4 show that nanobodies
help study protein substrate interactions through co-immunoprecipitation studies. Finally,
Chapter 4 demonstrates that tagged versions of PRL-3, tools used to define PRL-3
localization and trafficking in the literature, mis-localize the protein compared to the wild-
type protein. With the help of these PRL-3 nanobodies, we can adequately assess PRL-3
localization. Chapter 5 investigates how these nanobodies can be useful in targeting PRL-
3 in scientific research and cancer. Chapter 5 shows that the binding affinity between
nanobodies and PRL-3 is in the nanomolar range, similar to many antibody-based
therapeutics (153).

Furthermore, epitope mapping using HDX-MS demonstrates that the PRL-3
nanobodies partially disrupt the protein active site, ultimately limiting the protein's
phosphatase activity and binding with a known partner, the CBS domain of the CNNM3
magnesium transporter. There are two main drawbacks to these nanobodies. First, we have
been unable to detect endogenous PRL-3 expression with these nanobodies in
immunoprecipitation and immunofluorescence. All experiments in this dissertation utilized
recombinantly purified PRL-3 protein or ectopically expressed PRL-3 in human cell lines.
We are in the process of optimizing the detection of endogenous PRL-3 with this new tool.
Our current data suggest that these nanobodies and CNNM proteins compete for the same
binding area on PRL-3, but they do not fully inhibit CBS binding, the second drawback. If
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most or all endogenous PRL-3 is bound to CNNM proteins, the amount of free PRL-3
available for nanobody binding may be too low to detect in our current cell models. Our
efforts are currently focused on optimizing conditions and mutations to move PRL-3 away
from the CNNMs and the cell membrane to demonstrate the utility of the nanobodies in
recognizing CNNM-free PRL-3 and identifying nanobodies with alternative PRL-3
binding sites.

The work in this dissertation indicates that PRL-3 nanobodies will be helpful in
further research to understand PRL-3's role in cancer and will act as an initial framework
for developing specific PRL-3 inhibitors. These anti-PRL-3 nanobodies will help define
the standard and oncogenic functions of PRL-3 and will aid in developing therapeutics to

target this protein.

6.2. Impact on the field — understanding PRL-3 function.

The PRL family of proteins has emerged as important in cancer progression, with
PRL-3 now recognized as a bona fide oncogene. However, the mechanisms by which PRL-
3 promotes tumor growth and spread are largely unknown and essential to define before
introducing PRL-3 inhibitors in the clinic. A significant roadblock in understanding the
role of PRL-3 in general and in cancer is the lack of tools to study this protein. While PRL
antibodies and inhibitors exist for research, they often come with caveats.

For example, the allosteric PRL-3 inhibitor JMS-053 equally targets the entire PRL
family and other phosphatases through oxidation (REF), making it impossible to reduce
PRL-3 activity alone to measure cellular effects. In addition, while there are two antibodies
in the literature that detect PRL-3 specifically in western blot and IP (R&D Systems
MAB3219 and SantaCruz Biotechnology sc-130355) based on our data, they do not detect
PRL-3 localized outside of the plasma membrane in immunofluorescence studies. Finally,
while PRL-3-zumab specifically targets PRL-3, it requires an in vivo microenvironment
for its anti-cancer activity and has not been made widely available. Therefore, the
development and characterization of PRL-3 nanobodies were necessary to examine PRL-

3 function at the cellular level.
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Because of the lack of tools available to distinguish PRL-3 from the rest of its
family members and other protein tyrosine phosphatases, it was crucial to show PRL-3
specificity in multiple assays. Secondly, many of the nanobodies developed in the literature
and those in clinical trial target extracellular proteins, meaning they do not face the same
challenges of entering the cell. Therefore, this dissertation demonstrated the high
specificity of PRL-3 in a variety of ways to illustrate just how specific these nanobodies
are for PRL-3 and to designate their potential as intracellular tracers of PRL-3 localization
and for their use in clinical settings.

Multiple assays displayed nanobody specificity for recombinant PRL-3, including
the in-direct ELISA approach and immunoprecipitation and immunofluorescence
approaches. The immunofluorescence experiments demonstrate that these nanobodies can
detect PRL-3 independent of post-translational modifications when expressed in human
cell culture. Post-translational modifications (PTMs) are rapidly and constantly evolving
and changing within the cell. These nanobodies can detect PRL-3 with these constant
alterations in modifications, making them a potential candidate tool to define PRL-3 PTMs
better. Currently, there are only two PTM sites on PRL-3 described in the literature, a
phosphorylation event at Y53 and Y126, while there are over nine predicted sites of
phosphorylation, ubiquitination, and sumoylation (154). Defining PTMs of PRL-3 faces
the same challenges as the other functional studies of PRL-3 described in Chapter 1, a need
for more tools. Suppose these nanobodies can detect PRL-3 independent of PTMs. In that
case, they will act as an excellent resource for immunoprecipitation of the wild-type protein
rather than the tagged protein, followed by mass spectrometry experiments to better define
the PTMs of PRL-3.

Furthermore, the studies examining tagged-PRL-3 versus the wild-type protein in
immunofluorescence demonstrate the need for these nanobodies in localization studies.
The majority of PRL-3 literature revolves around tagged versions of this protein.
Localization studies widely use GFP-PRL-3, and substrate studies continue to exploit
3XFLAG-PRL-3. The results of this dissertation demonstrate that to find accurate PRL-3
trafficking patterns and binding partners, researchers need to switch to studying PRL-3
using HA-PRL-3 or the wild-type protein. Our goal is to distribute this tool throughout the
field, with the help of the University of Kentucky Office of Technology
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Commercialization. These nanobodies will greatly impact the PRL-3 field as they provide
the opportunity to study untagged PRL-3 specifically in cell models so we can better
understand how localization and trafficking impact function, finally determine and validate
PRL-3 binding partners in immunoprecipitation studies and ultimately continue to find
approaches to determine the role that PRL-3 plays in cancer to work toward defining

targeting mechanisms to treat this disease.

6.3. Impact on the field — new ways to target PRL-3.

Beyond studying PRL-3 biology, these nanobodies offer multiple avenues for
researching and targeting PRL-3's role in cancer. First, these nanobodies disrupt PRL-3
phosphatase activity. Hopefully, utilizing immunoprecipitation techniques will allow the
field to determine substrates of PRL-3 phosphatase activity in cancer, and the mechanisms
associated. Once that occurs, we will have the privilege of determining if our nanobodies
can disrupt the dephosphorylation of PRL-3 substrates, pushing this research beyond
generic substrates like DiIFMUP. The ultimate goal will be to examine if PRL-3
phosphatase activity plays a role in cancer progression and spread and utilize nanobodies
to inhibit those processes.

Furthermore, the field has demonstrated that the CNNM proteins are a binding
partner of PRL-3. However, they are not dephosphorylated by PRL-3. When PRL-3
interacts with  CNNM3, CNNM-dependent magnesium transport is prevented and
contributes to cell metabolism leading to tumor progression (52, 56). When that
CNNM/PRL-3 interaction is interrupted, metastasis is no longer promoted in mouse
models (155). This dissertation displays the potential of these nanobodies to partially block
CNNM3 CBS domain binding. However, the CNNM3 protein is much larger than the CBS
domain alone, and interaction dynamics may differ when examining nanobody versus
CNNM3 binding. The next step is determining if our nanobodies, when delivered to cells,
will block CNNM binding to PRL-3 and can be used as an inhibitor. Finally, if the
nanobodies alone cannot enter cells and remain stable in the cytosol's reducing

environment, other approaches are outlined in 6.4 to enhance the nanobodies' ability to
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block CNNM3 binding. If these studies are possible, we will utilize similar techniques to
target other PRL-3 binding partners following substrate studies.

Ultimately, these nanobodies impact the field of targeting PRL-3 with their high
specificity and affinity for the protein, along with their ability to reduce activity and binding
to CNNM3. Future studies must focus on reducing PRL-3 protein expression to potentially
reduce cancer phenotypes as well as blocking interactions with cancer-associated

substrates, in order to halt tumorigenesis.

6.4. Future Directions.

As described in Chapter 2, there are various avenues where nanobodies are
developing better research and therapeutic tools. The next course of action for this work is
to implore our nanobodies in many of these actions, a large body of work we have started

exploring.

6.4.1. Analysis of PRL-3 trafficking.

One of the most important characteristics of the PRL proteins is their C-terminal
CAAX motif. Previous literature has continued to describe that PRL-3 localizes to the
plasma membrane via this motif, demonstrated using GFP- and Myc-tagged PRL-3. The
results of this dissertation show that untagged PRL-3 localizes in the cytoplasm and nucleus
and is not exclusive to cellular membranes. It is very important to define and understand
how PRL-3 is trafficked because trafficking mechanisms may be involved in
tumorigenesis. For example, if PRL-3 is localized to the nucleus, it may impact the
transcription of genes associated with tumorigenic pathways. We can use these nanobodies
to study PRL-3 trafficking and if PRL-3 trafficking mechanisms are involved with cancer,
we can also use these nanobodies to target those trafficking mechanisms.

There are two avenues we are currently exploring to better examine PRL-3
localization and trafficking. First is developing PRL-3 intrabodies and chromobodies.
Intrabodies would allow for the expression of fluorescently tagged PRL-3 in cancer cell

lines, followed by live-cell confocal microscopy. These experiments would expand
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knowledge in the field by showcasing PRL-3 trafficking in real time. We hypothesize that
PRL-3 traffics back and forth between the plasma membrane and nucleus through the
cytoplasm for cancer-associated function, and monitoring live-cell trafficking would test
this hypothesis. The primary challenge we are currently facing is that when developing
intrabodies, one must be aware of how the reducing environment of the cytosol may impact
the formation of the disulfide bonds needed for nanobody folding. In our previous attempts,
the cellular expression has negatively impacted nanobody-reporter gene folding and the
ability of the intrabody to recognize PRL-3, leading to aggregation in the cytosol. We are
currently assessing multiple screening methods to develop function PRL-3 nanobodies. By
developing PRL-3 intrabodies, we could not only study wild-type PRL-3 trafficking but
also manipulate the PRL-3 CAAX motif to determine how lipidation events affect PRL-3
trafficking. If PRL-3 trafficking is involved in tumorigenesis, this would be an excellent
avenue to explore blocking this cellular mechanism.

Due to the challenges faced with PRL-3 intrabodies, we have also focused on
developing PRL-3 chromobodies by conjugating nanobody 19 to an AlexaFluor 555. We
are currently in the process of determining how to best transport these chromobodies into
cancer cell lines. Unfortunately, nanobodies do not readily cross the membrane, so we must
utilize different transfection methods. In the field, multiple protein transfection methods
are used, including liposome packaging and electroporation (156). Our goal is to transfect
fluorescently labeled nanobodies into PRL-3-expressing cells as another way to examine

PRL-3 trafficking mechanisms.

6.4.2. Targeted degradation of PRL-3.

We are also examining techniques to knock down or halt PRL-3 protein expression
in multiple models. While other research groups have used RNA silencing or CRISPR
techniques to knock down PRL-3 expression, many have not simultaneously removed
PRL-1 and PRL-2 expression. One of the main functional aspects of this protein family
that has yet to be fully explored is whether they can compensate for one another
functionally. Therefore, our goal is to assess PRL-3 function and its role in cancer without

the expression of the other PRLs. The Blackburn lab has recently developed a pan-PRL
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knock-out zebrafish model currently being characterized phenotypically. This knock-out
was performed using a multi-guide CRISPR approach, with three guide RNAs per PRL,
followed by numerous rounds of genotyping. Most importantly, we can utilize this tool to
study specific PRL-3 knock-down. We can exogenously over-express PRL-3 in these
models, and target the protein in multiple assays described below, to determine which tools
degrade PRL-3 effectively, and the phenotypes associated following knock-down.

Currently, we are designing PRL-3 immunotoxins fused to a portion of the PE38
bacterial toxin. Our first round of NB-PE38 purification yielded low amounts of protein.
Therefore we are currently assessing how to construct the protein at the cDNA level and
alternative purification methods. Secondly, we are examining how to degrade PRL-3 in
zebrafish and cell models instantly. We have acquired the zGrad plasmid from Yamaguchi
et al. and plan to test its capability to degrade GFP-tagged proteins following temperature
changes. Following quality control experiments, we will replace the GFP nanobody in this
system by cloning in one of our PRL-3 specific plasmids. We will explore similar strategies
when degrading PRL-3 in cell lines, including proteolysis-targeting chimeras (PROTACS)
(157), which would link a PRL-3 nanobody to an E3 ligase ligand, recruiting PRL-3 to the
proteasome for degradation.

Ultimately these degradation tools will benefit the PRL field in two ways. First, we
can utilize immunotoxins, zGrad, and PROTACS to initiate timely degradation of PRL-3
to study its function in early development along with early and late-stage tumor models.
Secondly, if they efficiently degrade PRL-3 in cellular and zebrafish models, they will
spearhead discovery into potential models that may be useful for PRL-3 inhibition in

clinical studies.

6.4.3. Advancing PRL-3 crystal structures.

A primary goal in the PRL field is to complete in-depth, high-resolution structural
studies of PRL-3, especially in complexes with current inhibitors or substrates. This
information could give insight into designing better small molecules to target PRL-3 and
identify novel sites to target the protein. However, PRL-3 has been challenging to crystalize

without a substrate-bound in its active site, as it can move between open and closed
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conformation (9). Current PRL-3 antibodies are not practical to stabilize PRL-3 for
crystallization, as they are large, glycosylated, multi-domain proteins unsuitable for
applications such as X-ray crystallography. The small size, high stability, and high
specificity of nanobodies lend them well to acting as chaperones in structural studies (130).
Our data demonstrate that anti-PRL-3 nanobodies interact with PRL-3 in solution and
partially bind with a high affinity within PRL-3's active site, based on HDX-MS
parameters. Therefore, the nanobodies may help stabilize PRL-3 in a single conformation
for crystallization studies. A high-resolution crystal structure of PRL-3 with an unbound

active site would be useful in in-silico drug design and substrate identification.

6.4.4. Other PRL nanobodies.

Finally, we plan to continue this ground-breaking work by developing and
characterizing PRI-1 and PRI-2 nanobodies. During PRL-3 nanobody production, we also
had recombinant PRL-1 and PRL-2 injected into separate alpacas to reduce compensation.
In doing so, the Protein Core at the University of Kentucky constructed cDNA libraries of
potential PRL-1 and -2 nanobodies. This dissertation has developed a pipeline that we can
follow to construct and characterize nanobodies against PRL-1 and PRL-2. Thus far, no
conventional antibodies on the market can specifically identify these proteins.
Furthermore, this will act as a pipeline for others to develop novel tools to study proteins

of interest in the field where tool development is lacking.

6.5. Final conclusions.

In summary, we have developed the first alpaca-derived single domain antibodies
against PRL-3 and showed that they could specificity detect PRL-3 in multiple in vitro
assays, in human cell lysates overexpressing PRL-3, and in situ in fixed cancer cells. At
the same time, they interfere with PRL-3 phosphatase activity and CNNM CBS-domain
interactions. These nanobodies have pushed the field forward by beginning to fill an
important gap in the tools needed to study PRL-3 function in normal physiology and cancer

and have the potential to provide valuable insight into PRL-3 substrates, trafficking,

109



structure, and inhibition. Furthermore, their potential to act as inhibitors of cancer
progression is directly in line with our overall goal of continuing to impact patient lives,

improving quality of life and prognosis.
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