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ABSTRACT
The activation of the immune system, particularly adaptive immunity, in response
to a pathogen (e.g. viruses) relies on complex network of cell interactions including those
between lymphocytes (T cells) and dendritic cells (DC). In its simplest form, the DCmediated activation of T cells is dependent on 1) binding of antigen presenting molecules
(MHC class I and class II) and their peptides to the T cell receptor and 2) interaction
between costimulatory molecules (CD80 and CD86) on DC and their receptors on T
cells. Together these signaling events induce an optimal T cell-dependent immune
response. Viruses, including herpesviruses and poxviruses, using evolutionarily
conserved ubiquitin E3 ligases, appropriate cellular ubiquitin pathways for targeting
immune molecules (CD86 or MHC), thereby evading the immune response. The notion
that two evolutionarily divergent virus families share conserved ubiquitin E3 ligases
suggested that viruses have acquired these enzymes from the host. Indeed, a set of
cellular ubiquitin E3 ligases, termed membrane-associated RING-CH1 proteins
(MARCH), was identified in mammalian genomes. Unlike their viral orthologs, cellular
E3 ligases including MARCH proteins have regulatory functions in various cellular
processes and, therefore, must be tightly controlled to prevent inadvertent effects to the
host. Interestingly, due to its lymphoid-restricted expression and targeting of CD86 and
MHC class II levels, MARCH1 is potentially critical for the function of DC.
Furthermore, since DC are essential players in the regulation of the immune response (as

RING – Really Interesting New Gene
RING-CH domain is a variant of the RING domain present in many cellular E3 ligases.
1
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evident by immune deficiencies observed following ablation of DC), MARCH1 should
play a critical role in immunity. Therefore, the work presented in this thesis explores the
regulation and function of MARCH1 in DC.
Initial studies have shown that MARCH1-deficient DC have increased surface
expression of MHC II and CD86, thereby suggesting that MARCH1 is a negative
regulator of antigen presentation. Accordingly, De Gassart et. al. shown that the increase
in MHC II levels is correlated with a decrease in the mRNA levels of MARCH1 in
response to DC maturation signals. However, MARCH1 protein levels were significantly
decreased within 4-hrs of DC maturation, which cannot be accounted solely by a
transcriptional regulation mechanism. In fact, our first study indicates an additional
posttranscriptional level of MARCH1 regulation. In addition, we show that lysosomal
function is critical for MARCH1 expression and stability, though not exclusively. This
post-transcriptional regulation is needed to allow for the rapid decrease in MARCH1
protein levels leading to an increase in expression of MHC class II and CD86 in response
to DC maturation.
In a separate study, we examine the regulation of CD86 biogenesis by MARCH1
and using a structure-function approach, substrate and enzyme determinants, critical for
sensitivity to MARCH1 were mapped. We show that the presence of lysines in the
cytosolic tail of MARCH1 substrates and optimal transmembrane interactions as being
critical determinants for MARCH1-mediated sensitivity. In addition, our data indicate
that MARCH1, like its viral orthologs, can regulate the expression of multiple unrelated
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substrates using yet-to-be-identified accessory (adaptor) molecules. Finally, preliminary
data suggest an additional level of MARCH1 regulation, which is the regulation of its E3
ligase function following ligand-induced DC maturation.
Overall, data presented in this work highlight new findings on the regulation of an
important cellular E3 ligase, MARCH1, which is emerging as a critical factor for the
biology of DC as well as immunity. One major contribution of this work is the
identification of stability determinants that are important for MARCH1 regulation and
potentially DC function.
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CHAPTER 1
LITERATURE REVIEW
1.1 OVERVIEW
T cell immunity, especially the cytotoxic CD8+ T cell (CTL) response, represents
an important element of the adaptive immune response against virally infected cells [1].
The generation of effector T lymphocytes during a primary viral infection is dependent
on the activation of T cells by antigen presenting cells, e.g. dendritic cells (DC) [2-4].
Biochemically, activation of clonal T cells specific for non-self antigens (e.g. virusderived peptide) requires various molecular interactions including those between 1) T cell
receptor (TCR) and the MHC/peptide complex, 2) co-stimulation molecules CD86 or
CD80 with their receptors, CD28 on T cells [5, 6]. Under optimal signaling conditions,
DC-T cell interaction induces the proliferation and acquisition of effector and memory
function by clonal T cells. Thereafter, CTL home back to infected tissues to kill infected
cells and clear the virus from the host. Viruses, therefore, have adapted to this immune
response through their acquisition of multiple evasion strategies to escape CD8+ T cell
immunity [7-10].

Among the multitude of virus-mediated evasion strategies,

downregulation of MHC and co-stimulation molecules to promote their escape from
CTL-mediated immunity represents a common target [1, 11]. In this regard,
herpesviruses, known to evade immunity and remain latent in the host for many years and
in some cases spanning the lifetime of the host, employ ubiquitin modifications using
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virus-encoded E3 ligases to tag host proteins, e.g. MHC, for degradation [7-10]. It was
studies on the virus-encoded ubiquitin E3 ligases that led to the identification of their
cellular E3 ligases orthologs, MARCH proteins [12-16]. Early studies on MARCH
proteins have indicated that MARCH1 is mostly restricted to lymphoid tissues and
regulates the surface expression of immune molecules, including MHC class II and
CD86. In light of these findings, it was hypothesized that MARCH1 functions as a
negative regulator of antigen presentation and might be a critical factor in the immune
system. More recent data by Ishido et. al. [17] indicated that MARCH1 is critical to the
function of DC since DC isolated from MARCH1-deficient mice were functionally
defective at secretion of cytokines and at stimulating T cells [17]. Therefore, as a critical
factor for DC function, MARCH1 likely has an important role in the immune response.
In this chapter, a brief summary on DC and their importance in immunity,
focusing on their role in activating T cells is presented. Thereafter, antigen presentation,
costimulation, and ubiquitination pathways are discussed, highlighting their role in
immunity and the regulatory function of ubiquitin modifications in antigen presentation.
This is followed by the introduction of viral E3 ligases and mechanisms by which they
modulate the immune system. Finally, MARCH proteins are discussed, including a
detailed review on the current state of MARCH1 research, along with the aims of this
dissertation.
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1.2 ROLE OF DENDRITIC CELLS IN IMMUNE ACTIVATION
1.2.1 Overview
Ralph Steinman identified and characterized DC in the 1970’s and suggested that
DC might play a crucial role in immunity [18]. Indeed, subsequent studies have
established that DC are central players in the immune system, orchestrating both the
innate and adaptive immune cells in fighting infections and playing an important role in T
cell development including T cell central tolerance and peripheral tolerance, both of
which are needed to prevent self-reactive T cells from initiating autoreactive responses
[19, 20]. In addition, because of their potent priming capacity of T cells (including CD8+
T cells), DC have been extensively used in immunotherapy research for delivery of
tumor-derived antigen to T cells in order to prime the immune system particularly CTL
responses against cancerous cells [21]. How, then, do DC activate the immune system?
What roles do antigen presentation and costimulation play during the activation of
immunity? Functionally, DC regulate the function of various immune cells through
antigen presentation, expression of accessory molecules, and secretion of cytokines.

1.2.2 Dendritic cells in immunity
In the course of immune responses, DC provide a link between innate and
adaptive immunity, as discussed later, and are the primary antigen presenting cells (APC)
that activate naïve T cells [21, 22]. DC, like all leukocytes, originate in the bone marrow
and are derived from hematopoietic stem cells. Specifically, DC are derived from
common lymphoid or common myeloid progenitors (CLP or CMP) and based on the
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extracellular environment, these progenitors give rise to either conventional DC or
plasmacytoid DC (pDC). In this work, we only discuss conventional DC because these
were the first DC to be characterized and have a major role in activating adaptive
immunity. (Plasmacytoid DC are thought to be important for viral immunity and are by
far known for their synthesis and secretion of type I interferons important during viral
infection). As for conventional DC, it should be noted that conventional DC encompass
several subsets distinguished by their surface markers, and different DC subsets have
distinct roles in the immune system [23, 24]. In this study, we use the canonical surface
marker CD11c to phenotypically characterize DC since most murine DC express CD11c
[23, 24]. Functionally, initial studies including the work of Steinman et. al. [4] found
that DC are more potent stimulators of T cells than any other APC including
macrophages. At the time, it was suggested that DC-T cell interactions must involve
antigen presenting molecules such as MHC. In fact, subsequent studies have shown that
DC stimulate the proliferation of clonal T cells in an antigen-specific manner both in
vitro and in vivo [3, 11, 25]. The MHC-restricted expansion (also known as the principle
of MHC restriction) of clonal T cells led to the Nobel Prize award to Rolf Zinkernagel
and Peter Dogherty. Furthermore, in addition to MHC-mediated expansion of T cells, the
activation of T cells depends on accessory molecules expressed on DC. These accessory
molecules, including CD86 and CD80, are crucial for T cell activation by engaging CD28
on T cells [26]. In fact, lack of these accessory molecules leads to the inability of DC to
stimulate T cells, as a result T cells become anergic and cannot mount an immune
response [27]. To elucidate more directly the importance of DC in immunity, Saito et. al.
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developed a cell depletion strategy in vivo termed “Toxin receptor-mediated cell
knockout” [28]. Briefly, this technique involves the generation of a transgenic mice
expressing the diptheria toxin receptor (DTR) under the control of CD11c promoter;
(CD11c is expressed on all DC in mice). Upon injection of diptheria toxins, mice
expressing the DTR transgene will be completely devoid of DC. In fact, Jung et. al.
employed this technique to address whether DC are critical for CD8+ T cell responses
during an infection. They first adoptively transferred CFSE2-labeled precursor CD8+ T
cells into either control mice (lacking the DTR transgene) or into mice expressing the
DTR transgene. Injection of the diptheria toxin (DT) into both groups of mice resulted in
the depletion of DC in mice expressing the DTR transgene; (Injection of diptheria toxin
into control mice lacking the DTR transgene did not affect the percent (%) of CD11c+
DC). Following DC depletion, mice were challenged with an intracellular pathogen and
four days post-infection, the proliferation capacity of T cells isolated from both type of
mice were examined. It was found that T cells isolated from mice depleted of DC did not
undergo proliferation, therefore strongly indicating that DC are critical players in CD8
CD8-mediated immune response [29, 30]. The importance of DC function in immunity
using the DTR transgenic mouse model has been replicated using various infectious
models (details in [30]). Altogether, the aforementioned studies have provided
experimental evidence for the central role of DC in immunity and the molecular

CFSE – (carboxyfluorescein diacetate succinimidyl ester) – is a cellular dye that once inside the cell
is modified by cellular esterases and is covalently bound to intracellular proteins (becomes cell
impermeable). It is widely used to follow T cell proliferation during an immune response; the dye is
equally distributed following cell division hence its usefulness in delineating the number of T cell
divisions.
2
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requirements for optimal DC-mediated activation of T cells. Next, the classical model of
DC-driven activation of T cells during an infection is described.
Following an infection, the initial reaction of the host is to mobilize the cellular
components of the innate immune system to provide immunity against the pathogen
(Figure 1.1). Innate immunity, which is required for the survival of host, involves the
function of many cells including macrophages, neutrophils, natural killer cells as well as
the complement system to control the infection. In many cases, the innate immune system
is incapable of totally clearing the infection and therefore adaptive immunity (humoral
and cellular) must be initiated. It is known that DC provide the bridge between innate and
adaptive immunity due their diverse cellular roles. First, in peripheral tissues or at the site
of infections, immature DC (iDC), (characterized by the low expression of MHC and
costimulation molecules and their increased uptake capacity), endocytose pathogenderived antigens and process the latter into peptides, which are loaded onto MHC
molecules (MHC class I and MHC class II). However, for DC to activate the immune
system, they must home to T cell area within the draining lymph nodes. Because iDC
lack sufficient expression of MHC/peptide complexes and the low expression of
accessory molecules including CD86 as well as receptors that promote migration from
peripheral tissues to lymph nodes, they are incapable at activating naïve T cells [19, 20,
27]. For that to occur, DC must 1) undergo phenotypical and genetic changes driven by
pathogen-derived signals, termed “danger signals”, and 2) must migrate from the site of
infection to the draining lymph nodes where naïve T cells await their activation.
Immature DC are activated through the recognition of pathogen-associated microbial
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patterns (PAMPs) using germline-encoded receptors termed pattern recognition receptors
(PRRs). DC express different types of PRRs including cytoplasmic Nod-like receptors
(NLRs) as well as membrane-bound Toll-like receptors (TLRs), which recognize a
plethora of ligands including lipopolysaccharide, a PAMP expressed by gram-negative
bacteria and widely used in in vitro assays to promote the maturation of DC [22, 31].
Mature DC are characterized by 1) increased expression of MHC molecules, 2) increased
expression of accessory molecules including CD86 and CD80, 3) reduction in the
capacity of DC to endocytose antigen, 4) increased expression of receptors that promote
the migration of DC to lymph nodes, 5) induction of cytokine expression that will also
activate innate immune cells to control the infection, and 6) potent priming capacity of T
cells [21, 22]. Once T cells are activated, they acquire effector functions and home back
to the site of infection to help clear the pathogen. The molecular mechanisms of DCdriven T cell activation, also known as the “two signal” model, is summarized in Figure
1.1B. As described previously, antigen presentation is an essential component for an
effective immune response, therefore I will briefly discuss this process particularly with
respect to the role of MHC class II and CD86, both MARCH1 targets.

23
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B.
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Figure 1.1: Dendritic cells activation of adaptive immunity.
A. In peripheral tissues, immature DC uptake pathogenic antigens and process them for
loading onto MHC molecules. In addition, the recognition of PAMPs by PRRs expressed
on the surface of immature DC signals the maturation of DC. Furthermore, DC
upregulate the expression of chemokine receptors that play a role in the migration of DC
from peripheral tissues to regional lymph nodes. Because of their potent stimulating
activity, mature DC prime naïve T cells in the lymph nodes and induce by an MHCrestricted mechanism, the clonal expansion and acquisition of effector and memory
functions by T cells. Effector T cells then home back to the site of infection to clear the
pathogen. B. Mechanism of DC-mediated activation of naïve T cells includes 1)
interaction between MHC/peptide complexes and the T cell receptor and 2) costimulation
mediated by interactions between CD80 and CD86 on DC with CD28 expressed on the
plasma membrane of T cells. (For simplicity, interaction between adhesion molecules
presented on both T and DC, also part of the DC-T immune synapse, is not shown).
Right panels show the expression of CD86 on both immature and mature DC following
LPS-activation of bone marrow derived DC. Increased CD86 expression is observed
following LPS induced maturation of DC. (Part A, adapted from [30]).

1.2.3 Antigen presentation pathways in DC
As mentioned above, immature DC are characterized by their increased endocytic
capacity to uptake antigen. Following antigen uptake, DC must process the antigen into
peptides within the endolysosomal compartments. These peptides are then loaded onto
major histocompatibility class I or II (MHC class I, MHC class II) molecules. MHC class
I (see footnote3 about class I nomenclature in human and mouse), is a type I

A primer on the nomenclature of MHC class I in human and mouse genomes because different MHC
class I genes will be introduced in later discussion of virus-encoded E3 ligases modulation of MHC
class I). In humans, MHC class I genes are found on the human leukocyte antigen (HLA) locus and
various MHC class I genes are designated by a letter following the HLA, e.g. HLA-A, HLA-B, HLA-C are
three classical MHC class I genes. Allelic variations for each gene among human populations
(polymorphism) are designated by a number following the gene name (e.g. HLA-A2 is an allele of
HLA-A). In mouse, MHC class I genes are found on the MHC locus H-2 and are designated by the letter
K, D, L. MHC class I allelic variations between different strains of mice are distinguished by the
inclusion of a superscript letter (b, d, k, s, etc) after the locus or gene name. For example, MHC class I
from the widely used C57BL/6 mice are of the b-allele, i.e. the MHC class I locus in these mice is
named H-2b and MHC class I genes are Kb and Db. MHC class I from Balb/c, another common mouse
stain, is designated by H-2d with the class I genes Kd, Dd, and Ld.
3
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transmembrane protein expressed on all nucleated cells and comprised of a heavy chain
encoded by the MHC class I gene locus and a soluble light chain encoded by the 2m
gene. Structurally, the MHC class I heavy chain is divided into three domains ( 1, 2,
3), each adapting an immunoglobulin fold: The peptide-binding site of MHC class I is
situated at the interface of 1 and 2 domains while the 3 interacts with the 2m light
chain and is important for interaction with co-receptors on T cells. MHC class I peptides
are generated in the cytosol via the proteasome and are then transported to the
endoplasmic reticulum (ER) through a heterodimeric complex, transporter-associated
with antigen processing (TAP). Most peptides generated by the proteasome tend to be Nterminally extended and once in the lumen of the ER, N-terminally extended peptides
undergo further proteolysis via the ER-associated amino peptidase (ERAAP) [32, 33]
until the optimum MHC peptide length is reached, 8-10 amino acids.

Thereafter,

peptides are loaded onto newly synthesized MHC class I molecules recruited to the
peptide-loading complex (PLC) which includes several proteins (Figure 1.2) including
TAP, tapasin, calreticulin, ERp57 – a thiol reductase. The MHC class I/peptide (pMHC)
complexes are trafficked from the ER to the trans-golgi network (TGN) and then via the
secretory machinery to the plasma membrane [7, 34-36]. Naïve clonal (antigen-specific)
CD8+ T cells recognize pMHC complexes present on the surface of infected DC (direct
pathway) and become activated. Additionally, in cases where the pathogen does not
directly infect DC, through a mechanism termed “cross-presentation”, DC can still
acquire, process, and present onto MHC class I pathogen-derived antigens from
neighboring infected cells. Through cross-presentation, uninfected DC, specifically
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lymphoid-derived CD8+ DC, cross-prime CD8+ T cells. In fact, the critical role of DC in
cross-presentation has been supported by genetic depletion of DC using Batf3-/- knockout
mice (deficient in CD8+ DC) [37]. Activated CD8+ T cells clear virus-infected cells from
the host by a direct killing mechanism including digestive and pore-forming enzymes
such as granzymes and perforins [7, 8, 10]. Mice deficient in MHC class I are devoid of
CD8+ T cells and in various viral infection models, lack of MHC class I has profound
effects on the clearance of virus and lethality often occurs at low dosages of virus [1, 38].
Therefore, the MHC class I antigen presentation pathway plays an important role in
activating CD8+ T cells against virally-infected cells. As a result, viruses have evolved
strategies to evade the host response by targeting every step along the MHC class I
transport pathway (depicted in blue lines, Figure 1.2).
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Figure 1.2: MHC class I antigen presentation pathway.
Pathogen or self-derived antigens are processed into small peptides via the proteasome in
the cytosol. Peptide fragments including N-terminal extended ones are then transported to
the lumen of the ER via TAP. Newly synthesized class I heavy chains recruited to the
peptide-loading complex (PLC), comprised of TAP, MHC class I, tapasin, Calreticulin,
ERp57, are then loaded with peptides. MHC class I/peptide complexes are then
transported via the secretory pathway to the cell surface where they interact with CD8+ T
cells. Because of their importance in viral immunity, MHC class I molecules are targeted
at every step along their biosynthetic pathway (Blue lines). Examples of viral subversion
of MHC class I molecules are depicted in red. mK3, a murine -herpesvirus; kK3 or
kK5, encoded by a human -herpesvirus – Kaposi’s sarcoma-associated herpesvirus;
M153R, a viral protein encoded by myxoma poxvirus. As will be discussed later, these
viral proteins promote, in a ubiquitin-dependent manner, the degradation of MHC class I
and facilitate virus immune evasion.
On the other hand, the loading of peptides onto MHC class II, expressed only on
APC and thymic epithelial cells, is distinct from the MHC class I pathway. Newly
synthesized MHC class II molecules (heterodimers comprised of the alpha and beta
chains) are assembled in the ER with an invariant chain (Ii) in a nonameric complex and
are transported through the biosynthetic pathway to the trans-golgi network (TGN) [39,
40]. The role of Ii in the ER is 1) to prevent the binding of MHC class I peptides onto
MHC class II and 2) to function as a chaperone sorting MHC class II molecules [41].
Lack of Ii negatively affects the efficiency of assembly and transport of MHC class
II/peptide complexes to the plasma membrane resulting in poor antigen presentation [42].
Therefore, Ii helps through its di-Leucine sorting motifs in directing MHC class II
molecules from the TGN to late endosomal compartments (e.g. multivesicular bodies
(MVBs)) either directly or indirectly, through a transient trafficking to the plasma
membrane [41, 43, 44]. Once in the TGN, MHC class II and Ii complexes are sorted to
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MHC class II compartments, resembling multivesicular bodies (MVBs) in immature DC
that serve as MHC class II storage depot [45]. Within the luminal vesicles of MVBs, Ii
undergoes proteolytic degradation, via leupeptin-sensitive proteases and asparagine
endopeptidases (AEP), and only a small portion of Ii, termed class II-associated invariant
chain peptide (CLIP), remains bound to the peptide-binding site of MHC class II [8, 4650]. Accessory molecules including DM (in human HLA-DM, in mouse H-2M) are
needed to assist in the loading of antigenic peptides onto MHC class II (Figure 1.3). The
role of DM is to bind to MHC class II which is thought to induce conformational changes
in the binding site of MHC class II, which allow for the release of the low affinity CLIP,
and the loading of high-affinity antigenic peptides. In immature DC, the low levels of
MHC class II/peptide at the plasma membrane is due to the increased endocytosis of
MHC class II/peptide complexes and increased sorting to luminal vesicles of MVBs,
which send MHC class II/peptide complexes to lysosome for degradation. However, as
DC undergo maturation during an immune response, MHC class II/complexes within the
luminal vesicles are sorted to the limiting membrane of MVBs escaping lysosomal
degradation and these complexes are then trafficked to the plasma membrane where they
encounter and activate clonal CD4+ T cell (Figure 1.3) [39, 45, 51]. Lack of MHC class
II affects the development of T cells; MHC class II-/- mice are devoid of most CD4+ T
cell [52, 53]. In addition, it has been shown that viral challenge of MHC class II-deficient
mice results in 1) lethality at low virus titers relative to wildtype mice, 2) viral clearance
is delayed due to sub-optimal help by CD4 T cells for the CD8 T cell response.
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Figure 1.3: MHC class II antigen presentation.
Newly synthesized MHC class II, a heterodimer comprised of an alpha- and beta-chain,
associate with the invariant chain (Ii) in the ER. Upon reaching the trans-golgi network
(TGN), MHC class II-Ii ( -Ii) complexes traffic to late endosomes or multivesicular
bodies (MVBs) either directly from the TGN to MVBs (pathway A). Or, -Ii complexes
are transiently trafficked to the plasma membrane before being sorted to MVBs (pathway
B). Inside MVBs, Ii undergoes proteolysis via proteases including cathepsins and
asparagine endopeptidases and peptide-loading of MHC class II is assisted by the action
of accessory proteins including DM (not depicted). MHC class II/peptide complexes are
then transported to the plasma membrane where they interact with the T cell receptor.
Recently, ubiquitin has been shown to regulate the trafficking of MHC class II/peptide
complexes during the maturation of DC. As shown in pathway C, ubiquitination of MHC
class II promotes the endocytosis and sorting of MHC class II/peptide complexes to
MVBs in immature DC. As will discussed later, ubiquitin-mediated regulation of MHC
class II is dependent on the state of DC activation (refer to section 1.5.3). (Adapted from
[49])
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How MHC class II transport is regulated has been of great interest, and as will be
highlighted later, ubiquitination plays a key role in the transport of MHC class II from
intracellular compartments to the plasma membrane during the maturation of DC. The
regulation of MHC class II transport to the plasma membrane will be discussed in more
detail within the section on MARCH1.
In addition to antigen presentation via the MHC class I or MHC class II pathway,
accessory molecules including co-stimulatory molecules, CD86 and CD80, are needed to
effectively prime naïve T cells. The need for the secondary signal during T cell activation
was realized some time ago by studies from Schwartz and colleagues [26, 27]. Their data
indicated that lack of co-stimulation resulted in unresponsive T cells [26, 27]. Subsequent
studies have identified and cloned CD80, and then CD86. CD86 and CD80 are members
of the B7 family of costimulatory molecules and are encoded by genes on chromosome
16 in mouse and chromosome 3 in human [6, 54-56]. Interestingly there are two splice
variants of CD86, of which one CD86 variant lacks the transmembrane domain and is
secreted in exosomes; its function is unclear [55]. Murine CD86 and CD80 share ~25%
amino acid identity (Figure 1.4), while they are comprised of similar structural domains.
Both are type I transmembrane proteins with the N-terminus comprised of two
Immunoglobulin folds: 1) Ig C-type domain proximal to the plasma membrane and 2) Ig
V-type domain, which contacts receptors on T cells, and are followed by a
transmembrane and cytosolic regions [57].
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Figure 1.4: Comparison between human and mouse sequences of CD86 and CD80.
A. Sequence alignment of human and murine CD80 and CD86 with conserved residues
indicated by the sequence logo feature. It should be noted that the cytosolic tail of CD80
has a paucity of lysine residues whereas the CD86 cytosolic tail contains several lysine
residues; this possibly explains why CD86 and not CD80 is targeted by MARCH1 (lysine
is required fro sensitivity to MARCH1, see Chapter 3).

CD86 is constitutively expressed on antigen presenting cells including
macrophages, DC, and B cells and its levels can be rapidly upregulated upon activation of
APC by toll-like receptors ligands, among other ligands. On the other hand, CD80
expression is inducible on APC and its kinetics of surface expression is much slower
relative to CD86 [6, 54-56]. Functionally, both CD80 and CD86 interact with the same
activating receptor (CD28) and the inhibitory receptor (CTLA-4) expressed on the
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surface of T cells. The interaction between CD86 and CD28 delivers a potent
costimulatory signal during the activation of T cells as underscored by the reduced T cell
responses in CD28-/- mice [58]. In contrast to CD28, CTLA-4 is negative regulator of T
cell signaling and its function is to control the T cell response by dampening TCRmediated signaling. In support of that idea, mice deficient in Ctla-4 exhibit
hyperproliferative T cells and die from multi-organ failures [59]. Because of their similar
costimulation function, initial studies on CD86 and CD80 have indicated that their
function appear to be overlapping since both molecules can promote T cell costimulation
and other immune functions [60, 61]. However, other studies have indicated differences
in the function between CD86 and CD80 in the immune system. For instance, in the
mouse model for autoimmune encephalomyelitis, it has been shown that autoimmune
disease severity is greatly reduced in mice deficient in CD86, strongly suggesting that
CD86 is sufficient to induce CD28-dependent signaling of autoreactive T cells [62].
Other studies have shown that CD86 interaction with CD28 is critically important for
CD8-mediated T cell responses against viral infection [63]. With regard to CD86
biogenesis, little is known concerning the transport of newly synthesized molecules from
the ER to the cell surface. It is assumed that CD86 follows the conventional biosynthetic
route trafficking from the TGN to endocytic vesicles en route to the plasma membrane.
Because CD86 is a substrate of MARCH1, we speculate that MARCH1 might play a key
role in the biogenesis of CD86, which is the focus of this work.
Overall, antigen presentation and costimulation pathways are critical for
generating effective immunity against microorganisms, including viruses. The latter have
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targeted these pathways in order to escape immune surveillance and promote virus
survival in the host, a common theme observed for many viruses. Through virus-encoded
ubiquitin E3 ligases, herpesviruses and poxviruses have targeted, in a ubiquitindependent fashion, CD86 and MHC molecules. Prior to examining the mechanisms of
virus-mediated modulation of CD86 and MHC molecules, the ubiquitin pathway is
discussed and its functions in various cellular processes are presented.

1.3 UBIQUITINATION AND UBIQUITIN E3 LIGASES
1.3.1 Overview of ubiquitination
Ubiquitin is an important signaling molecule playing an essential role in the
quality control of proteins in all eukaryotes. In fact, ubiquitin was identified during
studies on protein degradation and the discovery of the ubiquitin conjugation system in
eukaryotes led to the award of the 2004 Nobel Prize in chemistry to A. Ciechanover, A.
Hershko, and I. Rose [64]. Ubiquitination also has a regulatory role in various cellular
pathways, including ER-associated degradation (ERAD) of misfolded proteins, cell cycle
control, sorting and trafficking of plasma membrane proteins, antigen presentation, and
immunity [65, 66]. Defects in the protein ubiquitination pathway, including mutation of
enzymes involved such as E3 ligases, have been attributed to the development of
autoimmunity as well as neurodegenerative diseases [66]. For example, defects in the E3
ligase activity of the autoimmunity regulator element (AIRE), an important regulator for
the central tolerance of T cells, have been linked to an autoimmune disorder in humans
[67, 68]. In addition, development of juvenile Parkinson’s disease is associated with the
mutated E3 ligase, Parkin. Furthermore, knockout of E3 ligases such as c-Cbl, Itch, or
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Roquin resulted in autoimmune phenotypes in mice [67, 69]. Together, these examples
underline the importance of ubiquitination and cellular E3 ligases in human diseases and
in immunity. In fact, elucidating the role of newly-discovered cellular E3 ligases (such as
MARCH1) should provide new insights into the regulation of immunity. Next, the
biochemistry of protein ubiquitination is reviewed and then the function of E3 ligases in
immunity is discussed.
Briefly, ubiquitination of proteins involves the reversible attachment (covalent) of
a ubiquitin molecule, a 76 amino acid protein, to target proteins as depicted in Figure 1.5.
The steps of attaching a ubiquitin to a substrate requires the function of at least four
enzymes: a de-ubiquitinating enzyme (DUB), an activating enzyme E1, a conjugating
enzyme E2, and an E3 ligase. Ubiquitin is synthesized as a polyubiquitin chain that is
processed by the DUB enzymes into single ubiquitin moieties. It was noted earlier in the
study on ubiquitination that energy is needed to degrade proteins [64]. In this regard, the
hydrolysis of ATP provides the energy needed to activate and conjugate ubiquitin to the
E1 enzyme. Currently, only two E1 enzymes have been identified in the mammalian
genome [70]. The ubiquitin moiety is then transferred from the E1 to a conjugating
enzyme, E2. The human genome contains ~ 40 E2’s and their function is to associate
with an E3 ligase and transfer the ubiquitin moiety to the substrate. The specificity in the
ubiquitination pathway is dependent mostly on the function of E3 ligases, of which there
are several hundred E3 genes identified in the mammalian genome [70]. E3 ligases
associate with E2’s and bring them into close proximity with the substrate. The process
of transferring the ubiquitin moiety from the E2 to the substrate is dependent on the type
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of the E3 ligase. For Really Interesting New Gene (RING) E3 ligases, of which
MARCH1 is a member, ubiquitin is transferred directly from the E2 to the substrate.
Biochemically, the carboxy-terminal residue (Glycine) of ubiquitin reacts with an
acceptor site on the substrate, usually the amino group of a Lysine residue. An isopeptide
bond is formed between the substrate and the first ubiquitin.

Figure 1.5: Summary of the ubiquitination pathway.
Following its synthesis, the polyubiquitin chain is cleaved by deubiquitylating enzymes
(DUBs) into single ubiquitin moieties. Via ATP-dependent hydrolysis, the E1 enzyme is
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activated. The ubiquitin moiety is then conjugated to a conjugating enzyme, E2. E2ubiquitin complex interacts and binds to an E3 ligase, which confers substrate specificity.
Following E2-E3-substrate interactions, and depending on the type of the E3 ligase,
ubiquitin protein is either transferred directly to the substrate (for RING E3 ligases) or is
first transiently transferred to the E3 and then conjugated to the substrate (for HECT E3
ligases). Additional ubiquitin moieties can be added to the first ubiquitin on the substrate
to generate a polyubiquitin chain. (Image adapted from [71]).
Poly-ubiquitination of the substrate is accomplished by the additional linkage of
ubiquitin molecules to the first ubiquitin through internal lysine residues within the
ubiquitin molecule (ubiquitin protein has 7 lysine residues: Lys6, Lys11, Lys27, Lys29,
Lys33, Lys48, Lys63). Which lysine residues within ubiquitin are used to extend the
chain determine the fate of the modified substrate (Figure 1.6). Proteins destined for
proteasomal degradation have ubiquitin chains of at least 4 ubiquitin moieties with
Lys48-linkages. On the other hand, addition of Lys63–linked polyubiquitin chains on
substrates has regulatory functions in the cell including regulating the activity of proteins,
mediating internalization of proteins from the cell surface and in transcriptional
regulation [65-67]. In addition to lysine being used as a ubiquitin acceptor site, more
recently N-terminal ubiquitination of substrates has been demonstrated as an another
example of ubiquitin modification [72]. This mechanism involves the addition of a
ubiquitin to a unmodified N-terminal residue of a protein and not through internal lysine
residues. Evidence for this method of ubiquitination has been provided for p21, a
negative regulator of cell cycle. Bloom et. al. in studying the mechanism of p21
degradation found that lysine-less p21 was still degraded with the same kinetics as wild
type. Furthermore, lysine-less p21 was ubiquitinated and using terminal tags, the authors
suggested that N-terminal ubiquitination of p21 leads to its proteasomal degradation [73].
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(It should be noted that the repertoire of substrates that can undergo this type of
ubiquitination is limited to substrates with unmodified N-terminal amino acid residues).
Last, addition of ubiquitin to non-lysine acceptor sites on substrate has been
demonstrated by Coscoy et. al., Wang et. al., and Ishikura et. al. [74-76]. These studies
have identified noncanonical acceptor sites including cysteine, serine, and threonine as
being receptive for ubiquitin conjugation.
In summary, the main theme here is that the type of ubiquitin addition to proteins
can have distinct physiological consequences on the fate of tagged proteins, as
summarized in Figure 1.6. In the following section, RING E3 ligases will be reviewed,
highlighting the regulatory role that ubiquitin modification plays in immunity. The intent
from these examples, regulatory function of RING E3 ligases in immunity, is to support
the premise that MARCH1 might be an important regulator of immune responses.

Figure 1.6: Multiple functions of ubiquitination.
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Left panels. Mono-ubiquitination and multi-mono-ubiquitination of substrates have been
shown to promote internalization of membrane receptors and sorting to lysosomes [7781]. Recent studies have indicated that multi-mono-ubiquitination and Lys63-linked polyubiquitination serves as an internalization signal for membrane receptors [77, 82-85].
Right panels. Lys48-linked poly-ubiquitination of substrates is associated with
proteasomal degradation of substrates. From studies on viral E3 ligases, Cadwell et. al.
reported that cysteine residues within a substrate are receptive for ubiquitin modification
via a thioester bond [74]. (Adapted from [86] with slight modifications).

1.3.2 Ubiquitin E3 ligases
As mentioned previously, the mammalian genome contains several hundreds
genes encoding E3 ligases [66, 67, 70, 87]. Substrate specificity is inherent to E3 ligases,
which are classified based on the type of the ligase domain. For single-subunit E3 ligases,
there are two families: those containing the RING domain and those containing the
homolog of E6-associated protein C-terminal (HECT) domain. As will be discussed later,
these two differ both structurally and functionally (see Figure 1.5).
While trying to identify conserved motifs of DNA-binding proteins, Freemont et.
al. identified, as originally thought, DNA-binding motif with a conserved arrangement of
cysteine and histidine residues (e.g. C3HC4 for RING) that differs from conventional
zinc-finger-containing transcription factors with a linear arrangement of cysteine and
histidine (Figure 1.7). Examples of proteins that contained the RING domain included the
gene encoding recombinase RAG1 involved in antibody V(D)J rearrangement and the
yeast RAD18 involved in DNA repair [15, 88]. Later studies established that these RINGcontaining proteins are in fact ubiquitin E3 ligase, and rather than DNA binding, they are
involved in ubiquitination of substrates that play a role in DNA regulation [87]. The list
of RING E3 ligases expanded rapidly and is now divided in several subfamilies that
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differ depending on the arrangement of cysteine and histidine residues (e.g. C3HC4 for
RING, C2H2C4, and C4HC3 for RING-CH). More importantly, many of these RING E3
ligases have important functions in regulating protein trafficking, antigen presentation,
and immunity.

Figure 1.7: Structure and sequence of two types of zinc finger domains.
A. Conventional zinc finger motif found in proteins particularly transcription factor
DNA-binding domains. Note the linear arrangement of cysteine and histidine that
coordinates binding to Zinc ions. B. Really Interesting New Gene (RING) domain differs
from conventional zinc fingers by the rearrangement of cysteine and histidine residues in
“cross-brace” pattern. It should be noted that the RING family is subdivided into various
sub-families differing in the arrangement of cysteine and histidine residues (e.g. C3HC4
vs. C4HC3). C. Sequence alignment of two different types of RING domains
highlighting the cysteine, histidine and conserved tryptophan residues important for E3
ligase activity. A Tryptophan residue is important for E3-E2 interactions and mutation of
the tryptophan to alanine renders the E3 ligase nonfunctional [89]. Top alignment shows
RING alignment from soluble cellular E3 ligases. Bottom alignment depicts RING-CH
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domains alignment of membrane-bound cellular and viral E3 ligases. (MARCH1 –
mammalian membrane-associated RING-CH-1; kK3 and kK5 – Kaposi’s sarcomaassociated herpesvirus ORF’s; mK3 – murine -herpesvirus 68 ORF; M153R – myxoma
virus ORF). (Parts A and B adapted from [15]).
As for the identification of HECT-containing E3 ligases, the human papilloma
virus encodes the E6 ORF that binds and inactivates the mammalian tumor suppressor
gene, p53. It was shown that an adaptor protein, E6-associated protein (E6-AP, an E3
ligase), forms a complex with E6 that caused the ubiquitin-mediated degradation of p53
[90]. Unlike RING E3 ligase, HECT E3 ligases are transiently ubiquitinated during the
transfer of ubiquitin from an E2 to the substrate. Functionally, similar to RING E3
ligases, HECT-containing proteins have been shown to play an important role in
immunity. Examples of RING and HECT-containing E3 ligases and their role in
immunity are discussed next.

1.3.3 Ubiquitination in immunity
An example illustrating the regulatory role of ubiquitin in immunity is the
activation of the nuclear factor

-light chain enhancer of activated B cells (NF- B)

pathway [67, 70, 91]. As mentioned previously, DC are activated through their germlineencoded receptors including TLRs, which recognize pathogen-derived antigen (e.g. LPS).
The TLR-dependent maturation of DC leads to the activation of NF- B family of
transcriptions factors including an increase in cytokine secretion and upregulation of costimulatory molecules. As illustrated in Figure 1.8, TLR-dependent signaling can be
mediated by either MyD88 or TRIF adaptors which recruit other cellular factors
including TRAF6, a ubiquitin RING E3 ligase that was identified to have a key role in
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this process [92]. Interestingly, TRAF6 promotes the ubiquitination of the IKK- (or
NEMO) subunit of a kinase complex. Instead of substrate degradation, TRAF6-mediated
Lys63-linked polyubiquitin chain addition activates IKK- . Activated IKK-

then

promotes the phosphorylation of the I -B subunit of the transcription factor NF- B.
Phosphorylated I -B binds to the F-box protein of a multisubunit RING-containing
complex. Unlike TRAF6-mediated lys63-linked ubiquitination of IKK- , I -B undergoes
Lys48-linked polyubiquitination chain addition, which leads to its proteasomal
degradation. The remaining NF- B subunits (p50, p65) then translocate to the nucleus
where they activate transcription of NF- B dependent genes. The regulation of NF- B
pathway through ubiquitination illustrates that the type ubiquitin linkage can have a
different outcome on the function and fate of ubiquitinated proteins.
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Figure 1.8: Ubiquitin-mediated regulation of NF-kB signaling.
Upon ligand-mediated activation of Toll-like receptors (TLR), adaptor proteins (MyD88
and TRIF) are recruited to the plasma membrane. These adaptor proteins interact with the
cytosolic regions of TLR and recruit the kinase, IRAK4 or RIP1. These kinases activate
other enzymes (not shown) in turn leading to the activation of TRAF6, a ubiquitin E3
ligase. TRAF6 binds to the IKK complex and also recruits the E2, Ubc13, which
promotes Lys63-linked polyubiquitin chain elongation. The ubiquitination of the IKKsubunit activates the kinase activity of the IKK complex. Thereafter, IKK phosphorylates
the I -B subunit of NF- B. Phosphorylated I -B is recruited to the SCF complex via its
interaction with the F-box protein. The E3 ligase, Rbx1 (a subunit of the SCF complex),
promotes the ubiquitination of I -B. Unlike IKK- , a Lys48-linked polyubiquitin chain
on I -B promotes its proteasomal degradation and release of the p50/65 dimer. The latter
translocates to the nucleus and drives the transcription of many genes including
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inflammatory cytokines and costimulatory molecules. [IRAK4: Interleukin-1 receptorassociated kinase 4;RIP1: kinase receptor interacting protein 1;TRAF6: Tumor necrosis
factor-receptor associated factor 6; IKK: Inhibitor of B kinase (IKK- is also referred to
as NEMO); SCF: Skp Cullin F-box containing complex] (Adapted from [67])
Another regulatory role of ubiquitin in immunity has emerged from studying the
mechanisms that induce peripheral T cell tolerance. As mentioned previously, DC
lacking or expressing low levels of costimulatory molecules can induce T cell anergy
[27].

Clinically, induction of peripheral T cell tolerance is particularly critical for

patients with autoimmune diseases. In addition, T cell tolerance is needed to dampen T
cell signaling after clearance of an infection. How T cell tolerance is induced remains an
exciting area of research. Many studies have argued that, in addition to CTLA-4, E3
ligases play a critical role in induction of T cell tolerance as supported by the phenotypes
of several E3 ligase-deficient mice [86, 93-97]. For example, Itch-deficient mice suffer
from an allergic immune responses manifested by skin itchiness [95]. In addition, the
RING E3 ligase cbl-b is also important for induction of T cell tolerance since Cbl-bdeficient mice develop autoimmune disorders [96, 97]. Furthermore, anergic T cells have
been shown to express high levels of E3 ligases including Cbl-b, Itch, GRAIL.
Functionally, many of these E3 ligases negatively regulate either the expression of
transcription factors that are important for T cell differentiation toward promoting cellmediated immunity (e.g. Itch) or alter the signaling molecules following T cell activation
(e.g. Cbl-b) and molecules downstream of the CD28 signaling pathway [95, 96]. While
many of these E3 ligases have been linked to play a role in peripheral T cell tolerance, the
identity of the E3 ligases cellular targets have not been identified and the mechanisms by
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which they induce T cell anergy are not fully characterized. Nevertheless, these studies
do support the important function of ubiquitin E3 ligase for T cell function.
In summary, ubiquitination is an important regulatory mechanism involved in
various cellular processes. Interestingly, viruses including herpesvirus and poxvirus have
taken advantage of this eukaryotic system to escape immunity and to promote their
survival in the host. The initial work on characterizing the viral E3 ligases that led to the
identification of MARCH genes will be discussed in the next section.

1.4 VIRUS-ENCODED E3 LIGASES IN EVASION OF IMMUNITY
1.4.1 Overview of viral RING-CH-containing E3 ligases
As illustrated in Figure 1.2, the MHC class I pathway, which is important for
presentation of virus-derived peptides to CD8+ T cells, is targeted by viruses at every step
along the trafficking routes for MHC class I/peptide complexes. This is evident by the
many examples of viral proteins encoded by human cytomegalovirus (HCMV),
adenovirus, Kaposi’s-sarcoma herpesvirus (KSHV), or human immunodeficiency virus
(HIV) targeting the MHC class I pathway either through blocking transport of peptides to
the lumen of the ER, blocking the ER-to-golgi transport or ER retention of MHC class I,
or internalizing MHC class I molecules from the cell surface [7-9, 98]. As a result, many
of these viruses avoid the immune surveillance mediated by CD8+ T cells and in turn
establish latency in the host. Additionally, herpesviruses and poxviruses, two divergent
virus families, encode viral RING E3 ligases that are employed to usurp the host cellular
ubiquitination pathway in order to escape CD8+ T cell immunity [14, 15, 98]. Studies
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from various groups including those of Coscoy et. al. [99] and Ishido et. al. [100] on the
human

-herpesvirus Kaposi’s sarcoma-associated virus (KSHV)-mediated immune

evasion, have led to the discovery of viral genes which mediate viral immune evasion and
the establishment of latency. Two ORFs termed modulator of immune response 1&2
(MIR1 or kK3, MIR2 or kK5) were identified and that possess a ubiquitin E3 ligase
activity. Stevenson et. al. examined the murine -herpesvirus 68 (mHV68), which
establishes latent infection in rodents, for the presence of an ORF that enables immune
evasion and establishment of viral latency and identified mK3, a ubiquitin E3 ligase
[101]. Two other studies on a poxvirus, the Myxoma virus (tropism to rabbits), led to the
identification of an ORF termed M153R. M153R is a ubiquitin E3 ligase that degrades
immune molecules including MHC class I, CD4, and CD95 [102, 103]. Subsequent
studies determined that virus-encoded E3 ligases containing the conserved functional
domain RING-CH, a variant of the RING domain, are shared by herpesviruses and
poxviruses. In addition, structural alignment of all of these viral E3 ligases revealed a
conserved structural topology (depicted in Figure 1.9), with the N-terminus containing
the RING-CH exposed to the cytosol followed by two transmembrane domains connected
by a short luminal region and followed by a cytosolic C-terminal region [104, 105]. All
of these enzymes derived from KSHV (kK3, kK5), mHV 68 (mK3), and poxvirus
(M153R) are known as the K3 family.
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Figure 1.9: Conserved topology of viral RING-CH-containing ubiquitin E3 ligases.
Most members of the K3 family of E3 ligases and cellular MARCH proteins have the
depicted type III membrane topology. For most viral and cellular E3 ligases, the RINGCH in located at the N-terminus and is cytosolic. The N-terminus is usually followed by
two membrane-spanning domains and a cytosolic C-terminal domain. Exception to this
topology has been noted for MARCH7 and MARCH10 which lack predicted
transmembrane regions and the RING-CH domain is located at the C-terminal end.

An interesting observation made while characterizing the K3 family of E3 ligases
is the fact that two evolutionary divergent virus families share a conserved ubiquitin E3
ligase function employed to subvert the host immune system. Because viruses are
obligate microorganisms depending on the host cellular machinery for their replication, it
was later hypothesized that viral ubiquitin E3 ligases may have been acquired from the
host. By parsing the mammalian genome using sequence alignment algorithms,
researchers have identified a novel set of cellular proteins containing the conserved
RING-CH domain found in their viral orthologs [12, 13]. Termed membrane-associated
RING-CH protein (MARCH), these cellular ubiquitin E3 ligases shared a similar
structural organization as depicted in Figure 1.9, with some exceptions [106]. First,
several studies on the K3 family members will be reviewed focusing on the regulatory
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function of virus-encoded E3 ligases pertaining to modulation of their substrates and on
molecular determinants implicated in enzyme-substrate specificity. Not only do studies
on viral E3 ligases help in our understanding of viral immune evasion but they also
elucidate new ideas about the function of ubiquitination in the regulation of the
trafficking of membrane proteins in the cell.

1.4.2 Function and regulation of mK3 and its substrate, MHC class I
Viral ubiquitin E3 ligases mediate the ubiquitination of their substrates through
recruitment of an E2 enzyme and substrates via the conserved RING-CH domain [13-15].
The fate of ubiquitinated substrates, however, differs depending on the identity of the
viral E3 ligase. For example, Stevenson et. al. study showed that mK3 mediates the
downregulation of murine MHC class I molecules and by pulse-chase analysis of cells
overexpressing mK3 indicated that newly synthesized endoglycosidase H (endoH)sensitive, ER-resident, MHC class I were targeted [101]. In addition, the half-life of
MHC class I was significantly reduced in the presence of mK3. Importantly, in
subsequent studies, it was demonstrated that mK3 ORF was crucial for escaping CD8+ T
cells and helping establish latency. Stevenson et. al. showed that mice infected with the
mHV68 mK3-deficient virus had increased infiltrating CD8+ T cells in their spleen in
comparison to mice infected with wild type mHV68 encoding mK3 [107]. Boname et. al.
then demonstrated that mK3 localizes to the ER and found that proteasomal inhibition of
cells overexpressing mK3 lead to stabilization of MHC class I levels, suggesting that
mK3 ubiquitinates MHC class I in the ER and promotes its ER-associated degradation
(ERAD). Also, this study established that the C-terminal domain of mK3 is important for
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MHC class I association while the N-terminal domain of mK3 is important for its
ubiquitin E3 ligase activity, as mutation of conserved cysteine residues within the RINGCH domains did not cause MHC class I degradation [104]. These studies, however, do
not rule out an indirect association between MHC class I and mK3. In their
characterization of mK3, Lybarger et. al. determined that members of the PLC, namely
tapasin and TAP, are important for mK3 expression, stability, and function. In cells
lacking either tapasin or TAP, mK3 was unstable and its expression was low. Both
expression and stability of mK3 were restored by complementing tapasin-deficient cells
with tapasin[108]. This study suggested that mK3 employs accessory (adaptors)
molecules to target MHC class I and this model was supported by the finding that the
MHC class I T134K mutant, unable to associate with tapasin and excluded from PLC, is
resistant to mK3 function [108]. This observation indicated that recruitment of MHC
class I to the PLC complex and association with tapasin are critical factors for mK3mediated downregulation of MHC class I. Subsequent studies refined the substrate
selectivity of mK3 by showing that association with PLC and close proximity of mK3 to
its substrate is a determinant for substrate selection and ERAD. It was shown by Wang et.
al. that tapasin, which by association with mK3 (tapasin association with the E3 ligase is
dependent on the presence of an intact mK3 C-terminal domain), recruits the viral E3
ligase to the PLC. In addition, it was interesting to note that a tapasin chimera, comprised
of tapasin ectodomain fused to the transmembrane and cytosolic regions of MHC class I,
was resistant to mK3. These studies strongly support an adaptor-mediated model: the Cterminal region of mK3 interacts with tapasin and as a result the recruitment of mK3 to
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the PLC, this interaction brings into close proximity the N-terminal domain of mK3 with
the cytoplasmic tail of MHC class I allowing for ubiquitination of MHC class I [109].
What molecular characteristics determine substrate sensitivity to mK3? Wang et.
al. showed that the cytoplasmic tail of MHC class I is crucial for mK3-dependent
degradation, as deletion of the cytosolic tail promoted resistance to mK3. Interestingly,
wildtype MHC class I and a mutant MHC class I with all of its cytosolic lysines mutated
to arginine, were both degraded by mK3, indicating that lysine residues are not an
absolute requirement for mK3-mediated degradation. This led to an interesting finding
that ubiquitination can occur on serine and threonine residues of MHC class I [76]. As a
side note, the Bonifacino group has recently published a study that provided experimental
data supporting serine-dependent ubiquitination by a cellular E3 ligase, HRD1, targeting
the T cell receptor alpha chain [110]. Furthermore, mK3 substrate specificity was not
mapped to a unique motif in the cytosolic tail of MHC class I because mK3 was able to
target a chimera made of ectodomain of MHC class I fused to transmembrane and
cytosolic regions of either human CD86 or murine CD86 (mCD86); full length human
CD86 was resistant to mK3 [111]. This suggested that as long as the substrate is brought
into the PLC and by virtue of the ubiquitin E3 ligase being in close proximity to the
substrate, mK3 will degrade MHC I in a ubiquitin-mediated manner. In support of this
model, Corcoran et. al. showed that the light chain molecule, 2m, associates with class I
heavy chain and is itself resistant to mK3. However, it can become a mK3 substrate as
long as a transmembrane and a cytosolic tail (containing lysine, serine, or threonine) are
appended. In cells lacking endogenous 2m, expression of a 2m chimera comprised of
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the ectodomain of human 2m and the transmembrane and tail of mCD86, this chimera
was shown to associate with the PLC and was targeted for degradation in a ubiquitindependent fashion by mK3 [112]. This adaptor-mediated substrate selectivity is depicted
in Figure 1.10. In summary, the mK3 studies have illustrated how a viral ubiquitin E3
ligase employs cellular adaptor proteins to target MHC class I, in turn helping the virus
evades the immune system. These studies have implications for MARCH proteins
because the mechanism of substrate selectivity for mK3 should be useful in explaining
how MARCH proteins including MARCH1 can target multiple, unrelated substrates.
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Figure 1.10: Proposed adaptor-mediated model for mK3-mediated downregulation
of MHC class I.
mK3 is first recruited to the PLC through its interaction via its C-terminal domain with
tapasin. As noted in the text, both TAP and tapasin are required for the stability and
expression of mK3. Within the PLC, tapasin by virtue of its dual interactions with mK3
and MHC class I bring these two molecules into close proximity. It is believed that the
RING-CH region of mK3 is oriented in a way favoring the ubiquitination of the cytosolic
region of MHC class I. (Adapted from [111]).

1.4.3 Function and regulation of kK3and kK5 and their substrates
Unlike mK3 (which targets ER-resident MHC class I), two independent studies
have shown that kK3 and kK5 expression decreases the levels of MHC class I from the
plasma membrane [99, 100]. The downregulation of surface MHC class I was inhibited
by lysosomal and not by proteasomal inhibitors. This suggested that MHC class I is
routed to lysosomes for degradation by kK3 and kK5. Furthermore, kK3- and kK5mediated targeting of MHC class I promotes the rapid endocytosis of MHC class I in a
dynamin and clathrin-dependent mechanism [99, 100]. This effect was specific to MHC
class I as receptor-mediated endocytosis of transferrin receptor was not altered in the
presence of kK3 or kK5. In addition, it was found that the transmembrane and tail regions
of target molecules are essential for kK3 or kK5-mediated targeting. For example,
appending the transmembrane and tail of HLA-A2 molecule to the ectodomain of CD8, a
non-kK3 substrate, rendered this chimera sensitive to kK3 [99, 100]. These studies
implied that following association with their substrates kK3 or kK5 mediates ubiquitindependent degradation of their substrates. In support of this, Hewitt et. al. provided
experimental evidence for direct association between kK3 and MHC class I and also
showed that kK3 promote the ubiquitination of MHC class I, which is dependent on a

52

functional RING-CH domain. In addition, kK3-mediated ubiquitination of MHC class I
occurs post-ER transport of MHC class I as 1) ubiquitination was inhibited by brefeldin
A, an inhibitor of ER export, and 2) ubiquitinated MHC class I acquired endoH resistance
[113]. Furthermore, Hewitt et. al. showed that ubiquitination of MHC class I acts as an
internalization signal and is important in sorting internalized MHC class I to MVBs and
then to lysosomes for degradation [113]. Subsequent studies by Duncan et. al. showed
that kK3, unlike mK3, mediated Lys63-linked polyubiquitin chain addition through
recruitment of the E2, Ubc13, that promotes elongation of ubiquitin chain through Lys63
[83]. Recent studies by Boname et. al. also indicated that kK5 mediates the
internalization of MHC class I through Lys63-linked polyubiquitin chain which involved
the recruitment of Ubc13 [84]. The internalization of MHC class I is mediated through
clathrin and involves ubiquitin-interacting adaptor proteins including Epsin and proteins
involved in sorting to lysosomes including Hrs and TSG101 [14, 15, 83, 98, 99, 113]. A
model describing the regulation of MHC class I by kK3 and kK5 based on data from the
aforementioned studies is shown in Figure 1.11. Like kK3 or kK5, MARCH1 mediates
the surface downregulation of its substrates; therefore, the mechanism shown in Figure
1.11 should be relevant for the mechanism by which MARCH1 regulates the surface
expression of CD86 and MHC class II.

53

Figure 1.11: Mechanism for kK3 and kK5-mediated downregulation of MHC class
I.
KSHV-encoded kK3 and kK5 target endoH-resistant MHC class I for lysosomal
degradation. kK3 or kK5 associates with surface MHC class I and promotes the
ubiquitination of MHC class I at the plasma membrane. Unlike mK3, kK3 or kK5
promotes the addition of Lys63-linked polyubiquitin chains, which promote the
internalization of MHC class I. The internalization of MHC class I appears to be
dependent on the function of clathrin and ubiquitin adaptor proteins including Epsins.
Following ubiquitin-mediated internalization, MHC class I molecules, through their
interaction with Hrs and Tsg101, are sorted to MVBs and then to lysosomes for
degradation. (Adapted with modifications from [98]).
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In addition to MHC class I, kK3 and kK5 have been shown to target additional
cellular proteins. In particular, kK5 targets the surface expression levels of CD86, ICAM1, CD31, IFN- R1, CD166 [106, 114-118]. Although the physiological importance has
not been demonstrated, by targeting multiple immune molecules through kK3 or kK5,
KSHV can escape both T cell mediated immunity as well as NK cell immunity (the latter
is dependent on the levels of CD86 and ICAM-1) [119]. In addition, kK5 modulation of
the adhesion molecules CD31 may lead to the breakdown of the extracellular matrix and
allows transformed cells to spread to other tissues; skin tumors are a common clinical
feature in KSHV-infected patients especially those who are also immunocompromised as
in HIV patients [115]. Molecularly, how these two E3 ligases target multiple substrates is
still not fully understood. What substrate and enzyme determinants are critical for
sensitivity and specificity to the E3 ligase? Earlier studies on the characterization of kK5
have shown that the transmembrane regions of kK5 are critical for targeting its substrates.
For example, it was found that swapping the transmembrane domains of kK5 with those
of kK3 abrogates this new chimera’s (kK5/kK3) ability to target CD86; kK3 does not
cause the downregulation of CD86 [105]. In addition, other studies have shown that the
transmembrane and tail regions of the substrate are sufficient for kK3 or kK5-mediated
targeting [100, 114]. For example, Ishido et. al. have shown that appending the
transmembrane and tail of MHC class I (HLA-A2) to the ectodomain of CD8 renders a
non-kK3 substrate sensitive to the function of kK3 as evident by the decrease in the
surface expression of the CD8 chimera when kK3 was present. In addition, the sensitivity
of CD86 to kK5 is dependent on the presence of CD86 cytosolic tail since CD86 lacking

55

its cytosolic tail was resistant to kK5 function [114]. Importantly, lysine residues within
the CD86 cytosolic tail were sufficient to promote sensitivity to kK5 [114]. However, this
idea has been challenged by later studies that indicated that cysteine residues also
promote substrate sensitivity to kK3 or kK5. For examples, MHC class I HLA-B7 allele
with all of its cytosolic lysine residues mutated to arginine was still sensitive to kK3. By
an alanine scanning approach, Cadwell et. al. found that a cysteine residue within the tail
of HLA-B7 promotes sensitivity of MHC class I to kK3. Importantly, cysteine residues
can support ubiquitination of MHC class I by kK3 through a thioester bond instead of the
isopeptide bond generated with lysine-mediated ubiquitination.
In their initial analysis, Cadwell et. al. did not observe that kK5 also mediated
cysteine-dependent ubiquitination of MHC class I. More recent studies have provided
some insights into this issue. It turns out that kK3 and kK5 substrate specificity depends
on the location of cysteine and lysines residues within the cytosolic tail of MHC class I.
For example, kK5 can support both lysine and cysteine-dependent ubiquitination of MHC
class I as long as these cytosolic residues within the tail region of the substrate are
positioned close to the transmembrane. On the other hand, kK3 supports both cysteine
and lysine-dependent targeting of its substrate using residues located away from the
transmembrane domain. In addition, regions between RING-CH domain and first
transmembrane as well as the cytosolic region near the second transmembrane of the viral
E3 ligases are critical for substrate targeting. This position-specific substrate selectivity
model (Figure 1.12) was proposed to explain how substrate selectivity is determined by
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kK3 and kK5 and helps in explaining the expanded repertoire of kK5 substrates, which
do not share any sequence homology.

Figure 1.12: Model for position-specific substrate sensitivity to kK3 or kK5.
kK5 targets substrate with lysine and cysteine residues close to transmembrane domain
while kK3 targets substrates with lysine and cysteine residues away from the
transmembrane region. Sensitivity of substrates to kK3 and kK5 is also dependent on
regions (shown in gray) within the E3 ligases. This position-dependent specificity model
described by Cadwell et. al. helps explain the increased repertoire of substrates targeted
by kK5. (Adapted from [120]).

Altogether, the studies on viral K3 family members have led to a better
understanding of virus immune evasion strategies but, more importantly, led to a better
understanding of cellular processes including 1) quality control of proteins in the ER
(studies on mK3), 2) better understanding of different ubiquitin modifications, 3)
ubiquitin regulatory role in endocytosis and protein sorting, and 4) identification of
cellular E3 ligases (MARCH family). Furthermore, models on substrate specificity
proposed for mK3 and kK3 or kK5 should prove useful in characterizing substrate
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selectivity of MARCH1, as there are many similarities between these viral and their
cellular orthologs.

1.5 MARCH PROTEINS: FUNCTION AND REGULATION
1.5.1 Overview of MARCH proteins
As mentioned previously, studies on viral E3 ligases have led to the identification
of their mammalian orthologs. It appears that the human genome contains 11 MARCH
genes [13, 16, 106, 121]. The first MARCH gene to be identified was MARCH8, initially
termed c-MIR for cellular modulator of immune response and functionally, its forced
expression led to the downregulation of the surface expression of CD86 and MHC class
II [12, 122]. In a comprehensive study, Bartee et. al. identified and characterized the
function of most March genes [106]. Briefly, most MARCH proteins had ubiquitous
mRNA distribution with the exception of MARCH1, MARCH4, and MARCH11.
Structurally, MARCH proteins had structural topology similar to the viral ubiquitin E3
ligases of the K3 family (Figure 1.9). Functionally, overexpression of these cellular E3
ligases resulted in the downregulation of several immune molecules including MHC class
I, MHC class II, CD86, CD4, Fas, and ICAM-1 [12, 106, 122-125]. For example, forced
expression of MARCH1 was shown to decrease the surface expression of MHC class II,
CD86, and Fas. In addition, MARCH1 was shown to be restricted to lymphoid tissues
and expressed in antigen presenting cells like DC, B cells, and macrophages. MARCH8
exhibits ~90% sequence identity with MARCH1 and targets similar substrates, yet
MARCH8 is ubiquitously expressed in all tissues examined. MARCH2 and MARCH3,
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another homologous pair, are implicated in the regulation of endocytic trafficking of
vesicles [126]. MARCH4 and MARCH9 are involved in the downregulation of the
surface expression of MHC class I. MARCH5, unlike other MARCH proteins, contains 4
transmembrane domains and is implicated in the regulation of mitochondrial membrane
proteins involved in the morphological development of mitochondria [127]. MARCH6, a
13-transmebrane protein also known as TEB4, is an ortholog to a yeast ubiquitin E3
ligase, Doa10. MARCH6 is assumed to have similar function to Doa10, which is an ERlocalized membrane proteins that plays a role in ERAD and ER quality control [127].
MARCH7, also known as axotrophin, is important in neuronal development, and unlike
most MARCH protein, MARCH7 lacks transmembrane domains; in addition, its RINGCH domain is positioned at the C-terminal end. Finally, MARCH11 was recently
identified and appears to play a critical role in spermatogenesis [128]. Many of the
MARCH studies have been focused on the identification and expression of each MARCH
protein with limited functional data. Indeed, the in vivo physiological function of most
MARCH proteins is still unclear with the exception of MARCH1, which is emerging to
be a critical factor in DC biology as demonstrated by studies from Ohmura et. al.[17].
MARCH1 represents the focus of this work and a detailed description of MARCH1
expression and function is presented in the following sections.

59

60

Figure 1.13: Homology of murine MARCH proteins and alignment of their RINGCH domains.
Top panel. A tree alignment indicates the relatedness of the MARCH proteins. This was
generated using the software, Geneious using default settings. Bottom panel. Alignment
of the RING-CH domains of the MARCH proteins. The conserved C4HC3 and
tryptophan residues are highlighted. Note that the tryptophan residue is critical for E3-E2
interaction. Mutation of the tryptophan residue is known to abolish the E3 ligase activity
[89, 113]. Also note that numbers shown on each end of the RING-CH domains represent
their location within the sequence of each MARCH protein. In contrast to other MARCH
proteins, RING-CH domains of MARCH7 and MARCH10 are located at the C-terminal
region.

1.5.2 MARCH1
The gene encoding March1 is located on chromosome 8 and chromosome 4 in the
mouse and human genomes, respectively. Initial characterization of MARCH1 transcript
suggested that the consensus sequence is MARCH1 isoform 2 (Figure 1.14). However,
there are now three splice variants of March1 mRNA that exist in the NCBI database.
The sequence disparities among MARCH1 isoforms are confined mostly to the Nterminal portion of MARCH1 as depicted in Figure 1.14. Recent microarray data [129]
indicated that isoform 2 is the most abundant MARCH1 variant and studies presented in
this dissertation are based on the mRNA sequence for isoform 2. Functionally, initial
overexpression studies indicated that MARCH1 might play a regulatory role in antigen
presentation [106]. In support of this idea, Matsuki et. al. have shown that B cells from
MARCH1-deficient mice had increased surface expression of MHC class II; loss of one
MARCH1 allele resulted in the significant increase of surface expression of MHC class II
and CD86. Importantly, MHC class II expressed on B cells from MARCH1 knockout
mice had lost ubiquitination relative to MHC class II from wildtype [123]. The study by

61

Matsuki et. al. as well as previous studies examining the regulation of MHC class II
distribution on DC led to the postulation that MARCH1 is strongly involved in the
ubiquitin-dependent regulation of MHC class II distribution on DC in a maturation statedependent manner.
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Figure 1.14: Alignment of murine and human MARCH1 sequences.
Top alignment. Various murine MARCH1 isoforms are depicted and conserved amino
acid residues are indicated using the sequence logo feature (generated using the software,
Geneious). The major difference between all three isoforms is confined to the extreme Nterminus of the protein. The RING-CH domain is located within the N-terminus
80
CRIC….CELC126 (numbering is based on the sequence of MARCH1 isoform 2)
followed by two transmembrane domains and a cytosolic tail. Three putative tyrosine
sorting motifs (Yxx ) exist in the MARCH1 sequence 128YDFI131, 222YVQL225, and
232
YNRV235. Bottom alignment. Murine and human MARCH1 share ~95% amino acid
sequence identity. (Murine MARCH1 isoform 2 is used in this dissertation).

1.5.3 MARCH1-mediated regulation of MHC class II
Regulation of MHC class II trafficking during the maturation of DC has been well
examined. In this section, the role MARCH1 plays in regulating the redistribution of
MHC II in DC following induction of DC maturation is addressed (refer to Figure 1.3 for
a summary on the biogenesis of MHC II). It is known that immature DC express low
surface levels of MHC class II because much of the MHC II is retained in endocytic
compartments (MVBs) and undergo rapid degradation. In fact, the increase in the surface
expression MHC class II/peptide complexes observed on mature DC is due to
redistribution from intracellular compartments to the plasma membrane [45, 51, 130]
rather than transcriptional increase in MHC class II since LPS treatment of DC turns off
class II transactivator (CIITA), the key regulator of MHC class II transcription [45, 131134]. What molecular mechanism then account for the increase in MHC class II levels at
the plasma membrane of DC? Initial studies have attributed the increase in the surface
expression of MHC class II/peptide complexes to be dependent on the rate of Ii
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proteolysis. Pierre et. al. has shown that Cathepsin S, a lysosomal protease, is important
for Ii processing. Cathepsin S activity is enhanced upon DC maturation which results in
better processing of Ii chain (possibly due to an increase in lysosomal acidification in
mature DC [135]), and therefore increased loading and expression of MHC class
II/peptide complexes at the plasma membrane [136]. However, recent studies have shown
that the increase in the surface expression of MHC class II/peptide complexes on mature
DC, due to the redistribution of MHC class II from intracellular compartments to the
plasma membrane, is independent of Ii processing [45, 51, 137, 138]. Data from
Villadangos et. al. indicate that increased 1) endocytosis rate, 2) sorting to luminal
vesicles and 3) degradation of MHC class II/peptide complexes are largely responsible
for the low surface MHC class II levels on immature DC [51]. Ubiquitination of MHC
class II/peptide complexes regulate the redistribution process during the activation of DC
[137, 139]. Ubiquitination of MHC class II/peptide complexes caused their increased
endocytosis and sorting to luminal vesicles of late endosomes in immature DC [137,
139]. Ubiquitination was lost upon DC maturation leading to the redistribution of MHC
class II/peptide complexes from intracellular compartments to the plasma membrane
[137, 139-142]. In addition, it was shown that the single, conserved lysine residue within
the tail of MHC class II beta chain is the key residue for ubiquitination-mediated
regulation of MHC class II trafficking. MHC class II ubiquitination occurs post-Ii
processing, because lysine-less MHC class II molecules were mostly associated with the
plasma membrane of immature DC; ubiquitination of MHC class II on the alpha chain
has been reported [143]. MARCH1 appears to mediate MHC class II ubiquitination in
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immature DC, thereby acting as a negative regulator of antigen presentation [123, 142].
In support of this idea, it was shown that the decrease in ubiquitination of MHC class II
during DC maturation is correlated with a decrease in March1 mRNA levels [142, 144].
This transcriptional regulation of MARCH1 allows for the differential regulation of MHC
class II in immature and mature DC. However, there are experimental data that suggest a
post-transcriptional modification of MARCH1. First, the fact that MARCH1 protein
levels significantly drop following a 4-hr LPS treatment, too short to be explained by
transcriptional regulation, argues for an additional post-transcriptional regulation of
MARCH1 to control its levels [142]. In addition, we and others have found that
endogenous MARCH1 is unusually hard to detect by immunoblotting, which suggests a
very unstable protein.
MARCH1 has emerged as a critical regulator of antigen presentation, yet little is
known about its properties and regulation. The research described in this dissertation
addresses several key questions concerning MARCH1.
AIM1 (presented in Chapter 2) examines the stability of MARCH1 in DC and also the
regulatory mechanisms controlling MARCH1 expression in DC.
The regulation for MHC class II protein expression in DC has been well
characterized and MARCH1 appears to play an important role in the regulation of MHC
class II trafficking. As for CD86, little is known about its biogenesis and trafficking in
DC.
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AIM2 (presented in Chapter 3) examines the effects of MARCH1 on CD86 biogenesis
in DC. In addition, AIM2 addresses mechanisms involved in substrate selection of
MARCH1.
Overall, the work presented in this dissertation highlights important factors involved in
the regulation of MARCH1 and its substrates. Given its central role in antigen
presentation, these studies lay a foundation to further examine the function of MARCH1
in immunity.
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CHAPTER 2
Discrete domains of MARCH1 mediate its localization,
functional interactions, and post-transcriptional control of
expression

(Adapted from Maurice Jabbour, Erin M. Campbell, Hanna Fares, and Lonnie Lybarger
Journal of Immunology 2009, Vol. 183:6500-6512)
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PREFACE TO CHAPTER 2
Previous studies have shown that B cells from MARCH1-deficient mice have
higher expression of MHC class II and CD86 surface expression. MHC class II molecules
on the surface of B cells from MARCH1-deficient mice are not ubiquitinated in
comparison to ubiquitinated MHC II on the surface of B cells from wildtype mice.
Therefore, MARCH1 is thought to be a negative regulator of antigen presentation. To
that end, MARCH1 levels were examined during the maturation of DC by toll-like
receptor ligands. The increase in MHC class II levels (and CD86 levels) on the surface of
mature DC correlated with a decrease in the mRNA levels of March1, indicating
transcriptional regulation of MARCH1 following DC maturation. However, MARCH1
steady-levels decreased significantly, ~4hrs after LPS-induced maturation of DC,
indicating that post-transcriptional of MARCH1 is needed to allow for the increase in the
surface expression of MHC class II and CD86. To that end, we examine the molecular
mechanisms involved in the posttranscriptional regulation of MARCH1.
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2.1 ABSTRACT
Within antigen presenting cells (APC), ubiquitination regulates the trafficking of immune
modulators such as MHC class II and CD86 (B7.2) molecules. MARCH1 (membraneassociated RING-CH), a newly identified ubiquitin E3 ligase expressed in APC,
ubiquitinates MHC class II thereby reducing its surface expression. Following LPSinduced maturation of dendritic cells (DC), MARCH1 mRNA is downregulated and
MHC class II is redistributed to the cell surface from endosomal compartments. Here, we
show that MARCH1 expression is also regulated at the post-transcriptional level. In
primary DC and APC cell lines of murine origin, MARCH1 had a half-life of less than 30
min. MARCH1 degradation appears to occur partly in lysosomes, since inhibiting
lysosomal activity stabilized MARCH1. Similar stabilization was observed when
MARCH1-expressing cells were treated with cysteine protease inhibitors. Mutational
analyses of MARCH1 defined discrete domains required for destabilization, proper
localization, and functional interaction with substrates. Together, these data suggest that
MARCH1 expression is regulated at a post-transcriptional level by trafficking within the
endo-lysosomal pathway where MARCH1 is proteolysed.

The short half-life of

MARCH1 permits very rapid changes in the levels of the protein in response to changes
in the mRNA, resulting in efficient induction of antigen presentation once APC receive
maturational signals.
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2.2 INTRODUCTION
Antigen presentation is strictly regulated to ensure immune priming only under the
appropriate circumstances. This is true of both the MHC class I and class II presentation
pathways, which share a requirement for costimulation in order to efficiently activate
naïve CD8 and CD4 T cells, respectively. In the case of MHC class II-expressing
professional antigen presenting cells (APC), such as dendritic cells, macrophages, and B
cells, the ability to prime CD4 T cells is coupled to their maturational state. Immature
APC are characterized by relatively low levels of MHC class I and class II, and
costimulatory molecules including CD80 (B7.1) and CD86 (B7.2). Various stimuli,
which include Toll-like Receptor ligands such as LPS, induce rapid changes in APC
which result in enhanced priming capacity. Though these changes are manifold, notable
among them is a substantial increase in MHC class II and CD80/86 levels [19, 145].
Consequently, matured APC are much more potent in their T cell-activating ability [19].
In large part, the rapid, maturation-induced changes in MHC class II (and probably
CD86) levels are the result of changes in intracellular trafficking pathways [39, 141].
Extensive work has shown that in immature APC, MHC class II molecules are
sorted into the endo-lysosomal system, either directly from the trans-Golgi network
and/or after transient appearance at the plasma membrane [51, 146]. This sorting process
requires specific information in the cytosolic tail of the MHC class II “chaperone”, the
invariant-chain [39]. In immature dendritic cells (DC), MHC class II molecules are
primarily found in late endosomes containing internal vesicles [147]. When DC are
matured with stimuli such as LPS, MHC class II molecules leave endosomes and traffic
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to the cell surface [51, 130, 148], where they maintain high levels of expression.
Interestingly, in immature DC, MHC class II beta-chains are constitutively ubiquitinated
on their cytosolic tails, causing MHC class II to be retained within the endo-lysosomal
system; ubiquitination is lost once DC mature [122, 137, 139, 142]. MHC class II betachains that cannot be ubiquitinated are expressed at high levels at the cell surface even in
immature DC [137, 139]. It has recently become clear that Membrane-associated RINGCH protein 1 (MARCH1) is the E3 ligase responsible for ubiquitinating MHC class II in
immature APC [123, 142]. Maturation of APC results in a decrease in MARCH1 mRNA
and redistribution of MHC class II to the cell surface [142, 149]. Thus, MARCH1
appears to function as a negative regulator of antigen presentation.

In addition to

affecting antigen display (MHC class II), MARCH1 also regulates the expression of the
costimulatory molecule, CD86 [106, 142].
MARCH1 is a member of a family of RING domain-containing E3 ligases which
were identified by virtue of their relatedness to viral immune evasion molecules [106,
150]. Like most of its cellular relatives, MARCH1 is membrane-anchored and possesses
a RING domain of the RING-CH subtype [16, 151]. MARCH1 and its closest homolog,
MARCH8 (c-MIR), regulate the surface expression of MHC class II and CD86 through
ubiquitin-dependent mechanisms [122, 123]. While MARCH8 is broadly expressed
[106, 152], MARCH1 expression is highly enriched in lymphoid tissues [106] and
appears to be especially prominent in APC [123].

Importantly, in the absence of

MARCH1, MHC class II and CD86 levels increase at the cell surface on immature APC
[123, 142, 149].

MARCH1 has been reported to localize to LAMP-1-positive late
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endosomes/lysosomes [106], which is consistent with the finding that MHC class II
molecules are ubiquitinated after processing of the invariant-chain [137], which occurs in
a similar compartment. MHC class II beta chains appear to be direct substrates of
MARCH1, and an interaction between the two proteins has been reported [153].
However, it is noteworthy that direct detection of endogenous MARCH1 by immunoblot
has proven difficult; this appears to reflect the relatively low expression levels of this
protein [123, 142].
The fact that MARCH1 protein levels are low in APC may be directly relevant to
the regulation of MARCH1 function. MARCH1 must be regulated to permit antigen
presentation upon APC maturation. This is accomplished, at least in part, through a
decrease in MARCH1 transcription subsequent to LPS stimulation [142]. In this report
[142], it was observed that MARCH1 mRNA levels dropped substantially 16 hours after
LPS treatment of human DC. However, a decrease was also evident as early as 4 hours
post-treatment. Though relatively slight at 4 hours (≈2-3-fold decrease), this could well
be meaningful to the biology of MARCH1.

Indeed, MARCH1 hemizygous mice

(MARCH1+/-), which are presumed to have a two-fold reduction in MARCH1 protein
levels, have significantly increased surface MHC class II levels on immature APC [123].
Thus, the amount of MARCH1 protein that is normally present in immature APC is just
sufficient to affect MHC class II expression.

Even modest decreases in MARCH1

protein levels could shift the balance to higher MHC class II and CD86 expression. By
extension, modest changes in MARCH1 mRNA levels could produce biologically
relevant changes in MARCH1 protein levels. In order for this mechanism to account for
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the rapid induction kinetics of MHC class II and CD86 on DC following maturation,
additional requirements must be met. Foremost among these is that MARCH1 protein
levels must track closely with its mRNA levels. This would be the case if MARCH1
protein was unstable. Further, this could help explain the fact that it has been difficult to
detect endogenous MARCH1.

Here, we have explored the post-transcriptional

expression of MARCH1. Our results show that MARCH1 turns over in APC with rapid
kinetics, and this process is partly dependent on lysosomal acidity and cysteine proteases.
Further, we identify regions of MARCH1 which regulate its turnover, function, and
localization. Overall, the data support a model wherein the levels of MARCH1 are tuned,
through its inherent instability, to provide the minimal levels of E3 ligase function to
suppress antigen presentation in immature APC through downregulation of MHC class II
and CD86, and also permit rapid induction of antigen presentation following maturation.
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2.3 MATERIALS AND METHODS
2.3.1 Mice
Three- to five-week-old C57BL/6 mice were obtained from Charles River Laboratories or
the Jackson Laboratory and housed in the animal facility at the University of Arizona.
All procedures involving mice were done according to protocols approved by the
University of Arizona Institutional Animal Care and Use Committee (IACUC).

2.3.2 Antibodies and other reagents
Mouse anti-HA (influenza hemagglutinin epitope) antibody (clone 6E2) and mouse antimyc antibody (clone 9B11) were purchased from Cell Signaling. Rat anti-CD86 (clone
GL1) and goat anti-mouse cathepsin L were obtained from R&D Systems. Rat antimouse MHC class II (clone M5/114.15.2), rat anti-mouse invariant chain (In-1), hamster
anti-CD80 (16-10A1), and hamster anti-CD11c (clone N418) were obtained from BD
Biosciences.

Goat anti-mouse cathepsin S (M19) was purchased from Santa Cruz

Biotech. Mouse anti-chicken actin antibody (ACTN05), rabbit anti-human EEA-1, and
rabbit anti-LAMP-1 were purchased from Abcam.

DEC205 was purchased from

Cedarlane Laboratories. Rabbit anti-human Derlin-1 was obtained from Medical and
Biological Laboratories. Rabbit anti-human furin convertase was obtained from Thermo
Scientific. Mouse anti-GFP mAb was obtained from Covance. Cycloheximide (used at
12.5 μg/ml) was purchased from Sigma. Bafilomycin A (used at 0.32 μM) was obtained
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from Biomol. Inhibitors for cathepsin L (Z-FF-FMK) and S (Z-FL-COCHO) were
purchased from Calbiochem and each used at 40 M.

2.3.3 Cell lines and cell culture
DC2.4 is a DC-like cell line [154] derived from C57BL/6 mice and was provided by Dr.
Kenneth Rock (University of Massachusetts Medical School). WT3 is a C57BL/6derived mouse embryo fibroblast cell line [155] and was obtained from Dr. Ted Hansen
(Washington University School of Medicine). The RAW264.7 macrophage cell line [156]
and the A20 B cell lymphoma line [157] were obtained from the American Type Culture
Collection. Bone marrow-derived DC (BMDC) were generated in a manner similar to
that described [158, 159] by culture of C57BL/6 bone marrow cells for 6 days in the
presence of 10 ng/ml IL-4 and 10 ng/ml GM-CSF (Peprotech). Non-adherent cells were
collected post-culture and phenotypic analysis revealed purity that was consistently ≥80%
(CD11c-positive; see Figure 2.1). The MJDC cell line was generated using C57BL/6
bone-marrow-derived dendritic cell cultures (as above) infected with the J2 retrovirus
encoding the v-myc and v-raf oncogenes [160, 161], in a manner similar to that described
for DC2.4 cells [154]. Replication-defective virus produced by ψCREJ2 cells (obtained
from Dr. Howard Young, National Cancer Institute) was used to infect day 2 BMDC
cultures. Cultures were maintained for 30 days in the presence of GM-CSF and IL-4.
During this time, both adherent and non-adherent cells expanded. However, only the
non-adherent fraction was collected at each passage for further expansion. Transformed
cells were then cloned by limiting dilution, and clones were screened based on low
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adherence and expression of markers characteristic of DC. During the cloning steps and
all subsequent propagation, only GM-CSF (5 ng/ml) was included in the medium. Clone
2B1 expresses CD11c, DEC205, MHC class II, and CD86, and was selected for these
studies (see Supplementary Figure 1), though the expression of MHC class II was
relatively low and could be substantially increased following treatment with IFN- . All
cells were cultured in complete RPMI 1640 (Mediatech) supplemented with 10% fetal
calf serum (HyClone), 1 mM HEPES (Invitrogen), 2 mM L-glutamine, 0.1 mM
nonessential amino acids, 1 mM sodium pyruvate, and 100 U/ml penicillin/streptomycin
(all from Mediatech).

2.3.4 DNA constructs
The mouse MARCH1 cDNA was obtained by RT-PCR from splenocyte cDNA. A clone
was obtained which encoded a protein that matched a MARCH1 sequence within
GenBank (BAC29449). This clone was used as a template for subsequent constructs. An
N-terminal HA tag (influenza hemagglutinin epitope) was added by PCR, encoding the
following sequence: MAYPYDVPDYAPGPQFVS, immediately upstream of the
MARCH1 start codon. Depictions of the MARCH1 mutant constructs generated for this
study, as well as the specific residues mutated in each case, are provided in the relevant
figures. The murine CD86 (B7.2) cDNA was generated by RT-PCR from C57BL/6
BMDC cDNA.

Site-specific mutants were produced using Quick Change XL

Mutagenesis Kit (Stratagene) according to the supplier’s instructions. Gene knockdown
was accomplished using the lentiviral shRNA vector pLentiLox 3.7 [162] (American
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Type Culture Collection). Multiple shRNA oligos were designed for each target using
Oligoengine or obtained from the RNAi consortium at the Broad Institute
(http://www.broad.mit.edu/node/563) The sequences of the shRNA oligos (sense strands)
are given below, with the 19-mer core sequence complementary to the target gene
underlined. The remaining sequences create the hairpin and flanking sequences for
ligation into Hpa1/Xho1-digested pLentiLox 3.7 as described [162].
CatL #1:
TGCTTTCCAGTACATTAAGGTTCAAGAGACCTTAATGTACTGGAAAGCTTTTT
TC; CatL #2:
TGTAGCGGTAATGAGGACTTTTCAAGAGAAAGTCCTCATTACCGCTACTTTTT
TC
CatS #1:
TGAGACCCTACCCTGGACTATTCAAGAGATAGTCCAGGGTAGGGTCTCTTTTT
TC
CatS #2:
TGAAGAAGTACGGCGTCTCATTCAAGAGATGAGACGCCGTACTTCTTCTTTTT
TC
This design included homology searches for unwanted similarity to other genes. cDNA
constructs were expressed from either retroviral or lentiviral bicistronic vectors. The
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retroviral vectors were all Murine Stem Cell Virus-derived non-replicating vectors.
pMIG is bicistronic, with the gene of interest upstream of an IRES (internal ribosome
entry site) element which precedes eGFP (pMSCV-IRES-GFP). pMIB is derived from
pMIG, wherein the GFP cDNA was replaced with the bleomycin (zeocin) resistance
genes [163]. pMIH has been described [109] and encodes a hygromycin resistance gene
as the second cistron. pMIH was used to express CD86. pCIG is a lentiviral vector
derived from pCDH-CMV-MCS-EF1-copGFP (Systems Biosciences). It was generated
by replacing the EF1 promoter-copGFP cassette with an IRES-eGFP cassette downstream
from the CMV promoter. The correct sequence of all constructs was confirmed by DNA
sequence analysis.

2.3.5 Transfections and transductions
Transient transfections were performed using FuGene 6 reagent (Roche Diagnostics)
according to the supplier’s instructions. For retroviral vector production, PlatE cells
(ecotropic; [164]) and Phoenix cells (amphotropic; [165]) were used to generate
replication-defective viral particles following transient transfection, as described [166].
Ecotropic virus was used to infect DC2.4, RAW 264.7, and WT-3 cells; amphotropic
virus was used to infect A20 and MJDC cells. For stable lines, drug selection was done
for >1 week, and maintained continuously during cell passage. For lentiviral vector
infection of BMDC, replication-defective virus was packaged by transient transfection of
293T cells [167] with the ViraPower packaging plasmids (Invitrogen). Two and three
days post-transfection, culture supernatants were harvested, centrifuged briefly at 200 x
g, and filtered through a 0.2 μm filter. Then, virus-containing supernatants were used
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directly for infection, or the virus particles were concentrated by ultracentrifugation. This
was done as described [168] using a Beckman XL-70 centrifuge. Supernatants were
centrifuged in Optiseal tubes using an SW28 rotor for 2 hours at 4°C at 50,000 x g.
Pellets were resuspended in complete medium at 1/10 the volume of the starting
supernatant. For infection, bone marrow cultures were established as described above.
After three days, virus was added along with 8

g/ml hexadimethrine bromide

(Polybrene; Sigma) and infection proceeded for 3 days.

Lentiviral shRNA vectors

(pLentiLox 3.7-based) were used for gene silencing experiments in DC2.4 cells. >3 days
after adding virus, infected cells were sorted based on GFP-expression (encoded by
pLentiLox 3.7) using a FACSAria sorter (BD Biosciences) and returned to culture for
expansion.

2.3.6 Flow cytometry
The surface expression of CD80, CD86, and MHC class II was monitored on cells by
flow cytometry. Cell staining was performed in staining buffer (1% BSA, 0.1% azide in
Dulbecco’s-PBS; D-PBS). Fc receptors were blocked using Fc Block (anti-CD16/32)
(clone 2.4G2, BD Biosciences). Primary antibodies were diluted in staining buffer and
incubated with cells for at least 30 min. on ice. Then, cells were washed, resuspended in
1X D-PBS and fixed with an equal volume of 1% paraformaldehyde (in D-PBS). For
intracellular staining, cells were fixed and permeabilized with 1% paraformaldehyde +
0.5% saponin (Calbiochem) in D-PBS for 20 min on ice. Cells were then washed twice
and stained with the primary antibody for at least 30 min on ice. After two washes, cells
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were probed with fluorochrome-conjugated secondary antibodies on ice for 30 min,
followed by washing. Cells were then fixed as above and samples collected using a
FACScalibur cytometer (BD Biosciences) and data were analyzed using either CellQuest
Pro software (BD Biosciences) or WinMidi (freeware available through the Scripps
Research Institute).

2.3.7 Immunofluorescence
DC2.4 cells +/- MARCH1 and MARCH1 mutants (stable transductants) were stained for
MARCH1 (HA tag) and various antibodies to define distinct cellular compartments.
Staining was performed in suspension using a modified version of the intracellular flow
cytometry protocol described above. After the final wash, nuclei were stained with
Hoescht 33242 (Invitrogen) for 10 min at 4°C. After the final staining step, cells were
suspended in D-PBS and deposited on microscope slides using Shandon Cytospin
cytocentrifuge (Thermo Scientific) at 800 rpm for 2-3 min. Mounting medium was added
(Prolong Gold; Invitrogen) and pre-cleaned coverslips were placed and sealed with
fingernail polish. Images were taken using a Zeiss 510 Meta Confocal microscope using
an NA1.4 aperture objective with 63X magnification. Image analysis was done with
ImageJ (freeware available from: http://rsbweb.nih.gov/ij/), and the overlap between the
MARCH1 signal and the various markers was estimated using the JACoP plug-in [169].
Additional details are provided in the legend to Figure 2.6.
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2.3.8 SDS-PAGE and immunoblotting
Cell lysates were generated by lysis in 1% IGEPAL CA-630 (NP-40) (from Sigma)
dissolved in 50 mM Tris, 150mM NaCl, pH 7.4 buffer (TBS), supplemented with 0.3
mM PMSF, 20 mM iodoacetamide, 10 μM MG132 (all from Sigma), and Protease
Inhibitor Cocktail III (Calbiochem). Post nuclear lysates were mixed with LDS sample
buffer (Invitrogen) and 2-mercaptoethanol (1% final concentration). Protein content was
determined using the BCA protein assay from Thermo Scientific.

Samples were

separated by electrophoresis on 4-12% or 12% Nu-PAGE SDS polyacrylamide gels
(Invitrogen).

Proteins were then transferred to Immobilon-P PVDF membranes

(Millipore). Blocking of membranes proceed for 1 hour with 5% dried milk, 0.1%
Tween-20 (Sigma), and 0.01% SDS in D-PBS. After washing three times with 0.1%
Tween-20, 0.01% SDS in D-PBS, membranes were incubated with the appropriate
dilution of primary antibody for >1 h, washed three times, incubated with appropriate
biotin-conjugated secondary antibodies for 1h, followed by incubation with streptavidinconjugated horseradish peroxidase (Zymed) for 1 h. Membranes were incubated with
ECL chemiluminescent substrate (GE Healthcare) and visualized using Blue Ultra
Autorad film (from ISC BioExpress) or were incubated with SuperSignal West Femto
(Thermo Scientific) and visualized using a ChemiDoc XRS (Bio-Rad) digital imaging
system.

Determination of the band intensities from immunoblots was done using

Quantity One software (Bio-Rad) and plots were generated using GraphPad Prism
software.
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2.4 RESULTS
2.4.1 MARCH1 protein stability
During the course of LPS-induced DC maturation, it has been shown that
MARCH1 mRNA levels decrease as soon as 4 hours post-induction, and protein levels
are also reduced at this time point [142]. These relatively rapid changes suggest that
MARCH1 protein levels closely mirror those of its mRNA, and this could occur if the
MARCH1 protein is relatively unstable. To explore the properties of the MARCH1
protein, including stability, we began by expressing it in a variety of murine cell lines, as
well as primary bone marrow-derived DC (BMDC). Figures 2.1A and 2.1B show the
expression of CD86 at the cell surface of cell lines retrovirally-transduced with vectors
encoding an epitope-tagged version of MARCH1. CD86 expression levels were used as
an indicator of MARCH1 expression and function since it is a natural target of MARCH1
[142] and is expressed in the cell lines used here. In a DC-like cell line (DC2.4),
expression of MARCH1 resulted in a significant decrease in CD86 expression (Figure
2.1A). Though these cells are derived from BMDC, they do not express endogenous
MARCH1 as determined by quantitative RT-PCR (not shown).

As a control, we

expressed a mutant version of MARCH1 harboring a point mutation within the RING-CH
domain.

We mutated a tryptophan residue (W104 of MARCH1) conserved among

RING-CH-containing ligases and many other RING-containing ligases, that is directly
involved in E2 recruitment [170, 171]. This RING-CH domain mutant was incapable of
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downregulating surface CD86 expression, as expected (Figure 2.1A), even though it was
expressed at comparable levels to wildtype MARCH1 (see below). Similar to the DC2.4
cells, transduction of CD86-expressing fibroblasts with MARCH1 caused a drop in
surface CD86 expression (Figure 2.1B). Thus, as has been reported previously in human
cells [106, 123, 142], MARCH1 is functional in non-APC, indicating that no additional
APC-specific factors are strictly required for its function.
We next examined MARCH1 protein levels in these cells lines over time
following inhibition of translation using cycloheximide (cycloheximide-chase). Figure
2.1C shows an immunoblot for epitope-tagged MARCH1 from lysates of DC2.4 cells
treated with cycloheximide for various times. We observed a rapid decrease in the
steady-state levels of MARCH1 with an estimated half-life of <30 min. Similar decay
rates were found in other APC-derived cell lines (A20 B cells and RAW 264.7
macrophages; data not shown), as well as a fibroblast line (B6/WT3; Figure 2.1D).
Placing the epitope-tag at either end of MARCH1 did not make a difference in terms of
stability (not shown). To determine if these results are representative of MARCH1 in
primary APC, we examined MARCH1 turnover in BMDC.

As mentioned above,

endogenous MARCH1 is quite difficult to detect. Therefore, we used lentiviral vectors to
transduce BMDC with an HA-tagged version of MARCH1. In these cells, MARCH1
expression decreased precipitously within the first 30 min after the addition of
cycloheximide, confirming that MARCH1 is highly unstable in DC (Figure 2.1E).
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These findings with MARCH1 are somewhat similar to MARCH7, which is also
unstable. In the case of MARCH7, the instability is related to its autoubiquitination
[172]. We examined the ligase-deficient mutant of MARCH1 (W104A) and found that
while its steady-state expression levels were comparable to wildtype MARCH1, it did
exhibit a modest, but significant increase in stability (Figure 2.1F). Thus, the ubiquitin
ligase activity of MARCH1 does make a minor contribution to its instability, which could
reflect autoubiquitination or an indirect effect on stability through a ubiquitin-dependent
process initiated by MARCH1. It is also possible that MARCH1 could be ubiquitinated
by another E3 ligase.

Curiously, we did notice a band in our anti-MARCH1

immunoblots which runs above the predicted full-length MARCH1, and its levels seemed
to increase at later time points of the cycloheximide chase, (see Figures 2.1D-2.1F, for
example). The size difference between this band and the full-length version of MARCH1
is not large enough to be explained by mono-ubiquitination, and we have been unable to
detect ubiquitination of MARCH1 by immunoprecipitation and anti-ubiquitin blotting
(not shown). The nature of this larger band is presently unclear, but could represent
another type of post-translational modification such as phosphorylation; N-linked
glycosylation is excluded since no potential glycosylation sites exist in the MARCH1
lumenal domain.

Regardless, these results indicate that additional factors besides

ubiquitination are likely involved in the regulation of MARCH1 levels.
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Figure 2.1: MARCH1 is unstable in multiple cell types.
A. CD86 expression on DC2.4 cells stably transduced with a lentiviral vector encoding
either wildtype N-terminal HA-tagged MARCH1 (WT) or a RING-CH mutant (W104A).
The thin gray peaks indicate staining with an irrelevant isotype-control antibody. B.
CD86-expressing WT3 fibroblasts were stably transduced with retroviral vectors
encoding MARCH1 with an N-terminal HA tag. The thin gray peaks indicate staining
with an irrelevant isotype-control antibody. C. DC2.4 cells stably expressing N-terminal
HA-tagged MARCH1 were incubated for the indicated times with cycloheximide, then
lysates were blotted for MARCH1 (HA tag). Incubation in diluent (DMSO) was used as
a control, and actin blots were performed as loading controls. Graphs show the turnover
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of MARCH1 from three independent experiments. The signal intensity of the MARCH1
and actin bands was estimated using Quantity One software. For each time point, the
actin-normalized values were averaged between the experiments and graphed as the
percent-remaining relative to time zero (DMSO-treated samples) +/- SEM. D.
Immunoblot for MARCH1 (HA tag) and actin was performed from lysates of MARCH1expressing WT3 fibroblasts incubated with cycloheximide for the indicated times. E.
Mouse bone marrow-derived DC (BMDC) were generated as described in Materials and
Methods, and infected with a lentiviral vector encoding HA-MARCH1. Experiments
were performed three days post-infection. Top panel = cycloheximide-chase and
immunoblot of MARCH1 in BMDC, performed as described above. Immunoblot for
GFP was also included; GFP is encoded by the lentivirus. Bottom panel = purity of the
BMDC preparations (MHC class II versus CD11c staining, and isotype-matched control
staining). F. DC2.4 cells stably expressing HA-tagged MARCH1 or the W104A mutant
were incubated for the indicated times with cycloheximide, and treated as in panel C.
Full-length MARCH1 is denoted with an asterisk. Graphs show the turnover of
MARCH1 from three independent experiments. For each time point, the actinnormalized values were averaged between the experiments and plotted as the percentremaining relative to time zero (DMSO-treated samples) +/- SEM. **p<0.01.

2.4.2 MARCH1 turnover requires lysosome function
Having determined that MARCH1 is rapidly degraded, we wanted to define the
mechanisms responsible for this regulation. Given that MHC class II molecules are
degraded in a lysosome-dependent manner following MARCH1-mediated ubiquitination
[123, 142], and the reported presence of MARCH1 in lysosomes [106], we tested the
requirement for lysosome function in MARCH1 degradation. DC2.4 cells expressing
MARCH1 were treated with Bafilomycin A (Baf A), which blocks lysosome acidification
[173], and steady-state levels of MARCH1 were analyzed by immunoblot. Treatment of
cells with Baf A led to an increase in the MARCH1 signal over time (Figure 2.2A). To
determine if the increase in MARCH1 levels after Baf A treatment was due to
stabilization of MARCH1, an experiment was performed in which DC2.4+MARCH1
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cells were treated with Baf A and cycloheximide to follow the turnover of MARCH1
over time. Figure 2.2B shows that Baf A does stabilize MARCH1 in cells treated with
cycloheximide. Though stabilization was not complete, MARCH1 turned over more
slowly when lysosome function was blocked (as compared to control (no Baf A) cells),
demonstrating that MARCH1 was more stable when lysosomal pH was increased. The
fact that MARCH1 turnover was not completely abolished with Baf A treatment
suggested an alternative mechanism for the turnover of a fraction of MARCH1 within the
cells. Indeed, we found that MARCH1 could be partially stabilized by treatment of cells
with a proteasome inhibitor (MG132), indicating that some MARCH1 turnover was
mediated by proteasomes (data not shown).

Proteasome-dependent turnover of

membrane proteins is typically a result of ER-associated degradation during initial
biogenesis [174, 175], and a portion of MARCH1 may be degraded via this pathway.
We next sought to confirm our findings using primary APC. Immature BMDC
were transduced with MARCH1-expressing lentiviral vectors. Treatment of these cells
with Baf A led to increased levels of MARCH1, similar to the results obtained above
with the cell lines. This was the case for MARCH1 with either an N-terminal (HA) or Cterminal (myc) epitope tag (Figure 2.2C). As a control for the effects of Baf A treatment,
we examined the processing of the MHC class II invariant chain (Ii), where it is known
that effective inhibition of lysosomal peptidases leads to the accumulation of the
invariant-chain fragments [39]; Baf A treatment led to the expected accumulation of p31
and p10 invariant-chain fragments in BMDC (Figure 2.2C). Overall, these experiments
demonstrate that MARCH1 is stabilized when lysosome function is inhibited, and this
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holds true in multiple cell types, including BMDC. In addition, proteasome activity also
regulates turnover of a fraction of MARCH1. Together, these two activities (lysosomeand proteasome-dependent degradation) limit the levels of MARCH1 which are present
at steady-state.

Figure 2.2: Lysosome-dependent turnover of MARCH1.
A. DC2.4+HA-MARCH1 cells were incubated with Bafilomycin A (Baf A) or diluent
(DMSO) for 1, 2.5, or 5 hours, and then cell lysates were blotted for MARCH1 and actin.
The band intensities were quantified from four independent experiments, normalized to
actin, and graphed as the fold-increase over control (DMSO) +/- SEM.
B.
DC2.4+MARCH1 cells were pre-treated for 0.5 hours with Baf A (or DMSO). Then,
cycloheximide-chase was performed as described in the Figure 2.1 legend. In this case,
Baf A and cycloheximide were present during the chase period. Note: MARCH1 blot
samples were run on the same gel, and the gel was split to remove irrelevant lanes. The
band intensities were quantified, normalized to actin, and graphed as the percentremaining as compared to time zero (DMSO-treated samples) +/- SEM. Results are
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representative of four experiments. C. BMDC were infected with lentiviral vectors
encoding HA.MARCH1 or MARCH1.myc (C-terminal tag).
Experiments were
performed three days post-infection. Left panels = infected cells were treated with Baf A
(or DMSO control) and blotted for the myc-tagged MARCH1 and for invariant chain (Ii).
Right panels = BMDC were transduced with HA-MARCH1, and cycloheximide-chase
and immunoblot of MARCH1 were performed as described in the legend of Figure 2.1.
Right lane represents the same cells treated for 5 hours with
Baf A.

2.4.3 Proteolytic processing of MARCH1
The stabilizing effect of inhibitors of lysosome acidification on MARCH1
suggested a role for lysosomal hydrolases in MARCH1 turnover. In fact, we noted the
presence of apparent breakdown fragments of MARCH1 in some cells, consistent with
proteolysis (data not shown). We reasoned that cysteine proteases, and cathepsins in
particular, were good candidates to affect MARCH1, since these proteases are directly
involved in the processing of invariant-chain during MHC class II biogenesis within APC
[39, 48]. The cathepsin family contains many members which exhibit cell type-specific
expression and activity [48, 176], as well as cross-regulation [177, 178]. We focused on
the leupeptin-sensitive cathepsins, including cathepsin S and cathepsin L, which are
important in MHC class II antigen presentation [176, 179]. Figure 2.3A shows that
treatment of various cell lines with leupeptin for five hours resulted in an increase in
MARCH1 levels in each of the cell lines tested. Hence, cysteine/serine proteases affect
MARCH1 expression.
We next sought to determine which of the leupeptin-sensitive protease(s) are
involved in MARCH1 regulation.

Here, we took a candidate approach and tested
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inhibitors specific for different cathepsins; results for cathepsin L and S inhibitors are
shown in Figure 2.3A and 2.3B. We consistently observed an increase in the steady-state
levels of MARCH1 when using an inhibitor of cathepsin L in APC cell lines. This was
due to an increase in the stability of MARCH1 as determined by cycloheximide-chase in
the presence of the inhibitor (Figure 2.3C). This stabilization was similar to what we
observed when MARCH1-expressing cells were treated with Baf A (see Figure 2.2B),
being most apparent at the later chase time points. By contrast, drug inhibition of
cathepsin S did not increase MARCH1 levels in any of the cell lines. Invariant-chain
blots were performed to confirm that the drug treatments were effective, since invariantchain processing involves both cathepsin L and S (Figure 2.3B). This analysis showed a
consistent increase in the p10 fragment and in full-length invariant chain using the
cathepsin L inhibitor, as expected [180]. The anticipated effect of cathepsin S inhibition
on invariant-chain processing was more difficult to show, raising the possibility that the
drug inhibition was ineffective. Therefore, we utilized a complementary approach to
assess the possible role of cathepsin S in MARCH1 regulation. RNA interference was
employed to knockdown the expression of cathepsin S and L. In this case, lentiviral
shRNA vectors were designed encoding oligos specific for both cathepsin S and L. As
shown in Figure 2.3D, knockdown of cathepsin S, while effective in reducing cathepsin S
levels (with oligo #2), did not stabilize MARCH1 in DC2.4 cells.

In contrast,

knockdown of cathepsin L did lead to an increase in MARCH1 steady-state levels
(Figure 2.3D). For cathepsin L, the efficiency of knockdown was not as great, explaining
the relatively modest increase in MARCH1 protein (with oligo #1; Figure 2.3D).
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However, when considered along with the inhibitor experiments, it seems that cathepsin
L does contribute, in part, to the inherent instability of MARCH1. Cathepsin L inhibition
had no obvious effect on MARCH1 in the fibroblast line (Figure 2.3A), even though
these cells express cathepsin L (not shown) and MARCH1 is unstable in these cells
(Figure 2.1D).

In addition, the cathepsin L inhibitor did not consistently increase

MARCH1 levels to the same extent as Baf A in each of the cell types tested, so we
conclude that multiple lysosomal proteases contribute to the turnover of MARCH1, in
addition to cathepsin L. The combined findings for treatment with Baf A, leupeptin, and
the cathepsin L inhibitor argue that endo-lysosomes are an important site of MARCH1
turnover.
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Figure 2.3: Lysosomal proteases affect MARCH1 turnover.
A. DC2.4, WT3, and RAW 264.7 (macrophage-like) cells were incubated for five hours
with the indicated inhibitors: leupeptin, cathepsin L inhibitor (Z-FF-FMK), and Baf A.
Cell lysates were then blotted for MARCH1 and actin. The band intensities were
determined, normalized to actin, and displayed below the blots as fold-increase over
control (DMSO). B. DC2.4 and RAW cells +/- HA-MARCH1 were incubated for five
hours with the indicated cathepsin inhibitors and then cell lysates were blotted for
MARCH1 and the invariant-chain (p31 and p10 fragments indicated).
C.
Cycloheximide-chase in HA-MARCH1-expressing DC2.4 cells +/- the cathepsin L
inhibitor. Graphs show the turnover of MARCH1 from three independent experiments,
where the signal intensity of the MARCH1 bands was quantified, normalized to actin,
and graphed as the percent-remaining relative to time zero (DMSO-treated samples) +/SEM. The inset graph shows quantitation of the same samples, except that it begins with
the 30 min chase point, with all samples normalized to the 30 min value so that turnover
of the MARCH1 remaining at 30 min could be evaluated. *p<0.05, **p<0.01. D.
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DC2.4 cells + HA-MARCH1 were infected with shRNA lentiviral vectors to knockdown
expression of cathepsin S (left panel) or cathepsin L (right panel). For each gene, two
different shRNA oligos were designed. At least three days or more after infection,
lysates from the different cell lines were blotted with the indicated antibodies.

2.4.4 Domains of MARCH1 involved in stability and function
To define important functional domains of MARCH1, including domains which
might influence stability, we generated a series of MARCH1 mutants. Several MARCH1
variants were created, deleting either N-terminal or C-terminal sequences, as well as
point mutations (depicted in Figure 2.4A). The various mutants were expressed in APC
cell lines following transduction with retroviral vectors. Initially, the expression of each
mutant was characterized by immunoblot for the epitope tag. Figure 2.4B reveals that the
steady-state levels of mutants with N-terminal truncations were significantly higher than
wildtype MARCH1. By contrast, the C-terminal deletion mutants were expressed at
slightly lower levels that wildtype MARCH1, and the internal deletion mutant (ΔN120-141)
was barely detectable.

The increased levels of the N-terminal truncation mutants

correlated with an increase in the half-life of these mutants as determined by
cycloheximide-chase (Figure 2.4C and data not shown).

In addition, intracellular

staining/flow cytometry was used to compare the expression levels of each mutant
construct, and these results correlated well with the immunoblot results. Specifically,
truncations of the N-terminus resulted in higher expression than wildtype MARCH1. We
noted that the staining peaks for the N-terminal truncations ΔN1-40 and ΔN1-66 were
biphasic, suggesting loss of these constructs within some cells with continued cell
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passage (discussed below). The C-terminal truncations were similar in expression to
wildtype (Figure 2.4D). These results indicate the presence of a stability determinant
within the N-terminus of MARCH1, and in its absence, MARCH1 is expressed at higher
levels.
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Figure 2.4: Expression and stability of MARCH1 mutants.
A. Depiction of the various mutations made within MARCH1. All of the mutants
possess an N-terminal HA tag. B. Immunoblot of DC2.4 cell lines stably expressing the
indicated MARCH1 constructs following retroviral transduction. C. Cycloheximidechase of DC2.4 cells expressing wildtype MARCH1 or the ΔN1-66 mutant. Two
exposures of the MARCH1 (HA) blot are shown. The band intensities were quantified,
normalized to actin, and graphed as the percent-remaining from time zero (DMSO). D.
Intracellular staining and flow cytometry of DC2.4 cells expressing the indicated
MARCH1 constructs. Cells were stained for MARCH1 (HA tag). The gray peak in each
histogram represents staining of the parental DC2.4 cells, which represents background
staining.
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2.4.5 Function of MARCH1 mutants
We next evaluated the function of these MARCH1 mutants, with function defined
as the ability to regulate the surface expression of MARCH1 targets. To this end, we
transiently transfected each mutant into WT3 fibroblasts (that express CD86) to assess
the ability of the mutants to regulate the surface expression of CD86. Figure 2.5A shows
flow cytometric analysis of each transfectant. Transient transfection permits the analysis
of function within a cohort of cells that express a range of different levels of MARCH1.
Here, a GFP-expressing plasmid was co-transfected to denote transfected cells. The
shorter C-terminal truncation (ΔC257-279) retained its ability to decrease CD86 at the cell
surface, whereas the larger deletion (ΔC222-279) did not, though both mutants had
comparable expression to wildtype MARCH1 (as seen in Figure 2.4B and 2.4D). This
result is consistent with studies of viral E3 RING-CH ligases such as mK3, kK3, and
kK5, where the C-terminal domain is critical for function [181-186], and where
examined, for substrate interaction [182, 184]. Somewhat surprisingly, deletion of the
first 40, or first 66, residues from the N-terminus of MARCH1 did not abolish function
toward CD86.

This was only accomplished by deletion of the entire N-terminus,

including the RING-CH domain (ΔN1-121). We also tested the activity of MARCH1
variants with mutations in potential tyrosine-based sorting motifs, which are typically
involved in trafficking within the endo-lysosomal system (YXXΦ; [41, 65]). Three such
motifs exist in MARCH1 – one in the N-terminus and two in the C-terminus.
Simultaneous mutation of both motifs in the C-terminus (L215S, Y222F) eliminated most
of the ability of MARCH1 to regulate CD86 surface levels (Figure 2.5A), without
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affecting steady-state levels (Figure 2.4D). Mutation of each motif, separately, revealed
that the L215-containing motif was required for full activity of MARCH1 (data not
shown). Mutation of the N-terminal motif (Y118F) had no effect on MARCH1’s ability
to downregulate CD86 (Figure 2.5A).
To complement these data, we also expressed MARCH1 mutants stably in APC
cell lines. This was done in part to determine whether each mutant could regulate MHC
class II surface expression, and if this correlated with the ability of that particular mutant
to also regulate CD86. In other words, did mutation of certain regions affect MARCH1’s
function equally toward both targets? In addition, this approach provides a means to
evaluate the function of each mutant when expressed at comparable levels (comparable
transcription) following retroviral transduction. First, we stably transduced MARCH1
variants into DC2.4 cells and found that each mutant which failed to regulate surface
CD86 levels in fibroblasts also failed to regulate its expression in DC2.4 cells (Figure
2.5B).

In order to assess the ability of the mutants to regulate MHC class II, we

employed an additional cell line, since the levels of MHC class II were quite low on the
DC2.4 parental cells, in spite of the fact that they do not express endogenous MARCH1.
To circumvent this problem, we generated a “DC-like” cell line (MJDC) by
immortalization of BMDC with the J2 retrovirus [160, 161]. Subclones of the transduced
line were screened for a DC-like phenotype, which included expression of DEC205,
CD11c, costimulatory molecules, and most importantly for our analyses, MHC class II
(see Supplemental Figure 1). This cell line permits simultaneous analysis of MARCH1
function against CD86 and MHC class II. As shown in Figure 2.5C, MARCH1 mutants
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that failed to regulate CD86 surface expression also failed to regulate MHC class II
surface expression, such as the larger C-terminal truncation (ΔC229-279). Similarly, the Nterminal truncations (ΔN1-44 and ΔN1-66) that retained activity toward CD86 were also
able to downregulate MHC class II (Figure 2.5C and data not shown). None of the
variants of MARCH1, including wildtype, affected CD80 (B7.1) cell surface expression,
as reported [106].
In the course of our characterization of the N-terminal truncation mutants lacking
either the first 40 or 66 N-terminal residues, we noted that stable cell lines lost protein
expression over several cell passages, even in the presence of selecting antibiotics. This is
evident from our data, where intracellular MARCH1 staining and flow cytometry
revealed two distinct peaks of expression with these mutants (Figure 2.4D). Similarly,
surface CD86 expression in cells expressing these mutants also showed a biphasic pattern
wherein a fraction of the stable transductants express wildtype levels of CD86 (Figure
2.5B and 2.5C). In these cells, the levels of the MARCH1 mutants continue to drop over
time. This pattern was reproducible in independent transductions of multiple cell lines,
and argues that these MARCH1 variants are detrimental to the cells, probably by
affecting transport pathways. Nonetheless, we can conclude that the N-terminal deletion
which retains the RING-CH domain (ΔN1-66) retains its ability to downregulate CD86 and
MHC class II surface expression, a fact which is confirmed by the short-term transient
transfection assays with this construct where toxicity is not an issue (Figure 2.5A). On
the basis of these results, we conclude that the N-terminal region of MARCH1 contains
sequence elements that affect the stability of the protein, but do not directly affect
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function. Therefore, this N-terminal region is not involved in substrate recognition or
recruitment of effector molecules. Conversely, the C-terminal 50 residues of MARCH1
are required for function, but do not influence the stability of MARCH1. A summary of
the properties of each mutant is provided in Table 1.

100

Figure 2.5: Comparison of the activity of the MARCH1 mutants.
A. WT3 fibroblasts that stably express CD86 were transiently co-transfected with
MARCH1expressing constructs and a GFP-expressing plasmid. Flow cytometry was
performed to analyze surface CD86 levels two days post-transfection. The shaded peak
indicates staining of cells transfected with the GFP plasmid alone, gated on the GFPpositive fraction. The heavy trace represents CD86 staining of the MARCH1 cotransfected cells (gated on GFP-positive cells). B. DC2.4 cell lines stably transduced
with the indicated MARCH1 mutants were analyzed for surface CD80 and CD86 levels.
C. MJDC cells were analyzed for CD86, MHC class II, and CD80 levels after stable
retroviral transduction with the indicated MARCH1 mutant constructs. Cells were
treated with 100 units/ml of mouse IFN- for 18 hours prior to analysis to increase
transcription of MHC class II genes. The gray peaks in B and C represent staining of the
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respective parental cell lines (lacking MARCH1) and the shaded peaks represent staining
of parental cells with an isotype-control antibody.

2.4.6 Subcellular distribution of MARCH1 mutants
Analysis of the MARCH1 mutants defined regions of MARCH1 that affect its
expression levels and function. To what extent can these changes be explained by
alterations in the trafficking of the MARCH1 mutants? For example, could the increase in
the steady-state levels of the MARCH1 N-terminal truncation mutants be explained by
redistribution of these mutants to different cellular compartments? To address these
questions, we used confocal microscopy to examine the localization of wildtype
MARCH1 and the mutants. It has been reported that human MARCH1 resides, in part, in
late endosome/lysosomes, due to its partial co-localization with LAMP-1 in HeLa cells
[106]. In addition, a GFP-fused form of human MARCH1 in HeLa cells was detected in
early endosomes (transferrin receptor-positive; [142]).

Figure 2.6A shows the

distribution of mouse MARCH1 in DC2.4 cells, where MARCH1 staining is compared to
that of representative markers for various cellular compartments including ER (Derlin-1),
trans-Golgi (furin), early endosomes (EEA-1), and late endosomes/lysosomes (LAMP-1).
Staining for wildtype MARCH1 revealed modest, partial overlap with LAMP-1-positive
compartments. This was most apparent in the perinuclear fraction of LAMP-1-positive
structures. Perinuclear clustering of endo/lysosomes is not uncommon and is related to
microtubules organizing centers [187]. Interestingly, it has been shown that MHC class
II molecules are preferentially found in perinuclear endo/lysosomes in immature DC, and
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LPS-induced DC maturation causes redistribution of MHC class II from these structures
to the cell surface [130, 148]. Additionally, we observed substantial overlap between
MARCH1 and the trans-Golgi marker, furin.

This staining pattern for wildtype

MARCH1 was also seen with MJDC cells (Figure 2.6A, right panels). Limited colocalization was seen with an ER marker (Derlin-1) and an early endosome marker
(EEA-1) (Figure 2.6A). The presence of MARCH1 within the secretory pathway and
within endo-lysosomes is consistent with the trafficking of the MARCH1 target, MHC
class II.
The distribution pattern for wildtype MARCH1 was compared against the
indicated MARCH1 mutants. Representative images are shown for MARCH1 versus
furin and LAMP-1 (Figure 2.6B), since these markers showed consistent differences
between wildtype MARCH1 and some of the mutants.

Staining data for the other

markers tested is provided in Supplemental Figure 2. To compare the various MARCH1
constructs, multiple individual cells (n=15) were analyzed for the accumulation of each
MARCH1 variant in a given compartment, relative to wildtype MARCH1. The extent of
co-staining of each form of MARCH1 with a given marker was estimated and the values
were normalized to those observed with wildtype MARCH1 to determine whether the
mutants were altered in their relative localization with respect to wildtype. The Cterminal truncation (ΔC229-279) mutant displayed a pattern very comparable to wildtype.
Golgi staining was pronounced and there was a modest, but significant increase in the
lysosomal fraction (Figure 2.6C). Given the similar distribution of this mutant (ΔC229-279)
to wildtype, and the fact that it exhibits similar stability to wildtype, it appears that
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deletion of the C-terminal 50 residues does not grossly alter the folding or trafficking of
MARCH1. Therefore, the inability of this mutant to function (regulate expression of its
targets) must result from an inability to recruit its substrates and/or interact with
downstream effector molecules.
Each of the N-terminal truncation mutants tested (ΔN1-66 and ΔN1-121) was altered
in its localization, when compared to wildtype MARCH1.

Most noticeably, these

mutants showed less relative accumulation in the Golgi and endo-lysosomes (Figure 2.6B
and 2.6C). Instead, in addition to the Golgi and endo-lysosome staining, both mutants
exhibited abundant staining throughout the cells which did not correlate strongly to ER,
or early endosomes (Figure 2.6B and Supplemental Figure 2). It is currently not clear
what vesicular structures harbor these mutant proteins, but since both variants are
expressed at higher levels than wildtype MARCH1 (see Figure 2.4B and 2.4D), it is
possible that the altered distribution of these proteins prevents their rapid degradation.
Regardless, it is notable that the ΔN1-66 mutant (but not the RING domain-deleted ΔN1121

mutant) retains the ability to efficiently downregulate both CD86 and MHC class II

(Figure 2.5). Thus, the altered localization of MARCH1 ΔN1-66 does not dramatically
affect its basic function.
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Figure 2.6: Distribution of wildtype versus mutant forms of MARCH1 within cells.
A. Immunofluorescence and confocal microscopy were performed with HA-MARCH1expressing cells or non-expressing parental cells. Cells were co-stained for MARCH1
versus the indicated molecules and representative images are provided. The left panels
show staining of DC2.4 cells, and right panels show staining of MJDC cells. In each set
of images, staining of the indicated marker is shown as green in the merged image, and
MARCH1 (HA) staining is shown in red in the merged image. Staining of the parental
(no MARCH1) cell line is shown on the bottom left. B. Staining of each indicated HAtagged MARCH1 mutant is shown versus furin and LAMP-1. Staining of additional
markers (EEA-1 and Derlin-1) is provided for each mutant in Supplemental Figure 2. C.
The relative distribution of each mutant as compared to wildtype MARCH1. Images
representing single cells (n=15) taken from multiple fields were analyzed for each mutant
stained together with furin or LAMP-1. The extent of overlap between the MARCH1
signal and the marker protein was determined using the JACoP [169] plug-in for NIH
ImageJ with the default settings. Specifically, JACoP was used to determine the Manders
coefficient [188] for MARCH1-positive staining which was also positive for the marker
in question. This coefficient was given a value of 1 for wildtype MARCH1, and then the
values for each mutant were normalized to wildtype. The relative Manders coefficients
are plotted +/- SEM. Paired t-tests were used to determine whether the mutants were
different from wildtype for each marker. *p<0.01, **p<0.0001. Note that for all images,
a lower threshold was applied uniformly to each set of samples (imaged for a given
marker) based on negative controls (background subtraction). The signal for MARCH1
(HA) and the marker protein in each set of images was normalized by setting the
brightest pixel in each image (for each fluorescence channel) as the maximum signal
(histogram-stretching) in order to facilitate visualization and comparison across fields.
This was necessary to permit comparisons between wildtype and mutant MARCH1
constructs, which are expressed at different levels (see Figure 2.4). (Note that C222-279
should be C229-279)
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2.5 DISCUSSION
MARCH1 has emerged as a critical regulator of antigen presentation, serving to
suppress the ability of immature APC to activate T cells through its effects on MHC and
costimulatory molecules. The transition of APC from the immature to the mature state is
essential for effective T cell priming by APC, and is necessarily subject to tight
regulation. Though MARCH1 is clearly a component of this regulatory system, much
remains to be determined regarding its involvement and control. MARCH1 transcription
decreases in response to DC maturation with LPS [142], and increases after stimulation
of monocytes with the anti-inflammatory cytokine IL-10 [153]. Thus, MARCH1 activity
is regulated, at least in part, through changes in gene transcription. Since MARCH1
protein levels appear to be balanced such that relatively small changes significantly alter
the cell surface display of MHC class II, then the instability of MARCH1 is an essential
component of its regulation. Even in immature DC where MARCH1 is active, MARCH1
turns over quite rapidly. It should be noted that we have not observed any appreciable
increase in MARCH1 turnover following maturation with LPS (data not shown), which is
known to enhance lysosomal activity in DC [135]. It is interesting that the more stable
N-terminal mutants appear to be somewhat more potent than wildtype MARCH1 at
downregulating CD86 (Figure 2.5B), consistent with the idea that the inherent stability of
MARCH1 maintains its levels at a critical functional threshold.
Lysosomal acidification significantly affects the levels of MARCH1, and this
implies proteolysis of MARCH1 within endo-lysosomal compartments where MHC class
II ubiquitination appears to occur [137, 139]. However, the topology of MARCH1
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presents a potential obstacle to this model. MARCH1 possesses two transmembrane
domains, with a short, connecting lumenal domain; the bulk of the molecule resides on
the cytosolic face of the membrane [106].

How could lysosomal enzymes access

MARCH1? It is possible that the lumenal domain is targeted, but replacement of this
domain with unrelated sequences did not stabilize MARCH1 (not shown). Further, the
size of the fragments of MARCH1 which we detect is not consistent with cleavage within
the lumenal domain (data not shown). The most likely explanation is that the cytosolic
domains of MARCH1 are exposed to proteases within multivesicular bodies [189].
Indeed, electron microscopy has shown an abundance of MHC class II molecules within
these structures [39], and this requires ubiquitination of the MHC class II beta-chain
[137, 139]. Therefore, it is probable that MARCH1 also traffics through multivesicular
bodies where it is exposed to the myriad proteases present in this compartment. Among
these proteases, cathepsins are likely candidates to affect MARCH1, given their
established roles in antigen processing [39, 176]. Most of the cathepsins are cysteine
proteases [176, 179] and we found that the cysteine/serine protease inhibitor leupeptin
was able to stabilize MARCH1. Further, inhibition of cathepsin L increased MARCH1
levels through stabilization, but not in all cell types. We failed to observe any stabilizing
effect of cathepsin S inhibition/knockdown on MARCH1. From our results, we conclude
that MARCH1 protein levels are regulated by multiple, redundant proteases within
lysosomes, including cathepsin L. A similar finding has emerged for the processing of
Toll-like Receptor 9, which must be cleaved within endo-lysosomes prior to signaling,
and this cleavage event can be mediated by different proteases [190, 191].
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Our characterization of mutant forms of MARCH1 complemented our studies of
the factors which affect MARCH1 protein levels. In particular, we identified a region of
MARCH1 which influenced its stability. Removal of as few as the first 40 residues of
the N-terminus affected the stability of MARCH1, without compromising activity. The
increased stability of the N-terminal truncations was correlated with a change in the
subcellular distribution of the mutants relative to wildtype. Most notably, in addition to
the Golgi and lysosomal staining seen with wildtype MARCH1, these mutants exhibited
abundant vesicular staining throughout the cell. The distribution of MARCH1 raises
questions about its subcellular site of action. At steady-state, we observed the most
pronounced co-localization between MARCH1 and a trans-Golgi marker, with relatively
little MARCH1 present within endo-lysosomes. However, since MARCH1 turnover
requires lysosomal activity, it must traffic through this compartment. In the case of MHC
class II, it seems that the effects of MARCH1 are manifested in a post-Golgi
compartment, after processing of the invariant-chain [137, 142], resulting in rapid
endocytosis of MHC class II from the cell surface [123, 139, 142]. Consistent with this
finding, it was shown that human MARCH1 can be detected in early endosomes
(transferrin-receptor-positive), but not later, HLA-DM-positive compartments [142]. In
this instance, MARCH1 was expressed as a fusion with GFP, which could affect its
localization, perhaps causing some accumulation in early endosomes where it could
continue to ubiquitinate MHC class II. Though MHC class II molecules are quickly
internalized in the presence of MARCH1, it is possible that ubiquitination occurs prior to
the initial arrival of MHC class II at the cell surface or during recycling within early
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endosomes. Upon reaching the cell surface, ubiquitin could then exert its effects on
MHC class II. Whatever the case, MARCH1 itself appears to traffic through the late
endocytic compartment, at least transiently, in order to be degraded.
Collectively, the available data suggest a dynamic pattern of trafficking along the
endocytic pathway for MARCH1, between the trans-Golgi, early endosomes, and late
endosomes. Our results indicate that this trafficking requires information within the Nterminus. However, disruption of this pathway does not necessarily abolish function.
Rather, it affects the stability of MARCH1, which appears to be important for
maintaining the proper levels of MARCH1. Deletion of the C-terminal 50 residues
(ΔC229-279) did not dramatically affect localization or stability of MARCH1. Notably, this
mutant retains both of the C-terminal YXXΦ motifs (Figure 2.4A). However, mutation
of these motifs affected MARCH1 function, but not expression levels, arguing that they
are not required for trafficking into endo-lysosomes. Rather, these residues may be
important for substrate interaction or recruitment of downstream effector molecules.
While it remains to be determined exactly where and when MHC class II and CD86
encounter MARCH1 during biogenesis, and how this process is influenced by APC
maturation, it seems likely that these two targets of MARCH1 share some common steps
in their trafficking. This may help explain how these two unrelated proteins can both be
targeted by the same E3 ligase. A curious feature of the viral RING-CH E3 ligases is the
ability of some to target multiple, unrelated substrates [16]. As a whole, the basis of
substrate recognition by viral RING-CH molecules is not well understood.

Our

characterization of the viral mK3 protein has demonstrated a clear requirement for
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“adapter-type” proteins in substrate recruitment [163, 182]. MARCH1 may also require
cofactors to assist in recruitment of its distinct substrates, and such cofactors would likely
tie into the trafficking pathways utilized by MARCH1 and its substrates. Elucidation of
the full spectrum of molecules involved in MARCH1-dependent regulation of antigen
presentation will be essential to understand how MARCH1 may contribute to both
immune activation and tolerance.
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2.7 TABLES
Table 1: Properties of MARCH1 mutants.

MARCH1
constructs:
Steady-state
levels
Function a
(CD86,
MHC class
II)
Cellular
localizationb

WT

RING
mutant
(W104A)

+

+

+++

-

LAMP1+, Furin
+++

N/A

c

N1-40

N120141

N1-66

N1-121

++

+++

++++

-

+++

+++

-

-

N/A

Furin+ ,
LAMP-1+
& other

Furin+ ,
LAMP1+
& other

N/A

C229279

Y118F

L215S,
Y222F

+

+

+

+

++

-

+++

+/-

N/A

LAMP1++
Furin+++

N/A

N/A

C257279

a

Function – determined by analyzing the surface expression of either CD86 or MHC class II in the presence of each
MARCH1 construct using flow cytometry (“+” indicates a functional MARCH1 construct; “ - ”represents a non-functional
MARCH1 construct; see Figure 2.5)
b

Localization – determined by co-staining with HA antibody against MARCH1 and either Derlin-1, LAMP-1, Furin, or EEA1 (see Figure 2.6 and Figure S2 for complete immunofluorescence analysis)
c

Not available.
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CHAPTER 3
UBIQUITIN-MEDIATED REGULATION OF CD86
EXPRESSION BY MARCH1

(Adapted from Maurice Jabbour *, Kathleen Corcoran *, Candida Bhagwandin, Chris
Evans, Martin Deymier, Lonnie Lybarger, manuscript prepared for submission)
* Co-first authors
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PREFACE TO CHAPTER 3
In the previous Chapter, we showed that MARCH1 expression promotes the
surface downregulation of CD86. The molecular mechanisms by which MARCH1
regulates the expression of CD86 will be examined in this chapter. In addition, it is
known, and as demonstrated in Chapter 2, that MARCH1 targets the surface expression
of CD86 and MHC class II, however, these substrates do not share any conserved
sequence motifs. Therefore, we also examine substrate determinants that confer
sensitivity to MARCH1.
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3.1 ABSTRACT
The activation of naïve T cells requires antigen presentation by dendritic cells
(DC), and the process of antigen presentation is regulated over the course of DC
maturation. Recently, ubiquitination was shown to regulate the trafficking of MHC class
II molecules. Peptide/MHC class II complexes are retained in late endosomes of
immature DC due to direct ubiquitination. Upon DC maturation, MHC class II is no
longer ubiquitinated, resulting in redistribution to the cell surface. The E3 ligase
Membrane-Associated RING-CH-1 (MARCH1) is responsible for the ubiquitin-mediated
regulation of MHC class II in immature DC; in the absence of MARCH1, MHC class II
expression is dysregulated and DC function is significantly impaired. In addition,
MARCH1 regulates the cell surface expression of CD86 in DC. Despite the critical role
of CD86 in immunity, little is known regarding its biogenesis. Here, we examined the
physical and functional interaction between MARCH1 and CD86. We observed that
MARCH1 expression induces turnover of CD86 in a ubiquitin- and lysosome-dependent
manner. MARCH1 association with CD86 requires the transmembrane and cytosolic
domains of CD86 and is dependent on the transmembrane and the membrane-proximal
C-terminal region of MARCH1. CD86 sensitivity to MARCH1 is dependent on a
combination of lysine residues close to the transmembrane domain of CD86, rather than a
single, specific lysine residue. This finding, together with the lack of sequence
conservation in the cytosolic tails of MARCH1 substrates including CD86 and MHC
class II, suggests substrate recruitment by MARCH1 through indirect mechanisms.
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3.2 INTRODUCTION
Dendritic cells (DC) play a central role in the priming of naïve CD4 and CD8 T
cells during adaptive immune responses [4, 19, 21, 30]. Optimal activation of naïve T
cells is dependent on the maturation state of DC, with mature DC (mDC) being the most
potent stimulators of T cells [4, 192]. The maturation of DC is regulated by many factors,
including pathogen-associated molecule patterns, detected primarily by receptors of the
Toll-like and Nod-like families [22, 31]. Immature DC (iDC) exhibit robust antigen
uptake but have poor capacity at stimulating T cells due to low surface expression of
MHC class I and II, as well as CD80 and CD86, relative to mDC [19, 39]. Recently,
ubiquitination has been shown to play a key regulatory role in antigen presentation by
regulating the trafficking of MHC class II. Somewhat surprisingly, costimulation (via
CD86) was also suggested to be regulated by ubiquitination during activation of DC.
Indeed, the E3 ligase, Membrane-associated RING-CH-1 (MARCH1), was shown to
suppress the cell surface display of MHC class II and CD86 exclusively in immature
antigen presenting cells (APC) [17, 123, 142]. MARCH1 expression is restricted to
lymphoid tissues and is especially abundant in APC [106, 123], and is negativelyregulated during the maturation of DC at the transcriptional and post-transcriptional
levels [142, 144].
MARCH1 appears to be an important factor in DC biology, as DC from
MARCH1-deficient mice are defective at antigen presentation and cytokine production
[17]. Though important, much remains to be learned about the properties and functions of
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MARCH1, including its impact on costimulation through CD86. Much of what has been
assumed regarding the function of MARCH1 has been inferred from studies on its
homologs, virus-encoded E3 ligases of the K3 family. In fact, it was early studies on
these E3 ligases of the herpesvirus and poxvirus families (e.g. mK3, kK3, kK5, M153R,
etc.) that led to the identification of MARCH genes in mammalian genomes. The E3
ligases, both viral and cellular, that are part of the K3/MARCH (viral/cellular) family are
known regulate the expression of multiple immune regulatory molecules through
ubiquitin-dependent mechanisms; these substrates include MHC class I and class I,
ICAM-1, and CD86, among others. K3/MARCH family members are structurally similar,
as each is membrane-anchored, and possesses an N-terminal RING-CH (C4HC3) domain
that is necessary for E2 recruitment and thus, ubiquitination [13-16, 121]. In terms of
domain organization, substrate recruitment, and overall function, the viral K3 molecules
are relatively well understood, while much less is known about the 11 members of the
MARCH family, including MARCH1 [13, 16, 121].
A distinctive feature of viral (and cellular) MARCH family molecules is their
ability to recruit diverse substrates. The murine g-herpesvirus-68 ORF mK3 ubiquitinates
the cytosolic tail of MHC class I in the ER membrane, resulting in ER-associated
degradation of MHC class I [101, 104, 108, 111, 193]. Substrate specificity by mK3 is
dependent on the presence of “adaptor molecules”, in this case members of the MHC
class I peptide-loading complex, which serve to recruit MHC class I to the RING-CH
domain of mK3 for ubiquitination in a manner that is largely independent of primary
amino acid sequence [108, 112]. Kaposi’s sarcoma-associated herpesvirus E3 ligases,
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kK3 and kK5, mediate ubiquitin-dependent internalization of MHC class I (and other
molecules) from the cell surface for sorting to lysosomes for degradation [83, 84, 99, 100,
113], similar to the known actions of MARCH1 toward MHC class II. No clear
recognition motif has been found that is directly responsible for substrate targeting by
kK3 and kK5, although it is evident that substrate specificity partly depends on the
location of the ubiquitin acceptor residues along the cytosolic tail of the substrate, relative
to the E3 ligase [74, 120]. This “relaxed-specificity” model for targeting might explain
the large substrate repertoire of kK3 and kK5 [114-116, 118]. For MHC class II, the
single, conserved lysine residue within the cytosolic tail is necessary for MARCH1mediated targeting [137, 139, 143]. In this report, we explore the sequence requirements
for MARCH1-dependent targeting of CD86, and it is notable that MHC class II and
CD86 share no obvious homology in the cytosolic domain.
Despite the unique requirement for CD86 in many immune responses [62, 63], its
biogenesis is not well described, in contrast to the wealth of information on MHC class II
trafficking. Newly-synthesized MHC class II molecules are assembled in the ER with the
invariant chain (Ii), followed by transport through the biosynthetic pathway to the transgolgi network (TGN) [39, 40]. The sorting motifs within Ii direct MHC class II molecules
to luminal vesicles of late endosomes from the TGN either directly or indirectly through
transient trafficking to the plasma membrane [41, 43, 44]. In iDC, MHC class II is
ubiquitinated via MARCH1, post-Ii chain processing, and this ubiquitination causes
retention of MHC class II within endosomes [137, 139]. During DC maturation, surface
expression of MHC class II is increased mainly due to redistribution of MHC class II

119

from intracellular stores to the plasma membrane [45, 51, 130], which correlates with
decreased ubiquitination of MHC class II [123, 137, 139]. Accordingly, maturation of DC
with TLR ligands results in a decrease in MARCH1 mRNA and protein levels of
MARCH1 [142, 144]. The fact that CD86 is a MARCH1 substrate clearly indicates a role
for ubiquitin-dependent routing of CD86 within DC.
Much like MHC class II, CD86 is expressed at low levels on the surface of iDC,
rapidly induced at the surface following TLR signaling [51], and upregulated in
MARCH1-deficient mice [17]. Here, we examined the impact of MARCH1 on CD86
biogenesis and explored the mechanisms which determine specificity of MARCH1 for
CD86. Our data indicate that CD86 is rapidly internalized in cells expressing MARCH1,
leading to lysosome-dependent degradation. Further, detailed mapping studies revealed
that simple sequence determinants were insufficient to explain specificity in the
functional interaction between ligase and substrate. Rather, our findings suggest that
MARCH1 can functionally interact with multiple substrates, which lack overt recognition
motifs.
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3.3 MATERIAL AND METHODS
3.3.1 Mice
Three- to 5-week old B7.2-/- (CD86) mice (C57BL/6 background) were obtained
from The Jackson Laboratory and were housed in the animal facility at the University of
Arizona. All animal experiments were done under the approval and supervision of
Institutional Animal Care and Use Committee (IACUC).

3.3.2 Antibodies and reagents
Mouse anti-HA antibody (clone 6E2) and rabbit anti-HA antibody (clone C29F4)
were purchased from Cell Signaling. Fluorochrome-conjugated rat anti-CD86 (clone
GL1) and hamster anti-mouse CD80 (clone 16-10A1) were obtained from R&D systems.
GL1 and 16-10A1 hybridomas were obtained from American Type Culture Collection
(ATCC) and culture supernatants used as a source of unconjugated antibodies. Mouse
anti-H2-Ld mAb 30-5-7 hybridoma was a gift from Dr. Ted Hansen (Washington
University, St. Louis), Anti-beta-actin antibody (ACTN05) was obtained from Abcam.
Anti-mouse CD11c (clone N418), rat anti-MHC class II (M5/114.15.2), and rat-anti
CD86 (PO.3) antibodies were purchased from BD biosciences. Donkey anti-rat DyLight488 secondary antibody was purchased from Jackson Immunoresearch. Mouse antiubiquitin antibody (clone P4D1) was purchased from Santa Cruz Biotechnology.
Bafilomycin A (used at 0.1 M) was obtained from Alexis Biochemicals (now part of
Enzo Life Sciences). N-Glycosidase F (PNGaseF) and endoglycosidase H (endoH) were
purchased from New England Biolabs. GM-CSF and IL-4 (used at 10ng/ml each), and
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IFN- (used at 100 U/ml) were purchased from Peprotech. Lipopolysaccharide (LPS)
O26:B6 was purchased from Sigma and used at 100 ng/ml.

3.3.3 Cell lines
Mouse-derived embryonic fibroblast cell lines WT3 (H2b) or 3KO (b2m-/-, Kb-/-,
Db-/-) have been described [108]. The mouse-derived DC cell line, DC2.4, was obtained
from Dr. Kenneth Rock (University of Massachusetts Medical Center), and the mouse
DC-derived cell line MJDC was generated in our lab [194]. Bone marrow-derived DC
were generated from CD86-deficient mice (C57BL/6 background) mice by culturing
bone marrow cells with GM-CSF and IL-4 (10ng/ml each) for 6 days, as described [194].
All cell lines and primary cells were cultured in RPMI 1640 supplemented with 10% heat
inactivated fetal bovine serum (Hyclone), 1 mM HEPES (Invitrogen), 2 mM Lglutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, and 100 U/ml
penicillin/streptomycin (all from Mediatech).

3.3.4 DNA Constructs
Bicistronic retroviral or lentiviral vectors were used to express all cDNA
constructs in this study. These vectors have all been described elsewhere [112, 194].
Murine MARCH1 cDNA (corresponding to isoform #2, NM_001166375.1) was cloned
from C57BL/6 spleen cDNA and tagged at the amino terminus with the HA epitope
[194]. MARCH1 mutants used in this study have also been described in our previous
work [194]. The murine CD80 and CD86 cDNAs were cloned by RT-PCR from
C57BL/6 BMDC cDNA and confirmed by DNA sequence analysis. Site-directed
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mutagenesis using QuickChange XL mutagenesis kit (Stratagene) was used to generate
all of the point mutants in this study. Chimeras between CD86 and CD80 were generated
by standard PCR or fusion PCR. The junctional sequences and numbering system for the
chimeras is given in the appropriate figure legends. Chimeras comprised of human

2m

fused to the murine CD86 transmembrane and cytosolic regions, as well as chimeras
generated from H2-Ld ectodomain and human CD86 transmembrane and cytosolic
domains, and chimeras consisting of the h 2m ectodomain plus the tapasin
transmembrane and cytosolic tail have been described elsewhere [111, 112].

3.3.5 Transfections and transductions
Transfection was done using FuGene6 according to manufacturer’s protocol. To
generate stable lines expressing MARCH1 and its mutant forms, or substrate molecules
(such as CD86), PlatE ecotropic packaging cells [164] were seeded in a 6-well plate and
transfected with retroviral vectors. 12-24 hrs post-transfection, the medium was replaced
with fresh, complete RPMI and 48-hrs post-transfection, supernatants containing virus
particles were harvested, filtered using 0.2-0.45

m, and used to infect target cells

(DC2.4, MJDC, WT3, or 3KO). 48-hrs post-infection, drug selection was performed for
at least one week until resistant clones appeared in culture. Stable cell lines were
maintained in complete RPMI along with their corresponding selection drug.
Expression of CD86 or CD86 with a deletion of the cytosolic domain ( CT) in
bone marrow-derived DC was accomplished using lentiviral bicistronic vectors, as
described previously [194]. Briefly, packaging cells (293T cells) were transfected with
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ViraPower packaging plasmids (Invitrogen) and our lentiviral vectors. 48-hrs posttransfection, virus supernatants were collected in Optiseal tube (Beckman Coulter) and
concentrated by ultracentrifugation at 50,000 x g for 2 hrs at 4oC [194]. Virus pellets
were resuspended in complete medium at 1/10 of the starting volume to generate 10X
virus stocks, which were used fresh or stored at -80oC. BMDC were infected for 3 days
using concentrated virus, left untreated or treated with 100ng/ml LPS for 18hrs, and
stained with anti-CD86 antibody for flow cytometry.

3.3.6 Immunoprecipitation, SDS-PAGE, and Immunoblotting
Cell lysates were prepared using 1% IGEPAL CA-630 (Nonidet-40) (from Sigma)
dissolved in either Dulbecco’s-phosphate buffer saline (D-PBS) or in 50mTris, 150 mM
NaCl (TBS), supplemented with 0.3-1 mM PMSF, 20 mM Iodoacetamide, 10

M

MG132 (all from Sigma), and protease cocktail inhibitor set III (Calbiochem). Following
centrifugation to remove nuclei, supernatants were collected and protein concentrations
were quantified using the BCA assay (Thermo Scientific). For co-immunoprecipitation,
cell lysates were prepared using 1% Digitonin (Wako) or 1% IGEPAL in either D-PBS or
TBS. Prior to immunoprecipitation, pre-clearing of lysates on protein-A (GE healthcare)
or protein G (Sigma) sepharose beads was performed for at least one hour. Pre-cleared
lysates were incubated with protein A or protein G beads pre-bound to antibody for at
least 4hrs. Beads were washed with 0.1% Digitonin or 0.1% IGEPAL and samples were
boiled in LDS sample buffer (Invitrogen) with or without 2-mercaptoethanol (1% final
concentration). For endo H treatment, immunoprecipitates were eluted by boiling in 10
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mM Tris-Cl (pH6.8), 0.5% SDS. Eluted samples were mixed with an equal volume of
100 mM sodium acetate (pH 5.4), separated (equal volumes) into two samples that were
left undigested or digested with 1 milliunit of endo H. PNGase F treatment was
performed according to supplied protocol from New England Biolabs. Briefly,
immunoprecipitates were eluted in 1X Glycoprotein Denaturing Buffer. Eluted samples
were digested in the presence of 50mM sodium phosphate (pH 7.5) and 1% NP-40 buffer
with 15 milliunits (IUB) of PNGase F.
Samples were separated by SDS-PAGE using either 7% or 3-8% NuPAGE TrisAcetate or 10% or 4-12% Bis-Tris polyacrylamide gels (Invitrogen) and transferred to
Immobilon-P polyvinylidene difluoride membranes (Millipore). Membranes were
blocked for 30 min in 5% milk dissolved in D-PBS with 0.1% Tween, 0.01% SDS (PBSTS). Membranes were incubated in primary antibody solutions at 4°C with rocking
overnight. Membranes were washed three times in 0.1% Tween, 0.01% SDS in D-PBS
and then incubated for 1 hr in the appropriate secondary antibodies (biotinylated or HRPconjugated). For biotinylated secondary antibodies, HRP-conjugated streptavidin (Zymed
laboratories) was added to membrane for 1hr. Membranes were then incubated in
SuperSignal West Femto ECL (Thermo Scientific) and visualized using ChemiDoc XRS
(Bio-Rad) digital imaging system.

3.3.7 Pulse-chase labeling
DC2.4 cells with or without MARCH1 constructs (107 cells/ml) were preincubated for 30 min in Cys- and Met-free medium (Sigma) containing 5% dialyzed fetal
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calf serum (Invitrogen). Cells were then labeled with Express 35S-Cys/Met Labeling mix
(Perkin-Elmer Life Sciences) at 200

Ci/ml for 30 min. Chase was initiated with the

addition of medium containing label-free Met and Cys (5 mM), and samples were taken
at appropriate time points. Where indicated, Bafilomycin A was added at 100 nM.
Immunoprecipitation and PNGase F treatment were performed from lysates of labeled
cells as previously described. Samples were then separated by SDS-PAGE and
transferred to Immobilon-P PVDF membranes. After a 10 min methanol fixation,
membranes were dried and exposed to BioMAX-MR film (Eastman Kodak Co.).
Quantitation of the band intensities from autoradiographs was done using Image J
Software and plots were generated using GraphPad Prism software.

3.3.8 Flow cytometry
After harvesting cells, staining was done in staining buffer (1% BSA, 0.1%
sodium azide in D-PBS). Fc-receptor blocking was performed in some cases (primarily
for DC) using anti-CD16/32 antibody (clone 2.4G2; BD Biosciences or as hybridoma
supernatants from ATCC). Cells were incubated on ice for 30 min. in primary antibody
diluted in staining buffer. For unlabeled primary antibody, appropriate fluorochromeconjugated secondary antibody was added and cells were incubated on ice for at least 30
min. Cells were then washed, resuspended in 1x D-PBS and fixed with an equal volume
of 1% paraformaldehyde. Stained cells were analyzed using FACSCalibur cytometer or
an LSRII cytometer (BD Biosciences) and data were analyzed using CellQuest (BD) or
WinMidi (The Scripps Research Institute).
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3.3.9 Statistical Analysis
All experiments were performed at least three times to ensure reproducibility.
Where indicated in the figure legends, statistical tests including unpaired, two-tailed
student t-test, were performed to determine statistical significance (p <0.05).
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3.4 RESULTS
3.4.1 MARCH1 induces rapid cell surface loss of CD86
Previous studies have shown that overexpression of MARCH1 leads to the
downregulation of surface CD86 [106]. In addition, knockdown of MARCH1 in human
monocyte-derived DC, or knockout of MARCH1 in mice, resulted in an increase in cell
surface CD86 levels on resting APC [17, 142]. While these studies clearly demonstrate
that the surface expression of CD86 is affected by MARCH1, the mechanisms by which
MARCH1 affects CD86 are unknown and, indeed, little is regarding the biogenesis of
this key co-stimulator. Therefore, we examined the regulation of CD86 expression by
MARCH1.
The surface expression of CD86, MHC class II, and CD80 was analyzed using
flow cytometry on two DC cell lines (MJDC and DC2.4 [154, 194]). As shown in Figure
3.1A, MARCH1 expression decreased the steady-state cells surface levels of MHC class
II and CD86, while CD80 levels were unaffected. To explore the mechanism for this
downregulation, we next analyzed whether the expression of MARCH1 induced rapid
internalization of CD86. Cell surface CD86 on DC2.4 cells +/- MARCH1 was labeled
with unconjugated anti-CD86 antibody at 4oC. Labeled cells were then incubated at 37oC
for various time points. Cells from each time point were placed directly on ice and then
labeled with fluorochrome-conjugated secondary antibody, fixed, and analyzed by flow
cytometry. As shown in Figure 3.1B, CD86 was rapidly lost from the surface of the
MARCH1-expressing cells. We attempted to block this internalization with a dynamin
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inhibitor (dynasore; [195]), and did not see a consistent effect of the drug on this process,
even though the drug treatment was effective based on our controls (data not shown).
This contrasts somewhat with a report on the effects of dynamin inhibition on MHC class
II internalization in the presence of MARCH1 [142], though the effect was relatively
modest in that case. Our findings on the MARCH1 regulation of CD86 resemble data
found with kK5-mediated regulation of CD86 [117], where CD86 internalization is
dynamin-independent.
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Figure 3.1: Rapid loss of cell surface CD86 in the presence of MARCH1.
A. Flow cytometry was used to examine the surface levels of CD80 and CD86 on DC2.4
cells +/- MARCH1 (top row) and CD80, CD86, and MHC class II on MJDC cells +/MARCH1 (middle and bottom rows). In some cases, MJDC cells were treated with 100
U/ml IFN- for 18 hrs prior to staining to increase MHC class II synthesis. Gray
histograms represent staining using an isotype-control antibody. Control shown for
DC2.4 represents parental cell line while control for MJDC represents cells expressing
GFP (vector only). All histograms for MJDC were gated on GFP+ (either vector only or
MARCH1-expressing) cells. B. DC2.4 cells +/- MARCH1 were stained with unlabeled
CD86 antibody (GL1) at 4oC for 30 min. After washing, cells were incubated in culture
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medium at 37oC for the indicated time points. Following incubation (30 min) with a
fluorochrome-conjugated secondary antibody, cells were washed with D-PBS, fixed with
1% paraformaldehyde, and analyzed by flow cytometry. For each time point, the mean
fluorescence intensity (MFI) value for CD86 surface expression was normalized relative
to the MFI value for time zero and plotted as percent (%) surface CD86 remaining
+/- SEM, (**p < 0.01). Internalization data are representative of at least three
independent experiments; error bars are not apparent on the graphs since their ranges are
smaller than the symbols used.

3.4.2 CD86 ubiquitination and association with MARCH1
Studies have shown that MARCH1 associates with and ubiquitinates MHC class
II [123, 142, 153]. Therefore, we examined the potential physical and functional
interaction between MARCH1 and CD86. We began by analyzing the effects of
MARCH1 on the steady-state levels of CD86 in DC2.4 cells +/- MARCH1 or a mutant of
MARCH1 (W104A) incapable of E2 recruitment [89, 113, 194]. In Figure 3.2A we show
that the steady-state levels of glycosylated CD86 (with a molecular weight range between
60-80 kDa) were decreased significantly in the presence of wildtype MARCH1, yet the
levels were unchanged in the presence of the MARCH1-W104A mutant. Where
indicated, cells were treated with Bafilomycin A, an inhibitor of lysosome acidification,
which is known to stabilize MARCH1 [194]. We observed that in the presence of Baf A,
the steady-state levels of MARCH1-WT do increase, but the CD86 levels are unchanged
in this time frame. The fact that an intact RING-CH domain is required for the drop in
CD86 levels strongly suggests a ubiquitin-dependent effect of MARCH1 on CD86.
Next, we performed co-immunoprecipitation experiments to determine if
MARCH1 associates with CD86, and we observed that, like MHC class II, wildtype
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MARCH1 (WT) does associate with CD86. Additionally, the W104A mutant also
associated with CD86 (Figure 3.2B). Note that the association between MARCH1
W104A and CD86 was more pronounced since MARCH1 W104A is somewhat more
stable than MARCH1 WT and CD86 levels are much higher in the presence of this
mutant [194]. Finally, as shown in Figure 3.2C, CD86 is ubiquitinated in the presence of
MARCH1 WT, as indicated by the anti-ubiquitin blot of the CD86 immunoprecipitates.
The presence of extensive N-linked glycosylation makes it more difficult to clearly
resolve

the

ubiquitinated

CD86

molecules.

Therefore,

we

treated

CD86

immunoprecipitates with PNGaseF to remove all N-linked sugars. The PNGaseF
treatment revealed a distinct poly-ubiquitin ladder on CD86, uniquely in the presence of
MARCH1 WT (Figure 3.2C). Additionally, CD86 immunoprecipitates were treated with
Endo H, which removes high mannose N-glycans from ER-resident molecules, and found
no significant downward shift in the ubiquitinated CD86 signal, indicating that CD86
ubiquitination by MARCH1 occurs post-ER transport (data not shown). Consistent with
this finding, treatment of cells with the inhibitor of lysosome acidification, Baf A,
increased the extent of CD86 ubiquitination, though it did not have any effect on the total
steady-state levels of CD86 in the time frame examined (Figure 3.2C). We also analyzed
the surface levels of CD86 in DC2.4 cells +/- MARCH1 and found that Baf A treatment
did not rescue the surface expression of CD86 (data not shown). These data suggest that
ubiquitination of CD86 leads to degradation in lysosomes, and that preventing
degradation does not allow ubiquitinated molecules to readily return and accumulate at
the cell surface. Instead these molecules may be retained within endocytic compartments
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where ubiquitin acts as a retention motif. This is in contrast with observations from the
viral kK3 or kK5 system, where lysosome neutralization rescued cell surface MHC class
I [99, 113], indicating that the ubiquitination mediated by MARCH1 has somewhat
different consequences for intracellular sorting.

3.4.3 Kinetics of CD86 turnover in the presence of MARCH1
To determine the effect of MARCH1-mediated ubiquitination on CD86, we
analyzed the degradation kinetics of CD86 in DC2.4 cells +/-MARCH1 and MARCH1W104A. Cells were pulsed for 30 min. with 35S-Met/Cys and then chased with unlabeled
Met/Cys for the indicated times. CD86 was immunoprecipitated, precipitates were treated
with PNGaseF, and samples were resolved by SDS-PAGE followed by radiography. As
shown in Figure 3.2D (left panels), CD86 was degraded in the presence of MARCH1
WT, but not in cells expressing MARCH1 W104A. Loss of the CD86 signal is apparent
at time points >1 hour after the beginning of the chase period, consistent with a role for
lysosomes in degradation. Therefore, we performed pulse-chase experiments, similar to
above, except that Baf A was added during the chase in some cases and samples were
collected after 3 hours. In untreated cells expressing MARCH1, CD86 levels decreased
over time, as expected, but CD86 levels persisted at 3 hours in Baf A-treated cells (Figure
3.2E, right panels). As a control for these experiments, we examined the effect of
MARCH1 on CD80 biogenesis and, in contrast to CD86, the stability of CD80 was
similar in the presence or absence of MARCH1 (data not shown). Overall, these
experiments indicate that MARCH1 affects the biogenesis of CD86 via ubiquitindependent lysosomal degradation.
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Figure 3.2: MARCH1 associates with CD86 and promotes ubiquitination and
turnover.
A. Whole cell lysates from DC2.4 cells +/- MARCH1 wildtype (WT) or MARCH1
W104A were immunoblotted for MARCH1, CD86, CD80, and actin (loading control).
Bafilomycin A (Baf A) treatment (100 ng/ml) for 3 hours was also performed where
indicated. B. CD86 was immunoprecipitated from digitonin lysates of DC2.4 cells (+/MARCH1 WT or W104A) and samples were resolved by SDS-PAGE and blotted for
MARCH1 and CD86. C. CD86 was immunoprecipitated from cell lysates of DC2.4 cells
+/- MARCH1 WT or W104A. Precipitates were untreated (upper panel) or PNGaseFtreated (middle panel) and then immunoblotted for ubiquitin and CD86 (lower panel;
non-treated samples). D. DC2.4 cells +/- MARCH1 WT or W104A were pulse-labeled
with [35S]-Met/Cys and chased for the indicated time points with unlabeled Cys/Met.
CD86 immunoprecipitation was performed from cell lysates, followed by PNGaseF
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treatment, SDS-PAGE, and autoradiography. The signal intensity for each band at each
chase time point was determined and normalized to the signal intensity value of the band
corresponding to time zero, and plotted as percent (%) of time zero. Graph represents
data from three replicates (+/- SEM; **p < 0.01). E. Pulse-chase was performed as in D,
with the exception that cells were also treated with Baf A (100ng/ml) during the chase
period. The results shown are representative of three independent experiments.

3.4.4 Domains of MARCH1 involved in association with CD86
We used a structure-function approach to illuminate the interaction between
MARCH1 and CD86. Previously, we generated several mutants of MARCH1 (including
N1-121,

C257-279, and

C229-279; schematized in Figure 3.3A) and analyzed the

effects of each mutant on the surface expression of CD86. In cells expressing MARCH1C257-279, the surface expression of CD86 showed a modest decrease, relative to the
decrease observed with MARCH1-WT. Conversely, in cells expressing either MARCH1N1-121 or MARCH1- C229-279, MARCH1 function was almost completely abolished
with respect to surface expression of CD86 [194]. Here, we examined whether these
effects are due to a lack of association between CD86 and the MARCH1 mutants. To
begin, we confirmed the expression and reported functional capabilities of these mutants
in DC2.4 stable cell lines by immunoblot for steady-state levels of CD86 and MARCH1.
The effect of each mutant on the steady-state levels of CD86 was consistent with its
reported effects on the surface expression of CD86 (Figure 3.3A; [194] and described
above). Next, we utilized the same MARCH1 mutants to define the domains necessary
for MARCH1 association with CD86 by co-immunoprecipitation. Analysis of cells
expressing MARCH1- N1-121 and MARCH1- C257-279 showed that these mutants do

135

associate with CD86. In addition, the association of MARCH1- C229-279 with CD86
was weaker but still detectable. Thus, these data suggest that MARCH1 association with
CD86 relies primarily on the transmembrane (TM) domains of MARCH1 and to some
degree on the C-terminal region of MARCH1 immediately following the TM domains.

3.4.5 CD86 domains involved in MARCH1 interaction
We next explored the determinants of the substrate, CD86, that are required for
sensitivity to MARCH1. We made use of a chimeric molecule, named transmembrane
human

2m

(T 2m) which is comprised of soluble human

2m

appended to the TM and

cytosolic domains of murine CD86. We initially developed T 2m for the study of
substrate selection by the viral E3 ligase mK3 and these studies showed that this
molecule was readily expressed at the cell surface [112]. Furthermore, we previously
generated a mutant of T 2m lacking its cytosolic tail, T 2m CT. Here, we used these
molecules to determine if the TM and cytosolic domains of CD86 would confer
sensitivity to MARCH1 when both proteins were expressed in
(3KO). 3KO cells stably expressing either T 2m or T 2m

2m-deficient

fibroblasts

CT were transduced with

pMIG (retroviral vector) or pMIG.MARCH1. As shown in Figure 3.3Bi, the surface
expression of T 2m was decreased in cells expressing MARCH1; this downregulation by
MARCH1 required the cytosolic tail of T 2m and, hence, the cytoplasmic tail is
necessary for MARCH1-mediated downregulation of CD86.
It has been shown that many viral E3 ligases require lysine residues as
ubiquitin acceptor sites in the cytosolic tail of the substrate. However, E3 ligases such as
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kK3 and kK5 are capable of mediating ubiquitination on cysteine residues, and mK3 can
utilize serine and threonine residues as ubiquitin acceptor sites [74, 76]. To test the
sequence requirements for MARCH1-mediated ubiquitination of CD86, we examined
whether lysine residues in the tail of T 2m (corresponding to the tail of CD86) affected
sensitivity to MARCH1. As shown in Figure 3.3Bii, T 2m lacking all five lysines in the
cytosolic tail was resistant to MARCH1, despite the presence of other non-canonical
acceptor residues (see sequences in Figure 3.6A). These data confirm the findings of
Cadwell, et. al. indicating that MARCH1-mediated targeting relies on the presence of
lysines, exclusively [74]. In addition, we determined whether MARCH1 was able to
downregulate a chimeric substrate containing human CD86 sequences. Here, we used
Ld.hCD86, comprised of the H2-Ld ectodomain fused to the TM and cytosolic domains of
human CD86 [111]. Both Ld.hCD86 and full-length H2-Ld were expressed in DC2.4 +/MARCH1 and analyzed by flow cytometry to determine the effect of MARCH1 on
surface expression of each molecule. MARCH1 had no effect on full-length Ld surface
expression, whereas Ld.hCD86 surface expression was reduced (Figure 3.3Biii). Human
and mouse CD86 exhibit poor sequence identity in the TM and tail regions (supplemental
Figure S1), yet both are targeted by mouse MARCH1, indicating that sensitivity to
MARCH1 is not based on simple recognition motifs in CD86. In addition, these results
indicate that the transmembrane and tail regions of CD86 are sufficient to cause
downregulation of heterologous substrates, consistent with data that have been reported
for CD86 and MHC class II [74, 114, 143].
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Figure 3.3: Domains of MARCH1 and CD86 that mediate their interaction.
A. Co-immunoprecipitation of CD86 was performed using lysates from DC2.4 parent
cells or cells stably expressing MARCH1 WT, N1-121, C229-279, or C257-279.
Whole cell lysates (left panels) and CD86 precipitates (right panels) were blotted for
CD86 and MARCH1. Note that for MARCH1 N1-121, 1/3 of the CD86 precipitate was
loaded relative to MARCH1 WT in order to achieve comparable signal intensity; this
mutant is significantly more stable than WT. B. Flow cytometry was used to examine the
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surface expression of the indicated chimeras in the presence of MARCH1. i) Fibroblast
cell lines from 2m-/- Kb-/- Db-/- mice (3KO cells) +/- MARCH1 (GFP+) were transduced
with the chimeras consisting of the human 2m (as the ectodomain) fused to the
transmembrane and cytosolic regions of murine CD86 (T 2m), or with a 2m chimera
lacking the cytosolic tail of CD86 (T 2m DCT). ii) 3KO cells expressing MARCH1 were
transduced with either T 2m or T 2m lysine-less (K-less) (lysine-to-arginine mutation of
all five lysines in the tail of mouse CD86). iii) DC2.4 cells (+/- MARCH1) were
transduced with MARCH1 and either with H2-Ld or a chimera comprised of the H2-Ld
ectodomain fused to the transmembrane and cytosolic regions of human CD86.

3.4.6 Transmembrane and cytosolic regions of CD86 are necessary for
association with and ubiquitination by MARCH1
We tested whether the decrease in the surface expression of T 2m correlates with
MARCH1-dependent ubiquitination. The steady-state levels of T 2m were decreased in
the presence of MARCH1, and immunoprecipitation of T 2m followed by
immunoblotting with an anti-ubiquitin antibody revealed a clear increase in ubiquitinated
T 2m in the presence of MARCH1 (Figure 3.4A). Next, we examined the association of
MARCH1 with T 2m. As a control for the association experiments, we utilized a variant
of T 2m called T 2m.Tpn. This latter chimera is comprised of soluble human

2m

appended to the TM and cytosolic domains of murine tapasin [112], which permits
association with the TAP complex (due to the tapasin TM domain) and also contains a
potent ER-retention signal in the tail [112]. As shown in Figure 3.4B, MARCH1
significantly decreased the levels of T 2m, but not T 2m.Tpn (left panel). Coimmunoprecipitation data showed revealed a strong association between MARCH1 and
T 2m, but not between MARCH1 and T 2m.Tpn. These data confirm that the specificity
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in association with MARCH1 is determined by the CD86 domains (TM and cytosolic
domains).
To extend these findings to a setting of physiological expression of MARCH1, we
examined the expression levels of wild type CD86 and CD86 lacking its cytosolic tail
(CD86

CT) in BMDC from CD86-/- mice. Lentivirus vectors were used to transduce

CD86-/- BMDC with either CD86 or CD86

CT expression constructs. Following

transduction, cells were left untreated or treated with LPS for 18 hrs to induce DC
maturation. As stated above, MARCH1 is thought to ubiquitinate target substrates (MHC
class II and CD86) in immature APC resulting in low surface expression of these
substrates. Upon maturation, APC have increased surface expression of MHC class II and
CD86, correlating with a decrease in MARCH1 proteins levels. We reasoned that in
immature cells, CD86 CT surface levels should be higher than CD86 WT because the
cytosolic tail is required for targeting by MARCH1. Further, after maturation, the surface
levels of both substrates should be similar because MARCH1 levels are dramatically
decreased after LPS treatment [142, 144]. As expected, CD86

CT was expressed at

higher levels in immature DC than CD86 WT, and this difference was abolished in cells
matured with LPS (Figure 3.4C). Although this experiment does not formally prove that
MARCH1 was responsible for the lower expression of wildtype CD86 in immature DC,
these results are entirely consistent with that interpretation.
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Figure 3.4: Transmembrane and cytosolic regions of CD86 confer association with
MARCH1 leading to ubiquitination.
A. Top panel. Whole cell lysates from 3KO cells expressing MARCH1 and T 2m were
blotted to reveal the steady-state levels of T 2m. Bottom panel. T 2m precipitates were
resolved by SDS-PAGE and blotted for ubiquitin and T 2m. B. T 2m and T 2m.Tpn
(tapasin) chimeras were precipitated from 3KO cells co-expressing MARCH1 and blotted
as indicated (right panel). Blots of whole cell lysates are also shown (left panel) with
actin as a loading control. C. Bone marrow-derived DC generated from CD86-/- mice
were infected using lentivirus vectors expressing either GFP (vector only), GFP and
CD86 WT, or GFP and CD86 CT (lacking the cytosolic region of CD86). Three days
post-infection, cells were harvested and either left untreated (No LPS) or treated with 100
ng/ml LPS for 18 hrs. Flow cytometry was used to analyze the surface expression of
CD86. Histogram on the left represents GFP expression upon which the CD86
histograms are gated. Data are representative of two independent experiments.
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3.4.7 Additional substrate sequence requirements for MARCH1 sensitivity
To further define the relative roles of the TM versus cytosolic domains of CD86
necessary for a functional interaction with MARCH1, we generated various chimeras
between CD86 and CD80; though homologs, only CD86 is downregulated by MARCH1.
The chimeras generated are summarized in Figure 3.5A. All of them contain the CD86
ectodomain, which was appended, in various combinations, with TM or tail domains
from either CD80 or CD86 as indicated in Figure 3.5A. Each chimera was tested for
MARCH1 sensitivity by transient transfection (along with MARCH1-WT or MARCHW104A) into a fibroblast cell line, WT3. As controls, we first analyzed the effects of
MARCH1 on wild-type CD86 and CD80 by flow cytometry and, as expected, CD86
expression was significantly decreased in the presence of MARCH1-WT while CD80
was resistant; both molecules were resistant to MARCH1-W104A (Figure 3.5A, left
panels). Analysis of our chimeric molecules revealed that replacement of the TM and/or
cytosolic domains of CD86 with those from CD80 abolished sensitivity to MARCH1, as
did complete deletion of the cytosolic domain (Figure 3.5A, right panels). To examine the
function of MARCH1 toward the CD86/CD80 chimeras in a setting with more consistent
expression levels, we used retroviral vectors to generate stable cell lines expressing these
CD86 chimeras along with MARCH1. In agreement with our transient transfection data,
substitution of either the CD86 TM or cytosolic tail domain with the corresponding
domain from CD80 rendered the resulting chimeras resistant to MARCH1 (Figure 3.5B).
Therefore, these data suggest that both TM and tail domains of CD86 are needed for
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sensitivity to MARCH1. The ectodomain of CD86 is dispensable, since our T 2m can be
downregulated by MARCH1 (Figure 3.3).
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Figure 3.5: Mapping domains of CD86 required for sensitivity to MARCH1.
A. Fibroblast cells (WT3) were co-transfected with bicistronic retroviral vectors coexpressing MARCH (WT or W104A) and GFP as a reporter, and either CD86 or CD80.
Bar graphs show the MARCH1 effects on CD86 and CD80 (MFI of flow cytometry data)
from three independent experiments. In some cases, cells were co-transfected with
MARCH1 (WT or W104A) and chimeric molecules comprised of various combinations
of CD86 and CD80 domains (specific combinations indicated by maps on the right). Gray
histograms represent CD86 staining of the parental WT3 cell line. All histograms are
gated on GFP+ (MARCH1-expressing) cells. B. Flow cytometry was used to analyze the
surface expression of CD86, CD80, or the CD86/CD80 chimeras after stable expression
of each construct following transduction of WT3 cells with retroviral vectors. Graycolored histograms represent isotype-control staining. For the CD86/CD80 tail construct,
“RE-KK” corresponds to the amino acid residues in the wildtype CD80 tail that were
mutated to lysines at position 17, 18 according to the map in Figure 3.6.

One possible explanation for the inability of the CD80 tail to support ubiquitination when
appended to the CD86 TM domain could be the issue of lysine presence and location.
The location of lysine residues on substrates of RING-CH E3 ligases has been shown to
be critical for targeting [120]. An alignment of murine CD80 and CD86 revealed a
notable lack of lysine residues in the tail of CD80 relative to CD86, as well as overall low
similarity (Figures 3.6A and S1). To determine the importance of lysine location in the
tail of CD86 for MARCH1 recognition, we mutated lysine residues in the tail of wildtype
CD86 singly and in combination. Unlike MHC class II, which has a single, conserved
lysine in the tail [137, 139, 143] (Figure S1), there are multiple lysine residues in tail of
CD86 (five in murine CD86; Figures 3.6A and S1). Site-directed mutagenesis was used
to generate lysine-to-arginine mutations within the CD86 tail domain, and then each
mutant was tested for sensitivity to cell surface downregulation by MARCH1 following
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transient transfection. Mutation of any single lysine residue in the CD86 tail did not
affect sensitivity to MARCH1, indicating that MARCH1 could target multiple lysine
residues (Figure 3.6B). In fact, only when we combined various lysine mutations did we
observe resistance to MARCH1. Simultaneous mutation of lysine 3, 4, and 17
(numbering scheme depicted in Figure 3.6A) of the CD86 tail resulted in a molecule that
was largely resistant to MARCH1. CD86 with Lys-to-Arg mutations at positions 3, 4, and
42 was still sensitive to MARCH1 suggesting that MARCH1 can ubiquitinate lysine
residues at multiple positions within the tail of CD86 (such as position 3, 4, and 17), but
prefers residues more proximal to the TM domain.
Previous studies on KSHV-encoded kK5 showed that while wildtype CD80 is
resistant to kK5 function, addition of lysine residues to the tail of CD80 led to kK5mediated targeting of CD80 [114]. Accordingly, we added two lysine residues to the
CD80 tail region of the CD86/CD80 tail chimeric molecule, which was resistant to
MARCH1 (see Figure 3.5B). The resulting mutant, denoted as CD86/CD80 tail RE-KK
exhibited some sensitivity of MARCH1, indicating that the presence of these lysine
residues could support ubiquitination by MARCH1 in the context of the CD86 TM and
CD80 cytosolic tail sequences (Figure 3.5B). This raised the question of whether the
resistance of wildtype CD80 to MARCH1 could be explained by lysine placement in its
cytosolic domain. Since lysine residues close to the TM domain of CD86 are
preferentially targeted by MARCH1 (positions 3, 4, and 17, for example), we added
lysine residues near the TM domain of wildtype CD80 (at position 6, 7, and 8). This
mutant version of CD80 remained resistant to MARCH1 (Figure 3.6C), indicating that
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lysine placement, alone, is not the determinant by which MARCH1 is able to
discriminate between CD80 and CD86.

Figure 3.6: Lysine residues close to the transmembrane domain of CD86 are
necessary for MARCH1 targeting.
A. Single letter representation of the TM (highlighted in gray) and the cytosolic domain
sequences of murine CD80 and CD86. Numbers below each sequence represent the
predicted start of the cytosolic region. Lysine residues are indicated, and bars under the
CD80 sequence show the location for two blocks of residues which were mutated to
lysines (CD80 3K = HRS; CD86/CD80 tail RE-KK in Figure 3.5 = RE). B. Site-directed
mutagenesis was used to generate lysine-to-arginine mutations within the cytosolic region
of murine CD86. The numbering indicated above each histogram represents the position
of lysine residues mutated in the CD86 cytosolic tail relative to the predicted end of
CD86 transmembrane domain. WT3 cells were co-transfected with a GFP-reporter
bicistronic vector expressing MARCH1 as well as each of CD86 mutants. Flow
cytometry was used to examine the surface expression of each CD86 construct +/MARCH1. All histograms are gated on GFP+ (MARCH1-expressing) cells. Data are
representative of 3 independent experiments. C. Similar to B, CD80 WT or CD80 with 3
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lysine residues added to its cytosolic tail at position 6, 7, and 8 (underlined in A)
constructs were co-transfected into WT3 cells +/- MARCH1. Histograms are gated on
GFP+ (MARCH1-expressing) cells.
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3.5 DISCUSSION
It is important to understand the properties and functions of MARCH1, as its role
as a regulator of antigen presentation appears to be critical to DC biology [17]. MARCH1
downregulates the surface expression of MHC class II and CD86, but most of our
knowledge of MARCH1-substrate interactions comes from studies of MHC class II [17,
123, 142-144, 153]. Here, we demonstrate that MARCH1 associates with, and
ubiquitinates CD86, promoting its downregulation from the cell surface. While we do not
know if CD86 is ubiquitinated prior to internalization, it is evident that MARCH1mediated ubiquitination of CD86 occurs post-ER, since ubiquitinated CD86 molecules
are endoH-resistant. Consistent with this finding, MARCH1-mediated ubiquitination of
CD86 results in lysosomal degradation, similar to MHC class II. The rapid loss of
MARCH1 substrates (including CD86) from the cell surface may reflect ubiquitindependent retention of internalized molecules during recycling, rather than increased
endocytosis. This possibility is in line with observations made with MHC class II, which
indicate that MARCH1-mediated ubiquitination appears to regulate MHC class II sorting
within endosomes instead of a direct effect on internalization from the plasma membrane
in B cells [123].
We have examined the interaction, by co-immunoprecipitation, between
MARCH1 and CD86 from the perspective of each molecule. MARCH1 interaction with
CD86 appears to depend primarily on the MARCH1 TM domains. Deletion of the entire
N-terminal region of MARCH1 (residues 1-121, including the RING-CH domain) does
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not abolish the association between MARCH1 and CD86. Similarly, deletion of the Cterminal region (last 50 residues) does not prevent association with CD86, although the
association appears to be less pronounced than with wildtype MARCH1. This suggests
that the TM domains of MARCH1, with a contribution of the membrane-proximal region
of the C-terminal domain, may either: 1) bind directly to CD86 or 2) bind to unidentified
co-factors that recruit substrates for MARCH1.
Regarding the features of CD86, which are required to interact physically and
functionally with MARCH1, we found that the TM and cytosolic regions of CD86 are
necessary to promote association and MARCH1-mediated ubiquitination. This is
supported by the fact that our chimera, T 2m, containing the TM and tail domains of
CD86, associates with, and is ubiquitinated in the presence of, MARCH1. Conversely, a
related ER-resident molecule, T 2m.Tpn (Figure 3.4B), did not associate with, nor was
sensitive to, the function of MARCH1. Further, we found that association does not
always correlate with sensitivity to MARCH1. CD86

CT was able to associate with

MARCH1 [data not shown], however it was not downregulated from the surface.
Likewise, with the CD86/CD80 tail chimera, we did observe a weak potential association
between the chimera and MARCH1 (data not shown), but this chimera was resistant to
MARCH1 surface downregulation (Figure 3.5A). Taken together, these results suggest
that TM interactions between MARCH1 and its substrates play a key role in determining
sensitivity, similar to what has been demonstrated for the kK3 and kK5 [105, 114], mK3
[111], and MARCH9 [124].
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An additional factor contributing to CD86 sensitivity to MARCH1 is the precise
position of lysine residues in the cytosolic tail of CD86. Using a chimeric approach
(T 2m), in which all of the cytosolic tail lysines of the CD86 portion of the molecule
were mutated, we demonstrated a strict requirement for lysine residues. In fact, addition
of lysine residues to the CD80 cytosolic tail of the CD86/CD80 tail chimera, resulted in
MARCH1-mediated surface downregulation, albeit less robust than for wildtype CD86.
In the case of CD86, MARCH1 is capable of utilizing multiple lysine residues, but seems
to prefer those closer to the TM, which is similar to the location of the sole lysine residue
in the tail of MHC class II molecules. The relatively flexible position requirement for
MARCH1 targeting of CD86 fits with the lack of conservation in the cytosolic domains
of CD86 molecules among species (Figure S1).
Overall, our findings argue against a simple “recognition motif” by which
MARCH1 selects its substrates, suggesting that other mechanisms impart specificity.
Indeed, since MARCH family proteins have been shown to target multiple, unrelated
substrates [12, 17, 106, 116, 122-125], it is reasonable to postulate that substrate
selectivity might depend on adaptor/accessory molecules that properly position these E3
ligases for ubiquitination of acceptor residues on substrates within cellular membranes. It
is perhaps relevant that MHC class II and CD86 co-cluster at the plasma membrane of
DC prior to engagement with T cells [147], which is well known to result in clustering of
immune molecules [196, 197]. In the case of MHC class II, non-random distribution at
the cell membrane has been shown to involve interactions with glycolipid-enriched
microdomains [198] and several members of the tetraspanin family [196, 199, 200].

151

Thus, it may be that mechanisms exist to segregate MARCH1 into discrete membrane
domains (at the cell surface and/or within endosomes) together with its substrates. Along
these lines, we offer the following model: CD86 is recruited to MARCH1 through
interactions involving the TM domains of both molecules, perhaps by direct interaction,
or more likely, via indirect mechanisms involving accessory proteins and/or shared
affinity of both molecules for the same membrane microdomains. Regardless, the
interaction serves to orient the cytosolic tail of the substrate properly with respect to the
RING-CH domain of MARCH1 in a manner that permits ubiquitination with a minimal
requirement for specific sequence context surrounding the ubiquitin acceptor residue.
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CHAPTER 4
SUMMARY, CONCLUSIONS, AND FUTURE STUDIES
4.1 SUMMARY AND CONCLUSIONS
The central role of DC in the immune system, particularly in the priming of naïve
T cells, has been well established. Many studies have found that DC, a heterogeneous
population differing phenotypically, functionally, and anatomically, can skew the
immune response based on the nature of their microenvironment [19, 21, 24, 201].
Basically, different subsets of DC can regulate the type of immunity being generated.
Therefore, understanding the molecular mechanisms controlling the function of DC will
help in deciphering the differentiation of various types of immunity in the host (e.g. Th1
vs. Th2 vs. Th17 immune response, or Treg-driven tolerance). For example, DC exposed
to immunosuppressive cytokines such as IL-10, prime T cells to become tolerogenic
whereas DC exposed to IFN-

drives (in an IL-12-dependent mechanism) the

differentiation of T cells toward a Th1 (cell-mediated) response. Molecularly, these
cytokines have been shown to affect the levels of antigen presenting and costimulation
molecules (MHC and CD86), thereby modulating the T-cell priming capacity of DC
[202, 203]. Interestingly, some of the stimuli that lead to differential alteration in the
function of DC have been shown to affect MARCH1 levels (e.g. IL-10 and LPS) [142,
153]; MARCH1 is thought to function as a negative regulator of antigen presentation and
co-stimulation. To that end and in line with the recent findings supporting MARCH1dependent regulation of the surface expression of MHC class II and CD86 in DC, this
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novel cellular E3 ligase might also play a critical role in the DC-mediated differentiation
of immune responses. Toward that goal, in this work we examined the molecular
mechanisms that regulate MARCH1 function and evaluated the role of MARCH1 in the
biogenesis and regulation of CD86 in DC.
In the first study, the mechanisms of the post-transcriptional regulation of
MARCH1 were examined. Previous studies have indicated that the increased surface
levels of MHC class II and CD86 following DC maturation are negatively correlated with
the changes in March1 mRNA. However, in the same studies, MARCH1 steady-state
levels were significantly decreased within four hours after the induction of DC
maturation, a finding that cannot be solely explained by transcriptional regulation.
Furthermore, the endogenous levels of MARCH1 have been difficult to detect using
immunoblotting. These observations strongly argue that MARCH1 expression is also
regulated post-synthesis. Therefore, our data from this work indicated that MARCH1 is a
very unstable protein. While autoubiquitination has been suggested for other MARCH
proteins to explain their instability [204], in this study, MARCH1 was marginally
stabilized when its RING-CH E3 ligase activity was abolished, strongly indicating that
additional mechanisms are involved in MARCH1 regulation. The instability of MARCH1
was shown to be dependent on the function of lysosomes, as increased steady-state levels
of MARCH1 were observed following the inhibition of lysosome function. Furthermore,
using a knockdown approach, we found that leupeptin-sensitive proteases including
Cathepsin L and other unidentified proteases play a role in MARCH1 proteolysis. These
findings fit a model whereby the short half-life of MARCH1 is critical to allow for the
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increase in the surface levels of CD86 and MHC class II, at least shortly after induction
of DC maturation. Though not shown, maturation of DC did not affect the half-life of
MARCH1. Another contribution to MARCH1 stability was identified from the mapping
analysis of MARCH1 domains. We showed that MARCH1

N1-66 mutant was

expressed at significantly higher levels and was more stable than wildtype MARCH1. In
addition, this N-terminal mutant retained the E3 ligase activity against MARCH1
substrates. Furthermore, the N-terminal region of MARCH1 appeared to be important for
MARCH1 localization in the cell as N-terminal MARCH1 mutants exhibited distinct
cellular localization relative to MARCH1 wildtype. Separately, the C-terminal region of
MARCH1 does not contain any localization motifs, however deletion of the C-terminal
domain abolished MARCH1 targeting of CD86 and MHC class II. We concluded based
on association studies done on K3 family, that the C-terminal region of MARCH1 might
be critical for substrate recruitment. This first study contributed new findings about the
regulation of MARCH1. In a follow-up study, the mechanisms by which MARCH1
regulates its substrates including CD86 were examined.
In the second study, we examined the functional consequence of MARCH1 on the
biogenesis of CD86 and substrate determinants that confer sensitivity to MARCH1. We
found that MARCH1 overexpression caused the increased internalization of CD86. This
increased endocytosis, however, appears to be independent of dynamin function. Our
kinetic data also indicated that MARCH1 expression induced the degradation of newly
synthesized CD86 molecules, apparent at least 1 hour post-synthesis. In addition, CD86
rapid turnover in the presence of MARCH1 appears to be ubiquitin-dependent because its
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levels were unchanged in cells overexpressing the MARCH1 W104A mutant.
Subsequently, we showed that MARCH1 associates with CD86 and promotes in a
ubiquitin-dependent manner the lysosomal degradation of CD86. In support of CD86
being routed for lysosomal degradation by MARCH1, it was found that MARCH1dependent ubiquitination of CD86 was significantly increased in the presence of Baf A, a
lysosomal inhibitor. Furthermore, our data suggest that CD86 ubiquitination occur in a
post-ER compartment because 1) newly synthesized CD86 are degraded at least 1 hour
after synthesis, too long to account for ER-dependent regulation, 2) endoH treatment did
not affect the levels of ubiquitinated CD86, which would have been the case if CD86 was
modified prior to exiting the ER. Together, these data suggested that MARCH1
associates with and ubiquitinates CD86 in a post-ER compartment. In examining
substrate specificity, we showed that the transmembrane and cytosolic domains of CD86
are sufficient to confer sensitivity to MARCH1. For example, a chimera made of the
human

2m ectodomain fused to the transmembrane and cytosolic regions of murine

CD86 was sensitive to MARCH1. This sensitivity was abrogated when lysine residues in
the CD86 tail were mutated to arginine. Therefore, lysines residues within the cytosolic
tail of CD86 are necessary for MARCH1-dependent targeting. The observed effect of
MARCH1 on the surface expression of

2m chimera was specific to CD86

transmembrane and cytosolic regions because another 2m chimera comprised of human
2m ectodomain fused to the transmembrane and cytosolic regions of murine tapasin (an
ER-resident protein) was completely resistant to MARCH1, thereby implicating
association-mediated and ubiquitin-dependent degradation of CD86 by MARCH1. We
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then examined the lysine dependence using a chimera made of murine CD86 and CD80.
We showed that a CD86 chimera comprised of the ectodomain and transmembrane
region of CD86 and the cytosolic tail of CD80 to be resistant to MARCH1 function;
however, sensitivity to MARCH1 was apparent upon addition of lysine residues in the
tail of CD80. We questioned whether CD80, normally resistant to MARCH1 function,
can be rendered MARCH1-sensitive upon lysine addition. Our analysis revealed that
lysine add-back to CD80 did not lead to sensitivity to MARCH1. We then analyzed
which lysine residues in the cytosolic tail of CD86 are sufficient for MARCH1
sensitivity. Single lysine mutation of CD86 cytosolic tail did not alter sensitivity to
MARCH1. However, only when we simultaneously mutated lysines at position 3, 4, and
17 (relative to the transmembrane) did we see resistance to MARCH1 function. This
suggested that lysine residues play a critical role in MARCH1-mediated targeting of
CD86. In conclusion, our data suggest that MARCH1 associates with and mediates in a
ubiquitin-dependent mechanism the surface internalization and lysosomal degradation of
CD86. In addition, because 1) single lysine mutation in the cytosolic tail of murine CD86
did not abolish sensitivity to MARCH1 and 2) MARCH1 can mediate targeting of murine
CD86, human CD86, and murine MHC class II, which do not share any sequence
homology in the cytosolic regions. Therefore, these facts argue for a loose MARCH1
specificity for its substrates. One explanation of this “loose specificity” model for
MARCH1 is the involvement of unidentified adaptor proteins, which can function as
bridging molecules between MARCH1 and its substrates, as is the case with the viral E3
ligase, mK3 [111].
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4.2 SIGNIFICANCE
Our findings including the instability of MARCH1 (half-life < 30 min) along with
the transcriptional regulation step of MARCH1, help clarify how the levels of CD86 and
MHC II increase following ligand-induced maturation of DC. In addition, the mapping
analysis of MARCH1 domains resulted in the identification of a stability region within
the N-terminus. While the significance of this finding for the function of DC remains to
be seen, it might be that maturation-inducing signals (e.g. LPS) are involved in the
regulation of N-terminal region of MARCH1, either regulating the protein expression or
function of MARCH1. Nevertheless, the fact that MARCH1 is a highly unstable protein
fits well with the idea that MARCH1 protein levels must correlate with changes in
March1 mRNA levels, i.e. MARCH1 protein levels must decrease rapidly in mature DC
to allow for the increased expression of CD86 and MHC class II. Furthermore, our
examination of substrate determinants that confer sensitivity to MARCH1 revealed a
promiscuous E3 ligase. In other words, MARCH1 can target multiple unrelated substrates
without being dependent on the recognition of unique substrate motifs. What this implies
is that MARCH1 might be using accessory proteins (adaptors) that bridge the E3 ligase
and its substrates and help explain MARCH1 broad selectivity of substrates. Therefore,
data presented in this dissertation provide new findings on the regulation and function of
an important cellular E3 ligase in DC. However, there are still many unresolved questions
regarding the molecular mechanisms involved in the regulation of MARCH1. In addition,
though MARCH1 is critical for DC biology as demonstrated by the recent findings of
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Ohmura et. al., the outstanding question is what role MARCH1 plays in immunity, which
can be addressed using the MARCH1 knockout mice and a model antigen to investigate
adaptive immunity to a foreign antigen. One might speculate that because of its
regulation of costimulation, which must be controlled to avoid excessive activation of T
cells and development of autoimmunity [58], MARCH1 might be implicated in
autoimmune diseases. For instance, it will interesting to know which inflammatory
cytokines, associated with development of autoimmune diseases and known to regulate
DC [205], also alter the expression of MARCH1. Particularly, inflammatory cytokines
that decrease the levels of MARCH1 will be of great interest since DC, with low
expression of MARCH1, have high CD86 levels.

4.3 REGULATION OF MARCH1 FUNCTION
Regarding the regulation of MARCH1, during the course of examining the posttranscriptional regulation of MARCH1 we found that in addition to MARCH1 being
unstable and its levels being regulated by proteases, its E3 ligase activity is potentially
modified during DC maturation by TLR ligands including LPS. This idea emerged when
studying the effect of LPS on the surface expression levels of CD86 in BMDC infected
either with GFP-only or MARCH1-expressing lentivirus particles. In the absence of any
treatment or in BMDC treated with IFN- for 18 hrs (not known to decrease MARCH1
mRNA or protein levels), the surface expression levels of CD86 were significantly
reduced in cells expressing MARCH1 as expected (Figure 4.1). Upon LPS-treatment, a
stimulant known to decrease endogenous MARCH1 mRNA levels, we did see rescue,
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albeit partial, of CD86 surface expression levels. Interestingly, in the MARCH1transduced cells the steady-state levels of MARCH1 increased with LPS treatment, yet
the increase in MARCH1 levels did not lead to complete targeting of CD86 levels (Figure
4.1). This suggested that the ligase activity of MARCH1 must be regulated following
LPS-induced maturation of DC. The confounding factor in this experiment is the LPSinduced transcription of CD86 might overwhelm the E3 ligase activity of MARCH1;
However, this is unlikely because in enzyme catalyzed reactions, only a limiting amount
of enzymes is sufficient to modify the substrate. Therefore, in the population where
CD86 levels are rescued, the E3 ligase activity of MARCH1 must be modified (assuming
that MARCH1 expression is in perfect correlation with GFP expression). To help address
this issue, we repeated the same experiment but examined directly the levels of MHC
class II and the levels of MARCH1 (instead of using GFP as a surrogate marker) in
untreated or LPS-treated cells. Similar to the rescue of CD86 surface expression levels
observed in BMDC expressing MARCH1 and treated with LPS, the surface levels of
MHC class II were significantly rescued when LPS was added in comparison to the
decreased MHC class II levels in the absence of LPS. Therefore, the fact that MARCH1
levels were not affected when LPS was present suggests an additional mode of MARCH1
regulation, possibly regulation of its E3 ligase activity during DC maturation. It should be
noted that in the experiment shown in panel C of Figure 4.2, cells were LPS treated for
only 2 hours, indicating that MARCH1 is post-transcriptionally regulated, possibly its
function is modified, since the treatment time is too short for transcriptional regulation.
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Figure 4.1: MARCH1 function is regulated during DC maturation.
A. DC derived from bone marrow of C57BL/6 mice were infected with lentivirus
particles encoding either GFP only or MARCH1 & GFP. Three days post-infections,
BMDC were left untreated or treated with 100U/ml IFN- or 100ng/ml LPS for 18hrs.
Cells were then stained with antibody against CD86 and analyzed by flow cytometry. As
expected, overexpression of MARCH1 caused a decrease in the surface expression of
CD86 in untreated or IFN- treated BMDC. LPS treatment caused rescue in the surface
expression of CD86. The numbers in the upper and lower right quadrants of each dot
plots represent the % of cells expressing (upper) or lacking (lower) surface CD86. B.
Lysates from BMDC infected with MARCH1 were analyzed by immunoblotting The
steady-state levels of MARCH1 did not decrease with LPS, therefore supporting the
notion that possibly the E3 ligase must be regulated to allow for the rescue in CD86
surface expression. C. MJDC cells were infected using lentivirus particles expressing
HA-tagged MARCH1 N1-66 for 2 days and were then treated with 100ng/ml LPS for
2hrs. Untreated or LPS-treated MJDC expressing MARCH1 were then stained for surface
expression of MHC class II and intracellularly with a directly conjugated anti-HA

161

antibody and analyzed by flow cytometry. This method provided a direct examination of
MHC class II surface levels relative to the levels of MARCH1. In support of observation
made in A., in cells expressing MARCH1, the surface levels of MHC class II were
significantly reduced. When LPS was added to MJDC with MARCH1, the surface levels
of MHC class II were rescued and because of the short LPS treatment, this observation
can be explained by a regulation of MARCH1 E3 function at some level.
Based on these exciting data, it will be beneficial to elucidate the molecular mechanisms
that regulate the activity of MARCH1. To that end, several mechanisms including
autoubiquitination, phosphorylation, ubiquitin-like modification, or regulation by E3
ligase-associated proteins have been implicated in the regulation of the E3 ligase activity
of several cellular E3 ligases [87]. One relevant example to note here is the regulation of
the HECT-containing E3 ligase (Itch) activity in T cells. As discussed in Chapter 1, Itch
is important for the regulation of the differential expression of transcription factors in T
cells, in turn controlling the outcome of the T cell response. How is the Itch E3 ligase
function regulated? In resting T cells, Itch is mostly inactive and gets activated once T
cells are triggered through the TCR-mediated signaling. Briefly, the TCR-mediated
signaling leads to recruitment of a kinase (JNK) that promotes Itch phosphorylation. It is
this phosphorylation event of Itch that results in the induction of its E3 ligase activity
[95]. In addition, c-Cbl, a RING-containing E3 ligase, whose E3 ligase activity unlike the
activity of Itch, is negatively regulated by a phosphorylation-dependent mechanism
[206].

In

this

regard,

post-translational

modification

mechanisms

including

phosphorylation will be considered to elucidate how the activity of MARCH1 is
regulated, particularly following LPS-induced maturation of DC. As an initial step and
based on immunoblotting (e.g. Figure 2.1 and immunoprecipitation data (Figure 4.2)), it
appears that MARCH1 is possibly phosphorylated since the shift in the molecular weight
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of the upper species is too small to be explained by a ubiquitin modification, which on
average increases the molecular weight of targeted protein by 8.5 kDa per ubiquitin
moiety.

Figure 4.2: Post-translational modification of MARCH1.
Immunoprecipitation of MARCH1 was performed using cell lysates prepared from
MJDC and DC2.4 +/- MARCH1 cells. Immunoprecipitated samples were analyzed by
SDS-PAGE. As shown in the immunoblot, an upper band is present in cells expressing
MARCH1 and this suggests a MARCH1 post-translational modification. * indicates fulllength MARCH1.

To help explain why the deletion of N-terminal region is critical for MARCH1 stability,
we generated using an alanine scanning approach several MARCH1 N-terminal mutants.
Our rational was to map motifs within the N-terminal region of MARCH1 that confer
instability to MARCH1 (i.e. mutation of these motifs should increase MARCH1
stability). A summary of the N-terminal alanine MARCH1 mutants is shown in Figure
4.3A. The selection of amino acids for the mutation was based on putative
phosphorylation or ubiquitination sites since these types of posttranscriptional
modifications are regulatory. Unexpectedly, while examining MARCH1 N-terminal
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mutants, we identified a mutant that appears to contain a significant amount of the upper
band, in a much higher amount relative to wildtype (Figure 4.3D). This mutant,
MARCH1 WKKSK, can still cause the surface downregulation CD86. Therefore, the
MARCH1 WKKSK mutant will be a critical construct to include in phosphorylation
studies because if the upper band is truly a phospho-mediated modification of MARCH1,
the MARCH1 WKKSK mutant will provide an easily detectable phosphorylation signal.
Phosphatase treatment will be employed to determine whether we can chase the upper
band down to the full-length molecular weight of MARCH1. Nevertheless, whether the
yet-to-be-confirmed phosphorylation modification of MARCH1 is important for
regulation of the E3 ligase activity will also need to be assessed. Biochemical methods
including immunoprecipitation and immunoblotting with phospho-antibodies will be used
to examine whether differential MARCH1 phosphorylation is seen in immature versus
mature, LPS –induced, DC. In actuality, as a proof-of- concept, we have evaluated the
post-translational modification of MARCH1 using MJDC cell line stably expressing
MARCH1. As shown in Figure 4.4, blotting MARCH1 precipitates using phosphoantibodies revealed both phospho-Serine and phospho-threonine modifications. We could
not detect a signal for phospho-tyrosine modification.
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Figure 4.3: MARCH1 N-terminal mutants: expression, stability, and function.
A. The amino acid sequence of the N-terminal region and the start of the RING-CH
domain of MARCH1 are depicted. Blocks of 5-amino acids, enlarged and underlined,
were mutated to alanine. Theses MARCH1 mutants, a total of six constructs generated,
were used to map the stability determinant for MARCH1. B. DC2.4 parents or cells
stably expressing MARCH1 wildtype and various MARCH1 mutants were stained with
anti-CD86 antibody to evaluate the surface expression of CD86 by flow cytometry.
While all MARCH1 decreased CD86 surface expression, the extent of downregulation
varied among each MARCH1 mutant. C. Intracellular staining was performed on DC2.4
cells using anti-HA antibody to evaluate the expression of HA-tagged MARCH1.
MARCH1 mutants ( N1-66 and MARCH1 YYLNQ) both exhibited increased
expression relative to the expression of MARCH1 wildtype, suggesting the importance of
YYLNQ for the stability of MARCH1. D. Whole cell lysates from DC2.4 parents or
DC2.4 cells expressing MARCH1 constructs were resolved by SDS-PAGE and blotted
for CD86, MARCH1, and Actin. In support of data shown in C, both N1-66 and
MARCH1 YYLNQ mutants had increased steady-state levels when compared with the
levels of MARCH1 wildtype. Interestingly, MARCH1 WKKSK mutant exhibited a
different banding pattern relative to MARCH1 wildtype. Most of the steady-state levels
of MARCH1 WKKSK migrate at a molecular weight corresponding to a modified fulllength MARCH1 (Immunoblotting data are representative of two experiments).

Figure 4.4: Phosphorylation of MARCH1 in MJDC cell line.
MARCH1 precipitates using lysates from MJDC parents or stably expressing HA-tagged
MARCH1 were resolved by SDS-PAGE and blotted using anti-phospho-Serine (p-Ser),
anti-phospho-Threonine (p-Thr), anti-phospho-Tyr (p-Tyr), and anti-HA antibodies.
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4.4 SUBSTRATE RECRUITMENT
In addition to examining the molecular mechanisms for MARCH1 regulation,
another outstanding question in the study of MARCH E3 ligases and their viral orthologs
is the issue of substrate specificity. As mentioned in Chapter 1, cellular and viral E3
ligases targets several unrelated molecules but how specificity is determined remains
unclear. Adaptor-mediated substrate specificity is an appealing model that can help in
explaining how an E3 ligase including MARCH1 can target unrelated substrates e.g.
MHC class II, CD86, Fas (known MARCH1 substrates). This adaptor-mediated substrate
model, initially demonstrated for the viral E3 ligase mK3 – an ortholog of MARCH1,
relies on using MARCH1-associated factors that act as bridges or scaffolds between the
E3 ligase and its substrates. Basically, so long as the E3 enzymes and their substrates are
in close proximity (independent of the nature of the substrate), lysine-dependent
ubiquitination of substrates follows (MARCH1-dependent substrate targeting requires the
presence of lysine residues within the substrate, refer to Chapter 3). Yet, the existence
and identity of these MARCH1-associated factors await experimental validation. Coimmunoprecipitation followed by Mass spectrometry using a stabilized MARCH1
construct might allow us to identify MARCH1-associating factors. Due to its low
expression, identifying these factors using MARCH1 wildtype might prove technically
challenging. Therefore, based on our characterization studies of MARCH1, the
MARCH1 mutant

N1-121, which remains associated with CD86, is more useful in

identifying MARCH1 adaptors since N1-121 steady-state levels are significantly higher
(stabilized) than the expression levels of MARCH1 wildtype.
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4.5 MARCH1 FUNCTION IN IMMUNITY
Finally, while we have provided biochemical and cell biology data evidence
demonstrating that the regulation of MARCH1 and function in DC, the role of MARCH1
in the immune response has not been studied. Demonstrating that MARCH1 is important
in regulating immunity via alteration of DC function will drastically impact our
contribution to MARCH1 research. Toward that aim, the MARCH1 knockout mouse
generated by Ishido’s lab will be an invaluable tool for evaluating the function of
MARCH1 in the immune system. Published work by Ohmura et. al. demonstrated that
DC from MARCH1-null mice are defective at cytokine secretion and this defect was
mainly attributed to the high expression of surface MHC class II and the
microenvironment of DC [17]. To that end, it is conceivable that the immune response to
a foreign antigen in MARCH1 knockout mice might well be altered because of the DC
defect. Preliminary studies from Satoshi Ishido 4 (personal communication to Lonnie
Lybarger) indicate that antibody production is affected. In addition, using ovalbumin as a
model antigen, Ishido et. al. showed that T cells from MARCH1-deficient mice are poor
at cytokine secretion including IL-4 and IFN- relative to T cells from control mice
during early time points. In our approach, we will examine the immune response in
MARCH1 knockout mouse after an infection using a murine infectious agent model. Do
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pathogen-specific T cells isolated from immunized MARCH1 knockout mice respond
with similar kinetics, frequency and function relative to the response of T cells from
immunized control mice? Such studies will undoubtedly yield more interesting and
surprising data on MARCH1 and we have started several experiments to address the
proposed ideas.
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APPENDIX
A. SUPPLEMENTAL FIGURES (CHAPTER 2)

Supplemental Figure 1: Phenotypic characterization of MJDC, a DC-like cell line.
A. This cell line (clone 2B1) was derived as described in Materials and Methods. Cells
were analyzed for the expression of molecules that are characteristic of DC, including
DEC205, CD11c, MHC class II, MHC class I, CD80, CD86. The thin line in each
histogram represents isotype-control background staining. Where indicated, cells were
treated with 100 U/ml interferon- for 18 hours.
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Supplemental Figure 2: Localization of MARCH1 mutants.
Confocal microscopic analysis of DC2.4 cells stably expressing the indicated mutants.
MARCH1 staining is shown versus the indicated markers: EEA-1 (early endosome) and
Derlin-1 (ER). Note that a lower threshold was applied uniformly to each set of samples
(imaged for a given marker) based on negative controls (background subtraction). The
signal for MARCH1 (HA) and the marker protein in each set of images was normalized
by setting the brightest pixel in each image (for each fluorescence channel) as the
maximum signal (histogram-stretching) in order to facilitate visualization and
comparison across fields. (Note that C222-279 should be C229-279)
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B. SUPPLEMENTAL FIGURES (CHAPTER 3)

Supplemental Figure S1: Sequence alignment of the transmembrane and cytosolic
regions of CD86 and MHC class II across species.
A. Sequence alignment of transmembrane and cytosolic regions of CD86 from various
species was generated using the software Geneious (http://www.geneious.com).
Sequence identity is indicated using the sequence logo feature. B. Sequence alignment of
MHC class II transmembrane and cytosolic tails generated as described in A.
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C. CHARACTERIZATION OF MJDC CELL LINE

Appendix Figure 1: Expression of CD86, MHC II, and CD11c on several MJDC
clones.
The generation of MJ DC-like cell line is described in chapter 2 (see section 2.3.3 Cell
lines and cell culture). Initial screening following the limiting dilution process involved
the phenotypic screening of at least 48 clones using the double antibody staining CD11c
and MHC II. Data presented here summarized the clones that were selected during the
limiting dilution procedure. Out of these seven clones, clone MJ2B1 was selected for our
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MARCH1 study based on the expression of CD11c, MHC II, and CD86. It should be
noted that MHC II expression was lost during the generation of the MJDC cell line.
However, unlike DC2.4 cells (at least in our hands), the MHC II levels on MJDC can be
significantly increased in the presence of IFN-
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D. ANIMAL APPROVAL FORMS
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