


CHAPTER 4. Supplemental Data

SUPPLEMENTARY FIGURE 1
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Fig. 4.S1 UCP2 and LC3 protein levels in livers from mice on high fat diet and
overnight starvation.

Western blot for UCP2 (A.) and LC3 (B.) in overnight fasted liver samples of four
different animals per genotype. Weight markers: UCP2, 30kDa; LC3, 15 kDa; actin,

37 kDa.
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CHAPTER 5

Summary, Discussion, and Future Directions
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Summary

Establishing and maintaining cellular polarity are critical for the homeostasis of
unicellular and multicellular organisms. The major goal of my thesis work was to
investigate functional interactions between the Par-1b protein kinase and the RNF41 E3
ubiquitin ligase. Atypical Protein Kinase C (aPKC) phosphorylates Par-1b on a
conserved threonine residue (T595), and I participated in studies demonstrating that novel
Protein Kinase C (nPKC) activates Protein Kinase D (PKD) to directly phosphorylate
Par-1b on serine 400 (S400), a residue that is conserved in all four mammalian Par-1
kinases as well as the fly ortholog. Phosphorylation of Par-1b on T595 and S400 causes
Par-1b to relocate from membranes to the cytosol and to bind 14-3-3 proteins. In 2004,
Brajenovic, et al. isolated human Par-1d along with associated proteins using tandem
affinity purification (TAP) (Brajenovic et al., 2004). Nrdpl/RNF41, a RING finger E3
ligase was identified in their screen along with 14-3-3 and aPKC. I found that Par-1b
also binds to RNF41 and identified RNF41 as a novel cell polarity determinant. I also
showed that Par-1b phosphorylates RNF41 on S254 both in vitro and in vivo. My work
has demonstrated that phosphorylation of RNF41 on S254 by Par-1b is necessary for

establishing epithelial apical-basal cell polarity.

Discussion

Cell polarity is a structural and functional specialization whose significance is
ubiquitous throughout biology. It is especially common across phyla, thus reflecting a
fundamental requirement to localize different cellular components to distinct regions of a

cell, especially when individual cells come together to form complex multicellular tissues.
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The specialized domains of plasma membrane that result from polarization determine cell
orientation, function, and fate. For example, cell polarization enables long-range
communication in the immune system, transport of ions across epithelial cells, and niche-
specific orientation of stem-cell division, which specifies the developmental fate of
daughter cells (Mellman and Nelson, 2008).

Par-1b/MARK?2 is essential in the establishment of polarity. In the early C.
elegans embryo, mutation of Par-1, among several other partitioning proteins, disrupts
asymmetric divisions, blastomere fates, localization of P granules, and mitotic spindle
orientation (Kemphues et al., 1988; Kirby et al., 1990). Some Par-1 mutants have
mutations in their kinase domain, suggesting that kinase activity of Par-1 is necessary to
establish polarity (Guo and Kemphues, 1995). Additionally overexpression of Par-
1b/MARK?2 in MDCK cells inhibits apical-basolateral polarization by altering apical
protein transport (Cohen and Musch, 2003).

My thesis work has helped identify and investigate a new phosphorylation site
(S400) on Par-1b (Watkins et al., 2008). This work demonstrated that phosphorylation
on S400 is upregulated with the PKC activator phorbol-12-myristate-13-acetate (PMA)
stimulation. PMA activates nPKC, which then phosphorylates PKD. PKD subsequently
phosphorylates Par-1b on S400. Par-1b is phosphorylated through two arms of the PKC
pathway on T595 and S400 and phosphorylation regulates Par-1b localization and
binding to cytoplasmic 14-3-3/Par-5 proteins (Hurov et al., 2004; Watkins et al., 2008).
Moreover, our studies using polarized breast epithelial cells (MCF-10A) grown in three-
dimensional (3D) culture, we observed enhanced phosphorylation of Par-1b on both S400

and T595 in 3D cultures relative to the two dimensional (2D) cultures. In the future it
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would be critical to test if phosphorylation of Par-1b on S400 and T595 are essential for
establishing apical/basal epithelial cell polarity or if phosphorylation of Par-1b on S400
and T595 is a result of established cell polarity.

Another goal of my thesis project was to study the Par-1b and RNF41 protein-
protein interaction. I identified a new Par-1b substrate, the E3 ubiquitin ligase RNF41
and demonstrated that Par-1b phosphorylates RNF41 both in vivo and in vitro on S254.
Knockdown of RNF41 in MCF-10A breast epithelial cells using ShRNA revealed a novel
role for RNF41 as being essential for establishing apical-basal cell polarity. Moreover,
expression of wild-type RNF41 in these cells rescued apical-basal polarity; however,
expression of the S254A mutant of RNF41 was not able to do so, suggesting that
phosphorylation on S254 is necessary for establishing apical-basal cell polarity and
continuing the theme of phosphorylation regulating polarity proteins. Interestingly,
orthologs of every Par gene, except the RING finger containing Par-2, have been
identified in mammals. Par-2 functions to regulate and stabilize cell polarity in C.
elegans and shares homology with RNF41 in their RING finger domain and part of their
C-terminal domain, leaving open the interesting possibility that RNF41 is an ortholog of
Par-2.

We were unable to detect phosphorylation of endogenous RNF41 on S254 when
cells were grown in 2D cultures. Given the critical role played by Par proteins in
establishing and maintaining apical-basal polarity, we investigated the phosphorylation
status of RNF41 in MCF-10A mammary epithelial cells grown in 3D culture and
observed enhanced phosphorylation on endogenous RNF41 S254. The observation that

cells polarized in 3D culture illustrated the link between phosphorylation of RNF41 on
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S254 and establishment of epithelial cell polarity. Furthermore, this observation
emphasizes the importance and influence of the cell microenvironment, since cellular
context clearly can modulate Par protein function. Another example of this is seen with
Par-6 and aPKC, as both of these proteins are concentrated at tight junctions of epithelial
cells grown in 2D cultures, but are spread over the apical surface in 3D cultures. Within
the much more complicated environment of an organism, such influences are likely to be
widespread and might alter signaling inputs to and outputs from the polarity regulating
proteins such as Par-1 and RNF41.

Cells can adopt different functions in response to specific physiological contexts,
and the plasticity of the loss and re-establishment of cell polarity suggests that common
mechanisms are used but executed differently depending on the physiological context. In
disease states such as metastatic cancers, epithelial cells lose polarity (one way is through
epithelial-mesenchymal transition (EMT)), disengage from multicellular interactions,
migrate, and then reintegrate into a second tissue, in which they undergo reorganization
to reside at the new site (Thiery and Sleeman, 2006; Wodarz and Nathke, 2007). Cells
expressing RNF41 shRNA with and without expression of the S254A mutant of RNF41
do not express the classical protein markers for EMT (low E-cadherin and high Vimentin
and SNAIL protein levels); however, these cells may be undergoing a partial EMT and
warrant further examination since we have observed that these cells are not able to
establish apical-basal polarity in 3D culture.

RNF41 has been studied for its role as an E3 ubiquitin ligase in regulating steady
state neuregulin receptor ErbB3 levels (Diamonti et al., 2002). ErbB3 is overexpressed in

a subset of breast cancers. Moreover, there is a correlation seen between decreased
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RNF41 levels and higher levels of ErbB3 in both an in vivo transgenic mouse model of
ErbB2-induced mammary tumorigenesis and in a panel of primary breast tumors (Yen et
al., 2006). While one mechanism for proliferation and establishment of these tumors may
be due to increased levels of ErbB3, loss of RNF41 and thus lack of cell polarity, may
also contribute to this process.

Over 85% of fatal malignancies in adults in the USA arise from epithelial tissues
(Bryant and Mostov, 2008), and loss of polarity is a hallmark of increased malignancy.
Furthermore, acute injury of major epithelial organ systems is collectively one of the
most important causes of death worldwide (Fausto et al., 2006; Liano and Pascual, 1996;
Matthay and Zimmerman, 2005). Understanding polarization of epithelia, therefore, is
important in analyzing the response of a tissue to injury and in establishing prospects for
regenerative medicine. Many organs, such as the kidney, lung, and liver, can recover
from injury. In the case of the kidney, this involves the local proliferation of epithelial
cells which replace their dead neighbors in a process that involves partial EMT (Bryant
and Mostov, 2008). Learning how to improve the response to injury by controlling the
polarity state of cells offers enormous possibilities to enhance human health.

Understanding cell polarization is one of the major goals of cell biology and will
inevitably have a broad impact not only at the level of basic science but also in
understanding diseases such as cancer. Work from many laboratories has uncovered a
complicated web of signaling systems that surround and intersect with the Par proteins,
yet we still understand very little about what the Par proteins do, how they are localized,
how their various interactions are regulated, and which signaling components operate in

which contexts. After all, the organization of a polarized cell is a complicated process

-175-



that involves cytoskeletal remodeling, membrane traffic, and protein complex assembly
and disassembly, with feedback to gene expression and protein turnover.
Future Directions

The C-terminus of RNF41 binds to the Rhodanese domain of USP8 (the enzyme
which deubiquitinates and thus stabilizes RNF41 protein) and the crystal structure of this
heterodimer has previously been published (Avvakumov et al., 2006). After examining
the crystal structure of the USP8 binding pocket on the C-terminus of RNF41, we noticed
that S254 on RNF41 resides in this pocket and hypothesize that phosphorylation on S254
may affect USP8 binding. Therefore, I will immunoprecipitate wild-type and the S254A
mutant of RNF41-FlagHis6 from MCF-10A cells grown in 3D culture, and I will Western
blot for USP8 in order to compare the levels of binding of USP8 to RNF41. I
hypothesize that phosphorylated RNF41 may bind less USP8 than wild-type or the
S254A mutant. If this is true, then the levels of phosphorylated RNF41 should be lower
than the non-phosphorylated form. However, if the S254A mutant of RNF41 prevents
phosphorylation and still binds to USPS, then its protein levels should be higher than
wild-type RNF41. An alternative hypothesis is that phosphorylated RNF41 may bind
more USPS8 than wild-type or the S254A mutant of RNF41. If this is the case, then the
phosphorylated form of RNF41 should be stabilized and the S254A mutant of RNF41
should bind less USPS, and therefore its levels should be lower than the phosphorylated
form of RNF41.

During my thesis work I have shown that Par-1b binds and phosphorylates
RNF41 on S254 in vitro. Furthermore, RNF41 is phosphorylated on S254 in vivo and

overexpression of kinase active Par-1b enhances this phosphorylation in vivo while
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kinase dead Par-1b does not. I have generated MCF-10A cells which stably express two
separate ShRNA hairpins for human Par-1b and have shown that Par-1b protein levels are
reduced by greater than 90% in these cells. Thus, I will culture these cells in 3D and
subsequently Western blot for pS254 RNF41. I hypothesize that pS254 RNF41 levels
will decrease in these cells compared to pS254 levels in control MCF-10A cells; however,
it is possible that I may not detect a decrease in the level of pS254 RNF41 due to
compensation by other mammalian Par-1 orthologs. We know from our study and from
work by others that both Par-1b and Par-1d bind to RNF41 (Brajenovic et al., 2004).
Thus, it is possible that other mammalian Par-1 proteins may also bind to RNF41 and
there likely may be some compensation by these other Par-1 proteins when Par-1b is
depleted in cells.

After examining our work with Par-1b and RNF41, still the question remains,
how does RNF41 regulate apical-basal cell polarity? Recently, work by others has shown
that Par-1b kinase activity and protein localization is essential for regulating basement
membrane placement. Furthermore, this study also showed that establishment of the
correct localization of basement membrane is required for the coordination of tissue
polarity (Daley et al, 2012.). Epithelial cell organization and function require positional
information from the surrounding microenvironment (Bryant and Mostov, 2008); such
cues include contacts with both adjacent cells and the basement membrane. [ have
preliminary data which suggests that loss of RNF41 results in the loss of Laminin V
deposition (basement membrane) on the cell surface of the MCF-10A acini where it is
needed to establish apical-basal polarity. Moreover, Laminin V accumulation is rescued

when wild-type RNF41 is overexpressed; however, not when cells are rescued with the
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S254A mutant of RNF41 suggesting that phosphorylation of RNF41 on S254 is necessary
for Laminin V deposition. In the future, I will test if accumulation of other basement
membrane proteins (such as collagen IV, fibronectin, and perlecan) is affected by the loss
of RNF41. This will be determined by Western blot, immunofluorescence microscopy,
and qPCR for basement membrane proteins and genes. I hypothesize that the loss of
apical-basal polarity observed in cells expressing RNF41 shRNA is due to the loss of
endogenous basement membrane accumulation. Thus, I will culture the MCF-10A cell
lines expressing Luc shRNA, RNF41 shRNA, RNF41 shRNA + wild-type RNF41, or
RNF41 shRNA + S254A RNF41 in 3D culture using Matrigel instead of collagen type I
and stain for apical and basal polarity markers in order to determine if apical-basal
polarity is rescued when these cells are supplemented with exogenous basement
membrane proteins.

Another possible explanation for the lack of established apical-basal cell polarity
in cells expressing RNF41 shRNA and the S254A mutant of RNF41 is that S254A
RNF41 is mislocalized. Preliminary data indicates that wild-type RNF41 overexpressed
in MCF-10A cells cultured in collagen type I matrix is localized to basolateral
membranes; however, the S254A mutant of RNF41 is mislocalized and accumulates in
the cytoplasm. Future experiments will also be directed at determining if S254
phosphorylation regulates the intracellular localization of RNF41. The failure of the
S254A mutant of RNF41 to localize properly or to bind to key substrates would account
for its failure to rescue polarity in RNF41 deficient MCF-10A cells.

Finally, in the future I propose to determine how RNF41 regulates basement

membrane (Laminin V) deposition. Previous work has demonstrated that Par-1b kinase
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activity is essential for cell surface assembly of laminins by regulating one of the laminin
receptors, the dystroglycan (DG) complex (Masuda-Hirata et al., 2009). I propose to
investigate if RNF41 plays a role in laminin receptor assembly and/or function in order to
regulate basement membrane accumulation on the cell surface. Determining how RNF41
regulates cell polarity and basement membrane deposition is critical for numerous
reasons; however, one implication may be in cancer as loss of apical-basal polarity is a
characteristic of tumor cells. Also, RNF41 protein levels have previously been shown to
be low in some breast cancers. Preliminary data suggests that low RNF41 protein levels
results in loss of basement membrane proteins; thus one might hypothesize that without
basement membrane tumor cells not only are incapable of establishing apical-basal

polarity, but may also be more likely to escape and metastasize.
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