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MARCH Proteins Mediate Responses to Anti-tumor Antibodies

Jailal N. Ablack?, Jesus Ortiz!l, Jeevisha Bajaj?, Kathleen Trinh?, Frederic Lagarrigue?l,
Joseph M. Cantor?!, Tannishtha Reya?, Mark H. Ginsberg!

1Department of Medicine, University of California San Diego School of Medicine, La Jolla, CA
92093, USA.

?Department of Pharmacology, University of California San Diego School of Medicine, La Jolla,
CA 92093, USA.

Abstract

CD98, which is required for the rapid proliferation of both normal and cancer cells, and MET,

the hepatocyte growth factor receptor, are potential targets for therapeutic anti-tumor antibodies.
Here we report that the anti-proliferative activity of a prototype anti-CD98 antibody, UM7FS8, is
due to antibody-induced Membrane-Associated Ring CH (MARCH) E3 ubiquitin ligase-mediated
ubiquitination and downregulation of cell surface CD98. MARCH1-mediated ubiquitination of
CD98 is required for UM7F8’s capacity to reduce CD98 surface expression and its capacity to
inhibit the proliferation of murine T cells. Similarly, CD98 ubiquitination is required for UM7F8’s
capacity to block the colony forming ability of murine leukemia initiating cells. To test the
potential generality of the paradigm that MARCH E3 ligases can mediate the anti-proliferative
response to anti-tumor antibodies, we examined the potential effects of MARCH proteins on
responses to Emibetuzumab, an anti-MET antibody currently in clinical trials for various cancers.
We report that MET surface expression is reduced by MARCH1, 4, or 8-mediated ubiquitination
and that Emibetuzumab-induced MET ubiquitination contributes to its capacity to downregulate
MET and inhibit human tumor cell proliferation. Thus, MARCH E3 ligases can act as co-factors
for anti-tumor antibodies that target cell surface proteins, suggesting that the MARCH protein
repertoire of cells is a determinant of their response to such antibodies.

Keywords
MARCH; Ubiquitin; CD98; MET,; therapeutic antibodies

Introduction

Cell surface proteins are the targets of many anti-tumor antibodies. For example, the type

Il transmembrane protein CD98 (CD98hc, SLC3A2) enables rapid proliferation and clonal

expansion of cellular populations by supporting integrin signaling and amino acid transport
(1-3), the latter through di-sulfide linkage to a number of amino acid transporters(4). CD98
expression correlates with poor prognosis in many cancers and modest changes in CD98
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expression can impact rapid proliferation(4). CD98 is also important in tumorigenesis. For
example, Ras-driven skin tumors depend on CD98 expression because CD98 regulates
integrin mechanotransduction(5), in part by altering sphingolipid metabolism(6). Indeed,
antibodies targeting human CD98 can inhibit a variety of tumors(7, 8) and Acute
Myelogenous Leukemia (AML) colony forming cells(9). Thus, CD98 represents a potential
target for tumor suppressing antibodies.

MET/Hepatocyte growth factor receptor/C-MET is also a potential target for antibody-based
therapeutics, although toxicities have limited some such antibodies(10). MET promotes
cancer growth in many cancer types and upregulation of MET surface expression can

lead to ligand-independent signaling and resulting proliferation(11, 12). Emibetuzumab, a
humanized monoclonal anti-MET antibody, which is currently in Phasell/Phaselll clinical
trials, inhibits MET by inducing lysosomal accumulation of MET. Emibetuzumab must

be bivalent to neutralize MET function and works in a kinase independent manner(13).
Whereas ligand-induced downregulation of MET surface expression is well appreciated,
little is known about how MET surface expression is regulated by Emibetuzumab in the
absence of ligand. In particular, there is limited insight into the molecular mechanisms
whereby Emibetuzumab promotes internalization and lysosomal targeting of MET without
eliciting agonist activity.

The Membrane Associated RING-CH (MARCH) family proteins are a novel class of
transmembrane E3 ubiquitin ligases that regulate stability of transmembrane protein
substrates. MARCH family members ubiquitinate membrane proximal lysine residues
resulting in lysosomal degradation(14-17). In general, transmembrane receptors are
substrates of a subset of MARCH family members; for example, CD98 is a substrate

of MARCH1 and MARCHS8(14, 16, 18). In addition to biosynthetic regulation of CD98
expression, we previously reported that MARCH1-mediated ubiquitination of CD98 limits
expression of endogenous CD98 and clonal expansion of T cells(16). The growing list

of MARCH substrates indicates that MARCH proteins can influence a wide range of
biological processes through ubiquitination of transmembrane receptors including CD98,
CD44, MHC class I and 11, CD86, CD25, ICAM, TRAILR1/2 and the Insulin receptor
(14, 19-25). MARCHS can also restrict HIV replication by directed ubiquitination of the
ENV protein suggesting MARCHS also plays a role in innate immunity(25). Thus, MARCH
family members can regulate many cellular processes through targeted ubiquitination and
lysosomal degradation of transmembrane receptors.

A subset of antibodies targeting CD98 limit cell proliferation, and this effect is enhanced by
crosslinking the CD98 antibody (7, 9). MARCHZ1/8 over-expression lead to ubiquitination
of CD98 membrane-proximal cytoplasmic lysines leading to CD98 degradation (16).

We hypothesized that MARCH-mediated ubiquitination and downregulation of CD98

was linked to the anti-proliferative effects of anti-CD98. Here we report an anti-human
CD98, clone UM7F8 (26)., that blocks cell proliferation induces ubiquitination and
downregulation of CD98 thereby limiting cell proliferation. Blocking ubiquitination
inhibits the capacity of UM7F8 to suppress antigen-driven proliferation of T cells and

of the colony-forming ability of AML initiating cells,. We tested the paradigm that
MARCH-mediated ubiquitination could contribute to the downregulation of other cancer-
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relevant targets by studying Emibetuzumab-induced downregulation of MET and inhibition
of tumor cell proliferation. We report that MET surface expression is regulated by
MARCH1/4/8-mediated ubiquitination of conserved membrane proximal lysine residues
and that Emibetuzumab induces ubiquitination of these lysine residues resulting in MET
downregulation and inhibition of tumor cell proliferation. Thus, MARCH proteins are co-
factors that can dictate responses to therapeutic antibodies against transmembrane receptors.

Materials and Methods

Animals, Cell Lines and Reagents

Antibodies

Slc3a2 MM, Rosa26CRE-ERTZ mice were described previously(9). S/c3a2 7%, cD4 CRE+,
OT1+, mice were described previously(2). March1™'~ mice were provided by Satoshi
Ishido (27). March1™'~ mice were bred onto the O7 background using animals obtained
from Jackson labs. March1™"t (heterozygous) mice on the O7 background were crossed
to generate March1™'=, OT1 donor mice and March1"?". OT1 control donors. All

animals were housed at the University of California, San Diego animal facility and all
experiments were approved by the Institutional Animal Care and Use Committee. RAMOS,
HeLa-CCL2 and Jurkat cells were obtained from ATCC. HeLa Flp-In-TREX cells were

a generous gift from Anne-Claude Gingras(28). 293T-LX cells were purchased from
Clontech. MKN45 cells were a gift from Sheila Crowe and authenticated as MKN45 by
IDEXX. MKN45, RAMOQOS, Jurkat and primary T cells were maintained in complete RPMI
media (Gibco) + 10% FBS (Sigma), 1x L-glutamine (Gibco), 1x Penicillin/Streptomycin
(Gibco), 1x Beta-mercapto ethanol (Thermo). 293T-LX, HeLa and HeLa Flp-In Trex cells
were maintained in 1IXDMEM (Corning), 10% FBS (Sigma), 1x L-glutamine (Gibco),

1x Penicillin/Streptomycin (Gibco). Upon revival cell lines were verified as negative

for Mycoplasma species using the mycoplasma detection kit (BioTool). All cell lines

were maintained continuously for a maximum of six weeks. Ammonium chloride and
doxycycline were obtained from Sigma, ProteinG sepharose was purchased from GE.
CFSE was purchased from Biolegend. Methocult media was purchased from StemCell
Technologies.

Anti-CD98 clone UM7F8, mlgG1 control antibody clone MOPC21, anti-mouse cKit clone
ACKA45 and anti-human NGFR clone C40-1457 were purchased from BD. Anti-Mouse
CD90.1 Clone OX-7, anti-CD98 clone MEM108, and anti-mouse CD98 Clone RL388,
were purchased from Biolegend. Anti-CD98 H300 was purchased from Santa Cruz
Biotechnology. Anti-Ubiquitin clone P4D1 and anti-Met clone L41G3 were purchased
from CST. Goat Anti-human IgG F(ab’)2, Goat Anti-mouse 1gG F(ab”)2, and Goat
anti-mouse 1gG F(ab’) were purchased from Jackson. Humanized anti-human MET
(LY2875358/Emibetuzumab) and non-cross competing MET antibody (LSN2148068) have
been described previously and were provided by Eli Lilly(13). LSN2148068 was conjugated
to DyLight650 using a DyLight microscale conjugation kit (Life Technologies) according
to the manufacturer’s directions. Secondary reagents for western blot (Goat anti-mouse
1gG-800, Goat anti-mouse 1gG-680, Goat anti-rabbit 1gG-800 and goat anti-rabbit 1gG-680
were obtained from Licor.
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Plasmids and DNA Manipulations.

R777-E131 Hs.MET was a gift from Dominic Esposito (Addgene plasmid # 70415).
pSpCas9(BB)-2A-Puro (PX459) was a gift from Feng Zhang (Addgene plasmid #

48139). pMSCV-MLL_AF9-IRES-htNGFR was kindly provided by Scott Armstrong.
pMSCV-NRASCI2V_IRES-YFP was kindly provided by Scott Lowe(29). All plasmids were
constructed by PCR amplification of insert sequences and cloning into target vectors using
InFusion cloning (Clontech). Retroviral and lentiviral plasmids were maintained in STBL3
E. Coli (Life Technologies), other expression vectors were maintained in Stellar £. Coli
(Clontech). All plasmids were verified by direct sequencing. The following vectors were
engineered for this manuscript: pcDNASFRT-MET, pcDNASFRT-MET_4KR, pcDNA5FRT-
MET-KD, pcDNASFRT-MET_4KR_KD were generated by site directed mutagenesis using
R777-E131 Hs.MET as template. MET with c-terminal HA tags were amplified by PCR
using the vectors described above and cloned into pcDNA3.1 hygro. pcDNA3.1-Puro-
MET_EGFP and pcDNA3.1-Puro-MET_4KR-EGFP were cloned by amplification of tagless
MET and MET_4KR and fused to EGFP by infusion cloning. All other DNA constructs
have been described previously(16). Plasmid maps and primer sequences are available upon
request.

Antibody Treatments

Ramos and HeLa cells were treated for 24 hours with the indicated cocktails of antibody.
When treated in combination with crosslinking, antibodies and cross linker were premixed
before adding to cells. 24 hours post-treatment, cells were enumerated by flow cytometry
as described previously(16). Ubiquitination assays for CD98 and MET were performed

as described previously(16). Plasmid vectors expressing kinase dead (Y1234A/Y1235A)
MET and kinase dead MET_4KR were used to transiently transfect HeLa cells for MET
ubiquitination assays.

Transduction and Manipulation of Mouse T cells

Retrogenic bone marrow Chimeras were performed as described previously(16). For CD98
downregulation assays in T cells, splenocytes from March1™~, OT1 or Marchi"® OT1
littermate control mice were stimulated with 1nM cognate O71 peptide (SIINFEKL) and
10U/ml of recombinant human IL-2 (NCI Frederick) for 48 hours. CD8 T cells were
purified using the Untouched mouse T cell kit (Thermo), washed and re-plated with fresh
IL-2. T cells were infected with the indicated retroviral vectors encoding human CD98

by spinocculation for 90min at 1800rpm. 24 hours post-infection cells were treated with
anti-human CD98 or control IgG and crosslinked with anti-mouse 1gG F(ab”)2. 24 hours
post treatment (48 hours post infection) surface expression of CD98 was determined by flow
cytometry with a non-cross competing CD98 antibody (clone MEM108).

Generation of Human CD98 Expressing MLL

MLL_AFINRAS mosaic MLL was generated as described previously using S/c3a2 7,
R0sa26°RE-ERTZ donor mice(9) with the following modifications: Established MLL was
infected with MSCV-IRES-GFP retroviral vectors encoding either SKR CD98, CD98 or
empty vector control. At this point cells were also treated overnight with 4-hydroxy

J Immunol. Author manuscript; available in PMC 2022 August 17.
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tamoxifen (Sigma). GFP+/YFP+/c-Kit+ AML cells were sorted and used for colony
formation assays in the presence of anti-CD98 UM7F8 as described previously(9).

MARCH-Mediated Downregulation of MET

Hel a cells were transfected as described previously(16) and surface expression of MET was
determined using an anti-MET antibody LSN2148068 by flow cytometry.

MET KO cell lines

RNAI

MET was targeted in HeLa cells or HeLa Flp-In TREX cells by transfection with
pSpCAS9-2A-Puro encoding a guide RNA (5’- GGTGTTTCCGCGGTGAAGTT -37)
targeting residue 335 to 354 of NM000245.3. 24 hours post-transfection cells were selected
transiently on 2ug/ml of puromycin. After 24 hours in puromycin, the drug was washed
away and cells were monitored for a population of MET negative cells. After five days in
culture, MET KO cells were purified by depleting MET expressing cells with MET antibody
(LY2875358). MET KO HelLa and HeLa FlpIn TREX cell pools were validated by flow
cytometry and western blot. MET KO HeLa-FlpIn TREX cells were rescued with either wt
MET or 4KR-MET by transfection with a rescue vector (0)cDNA5SFRT-MET, pcDNA5FRT-
MET_4KR, pcDNA5SFRT-MET-KD or pcDNASFRT-MET_4KR_KD) and pOG44 in a 10:1
ratio. Isogenic cells with a single integrated copy of the rescue vector were selected on
200ug/ml of Hygromycin for two weeks. For characterization see Supplementary Figure S1.

siRNAs targeting human MARCHS8 (Smartpool) or non-targeting pools of up to five
siRNAs were purchased from Dharmacon. MKN45 cells were transfected with Dharmafect4
according to the manufacturer’s directions. Knockdown efficiency was determined by qPCR
of MARCHS transcripts relative to GAPDH.

In vitro proliferation Assay

MKNA45 cells were transiently transfected with either pcDNA3.1-Puro-MET_EGFP

or pcDNA3.1-Puro-MET_4KR_EGFP using lipofectamine3000 according to the
manufacturer’s directions at a ratio of 1ug of DNA to 3l of lipofectamine3000. At 24

hours post-transfection cells were selected in 2ug/ml of puromycin for 24 hours. At 48
hours post-transfection, cells were split and sorted for GFP+ (transfected) cells. Recovered
cells were plated at a density of 500 cells/well in a 96 well plate. Cells were treated with
Emibetuzumab or control IgG with or without crosslinking as described above. At 96 hours
post-treatment, viable cell number was determined by Celltiter96 Aqueous assay (Promgea).
Relative cell number for each condition was determined relative to untreated control.

Depmap Analysis

MET dependency (CERES score, x-axis) versus MARCHS expression (TPMlog2, y-axis)
for 650 cancer cell lines was accessed from the depmap database (https://depmap.org/
portal/), current as of July 22" 2019. The search parameters used were as follows:

1) X-axis: Gene: MET(RCCP, HGFR, DFNB97), dataset: Combined RNAi (Broad,
Novartis Marcotte). 2) Y-axis: Gene: MARCHS8 (CMIR, MIR, c-MIR, MARCH-VIII,

J Immunol. Author manuscript; available in PMC 2022 August 17.
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RNF178), dataset: Expression Public 19Q2). MKN45, EBC1, SNU5 and U87MG cells were
highlighted using the cell line highlighter function.

Results

Anti-CD98 Limits Lymphoma cell proliferation and downregulates cell surface CD98.

Treatment with an anti-CD98, UM7F8, limits proliferation of Ramos human Burkitt
Lymphoma cells and, as we previously reported (7), F(ab”)2-induced crosslinking of
UMT7FS8 further reduced cell number (FigurelA). Because CD98 expression is required
for proliferation of lymphocytes and other cells (1-3), we examined the effect of UM7F8
on surface expression of CD98. Treatment with UM7F8 slightly reduced expression of
cell surface CD98 and crosslinking of UM7F8 with anti-IgG F(ab’)2 greatly increased
this downregulation (FigurelB, 1C). At a saturating dose, treatment with UM7F8 reduced
surface expression of CD98 by more than 60% (FigurelC).

Anti-CD98 (UM7F8) acts by inducing MARCH1-Mediated ubiquitination of CD98.

MARCH1 and MARCHS ubiquitinate CD98 on membrane proximal lysine residues leading
to subsequent lysosomal degradation(16, 30). Treatment of Jurkat or Ramos cells with
UM7YF8 followed by crosslinking induced robust ubiquitination of endogenous CD98
(FigurelD). The smeared band representing ubiquitinated CD98 on SDS gels is consistent
with combinations of mono-ubiquitin modifications of the 8 cytoplasmic lysines previously
reported by us and others(16, 30). A mutant of CD98 in which eight membrane proximal
lysine residues are substituted for arginine (8KR) is resistant to ubiquitination by MARCH1
or MARCHS, thus preventing subsequent downregulation(16). We used this mutant of CD98
to ask whether UM7F8-induced downregulation of CD98 was mediated by ubiquitination at
these sites. Crosslinked UM7F8 failed to induce ubiquitination of 8KR-CD98 in Jurkat cells,
whereas ubiquitination of wild type CD98 was readily detectable (FigurelE). Accordingly,
in transduced mouse OT1 T cells expressing human CD98, crosslinked UM7F8 failed to
reduce expression of 8KR-CD98 in sharp contrast to wild type CD98 whose expression was
reduced by >30%(FigurelF). Therefore, UM7F8 induces downregulation of CD98 through
ubiquitination of cytoplasmic lysine residues.

CD98 expression is regulated by MARCHZ1-mediated ubiquitination in mouse T cells(16).
To assess whether MARCHL1 is an E3 ubiquitin ligase responsible for UM7F8-induced
downregulation of CD98, we transduced March1™~ or March1*'* littermate mouse T cells
with human CD98. Crosslinked UM7F8 did not significantly change expression of human
CD98 in March ™'~ T cells, whereas human CD98 was significantly reduced by ~25%

in March1*'* T cells (FigurelG). Taken together, these data show that crosslinked UM7F8
induces MARCH1-mediated ubiquitination of CD98 resulting in reduced CD98 expression.

Anti-CD98 (UM7F8) induced CD98 ubiquitination limits T cell proliferation.

CD98 enables the clonal expansion essential for adaptive immunity(4) yet is dispensable
for homeostatic proliferation(2). UM7F8 reduced expression of CD98 (Figure 1B,C)
and inhibited T cell proliferation(26); thus, we hypothesized that UM7F8-induced
downregulation of CD98 was responsible for its capacity to inhibit T cell proliferation.

J Immunol. Author manuscript; available in PMC 2022 August 17.
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Because UM7F8 is specific for human CD98, we used retrogenic bone marrow
reconstitution to generate naive mouse T cells dependent upon human CD98 by virtue of
deletion of the endogenous mouse CD98 alleles and ectopic expression of human CD98(2,
16). We used this retrogenic approach to generate OT1 T cells dependent upon either

8KR or wild type human CD98 for clonal expansion(Figure2A). Naive, mouse-CD98 null,
human-CD98+, OT1 T cells were purified from the spleens of transplanted recipient mice
(Figure2B), stimulated with cognate peptide antigen (SIINFEKL) and then treated with
UMTF8 or 1gG control. UM7F8 reduced proliferation of human CD98-bearing T cells to a
level similar to that seen in CD98 null T cells. In sharp contrast, the proliferation of human
8KR CD98-bearing T cells was unaffected by UM7F8(Figure2C). Quantification of these
effects revealed that UM7F8 treatment had no detectable effect on the proliferation index of
8KR CD98-bearing T cells, yet the proliferation index of human CD98-bearing T cells was
profoundly reduced (Figure2D). UM7F8 did not affect wild type OT1 T cells, which lack
human CD98 (Figure2C). Therefore, UM7F8 inhibition of T cell proliferation depends on
its capacity to induce ubiquitination of CD98 on cytoplasmic lysine residues and subsequent
downregulation.

CD98 also enables proliferation of a wide variety of cancer cells(3, 5, 9) such asin a
murine model of Acute Myelogenous Leukemia (AML)(9). We employed this model to ask
if UM7F8 could limit clonal expansion in the context of cancer initiating cells. We replaced
the endogenous mouse CD98 with retrovirally expressed human CD98. Hematopoietic stem
cells from inducible CD98 knockout mice (S/c3a22" Rosa26CRE-ERT2) were transformed
by retroviral transduction with an MLL-AF9 fusion and activated NRAS to generate AML
initiating cells(29). These cells were amplified by passage through congenic recipient mice.
When the congenic recipient animals showed signs of AML, the secondary leukemic cells
were isolated from the spleen. Sorted S/c3a2”, Rosa26CRE-ERTZ AML initiating cells
(NGFR+, YFP+) were transduced with retroviruses encoding a human CD98 resistant to
MARCH1/8-mediated ubiquitination (8KR), human CD98 control, or empty vector and
treated with 4 hydroxy-tamoxifen to inactivate the mouse CD98 alleles. Sorted GFP+ AML
initiating cells were tested for clonal expansion /n vitro upon anti-CD98 or IgG treatment
(Figure3A). Treatment of 8KR AML initiating cells with UM7F8 had no detectable effect
on clonal expansion compared to IgG control (Figure3B). In sharp contrast, UM7F8
treatment reduced colony formation of human CD98 AML initiating cells by more than 50%
(Figure3B). To verify that the resistance to UM7F8 was not due to inefficient inactivation
of the endogenous mouse CD98, cells were removed from methyl cellulose after counting
and CD98 expression was assessed by flow cytometry. Both human 8KR CD98 and wild
type human CD98-bearing AML initiating cells were negative for endogenous mouse CD98
(Figure3C). Therefore, anti-CD98 (UM7F8) limits proliferation of normal and cancer cells
by inhibiting CD98 function through MARCH-mediated ubiquitination and downregulation.

MET is a MARCH1/4/8 substrate and regulated via ubiquitination of membrane proximal
lysine residues.

The foregoing studies showed that the capacity of this anti-CD98 to inhibit proliferation of
T cells and AML colony formation was dependent on antibody-induced MARCH-mediated
ubiquitination and resulting downregulation of the antibody’s target. The effect of other

J Immunol. Author manuscript; available in PMC 2022 August 17.
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anti-tumor antibodies could be influenced by downregulation of their target antigens. To
test this idea, we examined the effect of antibody-induced ubiquitination of MET on its
downregulation by Emibetuzumab, an anti-MET antibody that promotes MET lysosomal
degradation (13). To determine if MET was a MARCH substrate, we first screened for
MARCH family members that induce downregulation of endogenous MET by transient
over expression in HeLa cells. MET was downregulated by MARCH1, MARCH4 and
MARCHS (Figure4A). We did not detect downregulation of endogenous MET by ectopic
expression of MARCH2,3,5,6,7, and 10 (data not shown). Catalytically inactive MARCHS8
was unable to downregulate MET, indicating MET downregulation requires MARCHS-
mediated ubiquitination (Figure4A). Analysis of MET downregulation as a function of
MARCH1/4/8 expression revealed that these three MARCH family members downregulate
MET with equal efficiency (Figure4B). MET and CD98 are regulated by distinct MARCH
family members (Figure4C, D). MARCH4 downregulated MET but had no effect on CD98.
In contrast MARCH1 and MARCHS8 downregulated both CD98 and MET (Figure4C, D).

MARCH family members ubiquitinate membrane proximal lysine residues, targeting
transmembrane proteins for lysosomal degradation(14, 16). Alignment of the
transmembrane and membrane proximal cytoplasmic residues of mammalian MET proteins
revealed four conserved membrane proximal lysine residues in human MET, (K976, K977,
K979 and K982) (Figure4E). We generated a MET mutant (4KR-MET) wherein these

four membrane proximal lysine residues were mutated to arginine. To test the role of

these residues in MET regulation we generated MET-knockout HelLa Flp-In-TREX cells by
CRISPR mediated genome editing (FigureS1). MET knockout cells were rescued by a single
integration of Tet inducible, epitope-tagged 4KR-MET or MET. Induction of 4KR-MET
and MET in isogenic HelLa lines was verified by western blot (FigureS1). 4KR-MET

was resistant to MARCH4/8 mediated downregulation, suggesting that ubiquitination of
these membrane proximal lysine residues targets MET for lysosomal degradation (Figure
4F). To further confirm that endogenous MET is regulated by MARCH family members,
we used siRNAs to silence MARCHS8 in MKN45 human gastric cancer cells, which

lacked detectable MARCH1 and MARCH4 mRNA, and observed a 50% increase in MET
surface expression (FiguredG,H,1). Taken together these data demonstrate that MET is a
MARCH1/4/8 substrate and surface expression of MET is regulated by MARCH-mediated
ubiquitination of membrane proximal lysine residues.

Emibetuzumab causes MARCH-mediated ubiquitination of MET.

Having established MET as a bona fide MARCH-substrate, we asked whether the

effects of Emibetuzumab could be mediated by MARCH-dependent ubiquitination.
Emibetuzumab efficiently downregulated endogenous MET from the surface of HelLa

cells and this effect was increased by crosslinking (Figure5A). Emibetuzumab alone
reduced MET surface expression by almost 60% and crosslinking increased downregulation
to greater than 80% (Figure5B). To determine if the downregulation of MET by
Emibetuzumab is mediated by MARCH family members, we utilized a mutant of MET
resistant to MARCH1/4/8 induced downregulation, 4KR-MET. 4KR-MET was resistant to
Emibetuzumab induced downregulation (Figure5C). 4KR-MET was only partially resistant
to crosslinked Emibetuzumab induced downregulation (Figure5C). We hypothesized that

J Immunol. Author manuscript; available in PMC 2022 August 17.
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4KR-MET, although resistant to MARCH1/4/8 mediated ubiquitination, could still be
regulated by ligand induced autophosphorylation and degradation through c-cbl. Thus, we
prepared a 4KR-kinase dead (4KR-KD) mutant of MET and tested it for downregulation
with Emibetuzumab(31). 4KR-KD-MET was resistant to downregulation when cells

were treated with Emibetuzumab under crosslinking conditions (Figure5D). We next
confirmed Emibetuzumab induced ubiquitination of MET, whereas 4KR-MET was resistant
to Emibetuzumab induced ubiquitination (Figure5E). We observed a significant ~15%
reduction in Emibetuzumab-induced MET downregulation in MARCHS silenced MKN45
cells (Figure5F). Finally, we asked if blocking ubiquitination of MET would render MKN45
cells resistant to Emibetuzumab’s anti-proliferative activity. Emibetuzumab did not block
the proliferation of MKNA45 cells expressing 4KR-MET, whereas Emibetuzumab reduced
proliferation of MKNA45 cells expressing wild type MET (Figure5G). Thus, MARCH-
mediated ubiquitination and degradation of MET contributes to the mechanism of action

of Emibetuzumab.

Discussion

The work reported here provides new insight into the mechanism of action of antibodies
against CD98 and MET, two membrane proteins that are potential therapeutic targets in a
variety of cancers. CD98 enables rapid proliferation of cancer cells by supporting adhesive
signaling and amino acid transport(1, 2, 5, 9, 32). Here we report that an antibody targeting
human CD98 (UM7F8), previously shown to block proliferation, induces ubiquitination

and downregulation of cell surface CD98, thereby inhibiting the proliferation of both

AML initiating cells and T cells. The role of MARCH proteins in responses to anti-tumor
antibodies is not limited to CD98 as established with our analysis of Emibetuzumab, an anti-
MET antibody. We report that MET is a substrate for MARCH1/4/8 mediated ubiquitination
and downregulation and that Emibetuzumab, which is currently in Phasell/Ill clinical

trials against non-small cell lung cancer and hepatocellular carcinoma, limits proliferation
of tumor cells by promoting MARCH mediated-ubiquitination and degradation of MET.
Although we cannot preclude the possibility that CD98 and/or MET were internalized

and not degraded, removal from the cell surface is sufficient limit both CD98 and MET
function(13, 16). Thus, MARCH proteins are cellular co-factors that can influence responses
to antibodies against tumor cell transmembrane proteins.

MARCH proteins enforce anti-tumor antibody-mediated downregulation of membrane
proteins. We found that the effects of both an anti-CD98 and Emibetuzumab can be
mitigated by blocking MARCH-mediated ubiquitination. For example, mutation of target
ubiquitin acceptor sites blocked the anti-proliferative effects of both antibodies. Importantly,
mutation of membrane proximal lysines, the known targets of MARCH proteins was
sufficient to inhibit ubiquitination, downregulation, and blockade of proliferation (14). The
importance of the membrane proximal lysines points to the role of MARCH proteins
rather than other, non-membrane-tethered, E3 ubiquitin ligases that could also lead to
ubiquitination of more distal lysines. The role of the MARCH1 in UM7F8-mediated
downregulation of CD98 was confirmed by the preservation of cell surface CD98 in
UM7F8-treated March =/~ T cells. Similarly, silencing MARCHS reduced the ability of
Emibetuzumab to decrease the expression of MET in MKNA45 Cells. Thus, MET is a novel
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MARCH substrate and MARCH proteins can therefore regulate both MET expression and
the effect of a therapeutic anti-MET antibody. MARCH proteins can ubiquitinate other
transmembrane protein targets, such as CD44 and MHCI and thus antibodies against

these proteins may also lead to MARCH-mediated downregulation. As shown here, loss
of MARCH protein-ubiquitation can reduce the effects of certain anti-tumor antibodies.

In addition to MARCH1,4, and 8, other E3 ligases, such as C-Cbl, can ubiquitinate and
downregulate transmembrane proteins. Indeed, as shown here, when Emibetuzamab is
crosslinked, it induces kinase-dependent downregulation of c-MET, presumably via c-Chl-
induced ubiquitationation. Thus, the principle that anti-body-induced MARCH-dependent
ubiqutination can lead to downregulation of the targets of anti-tumor antibodies may extend
to other ubiquitin ligases..

Target oligomerization plays a role in antibody-induced MARCH-dependent downregulation
of transmembrane receptors. We confirmed our previous work(7) that secondary
crosslinking markedly potentiated anti-CD98 downregulation and bivalency is important in
the capacity of Emibetuzumab to induce MET downregulation and growth inhibition(13).
We note that F(ab’)2-mediated crosslinking of Emibetuzumab resulted in a marked

increase in downregulation even with the MET-4KR mutant. Because intense clustering

of MET could induce autophosphorylation resulting in c-Cbl-mediated ubiquitination

of membrane distal lysines leading to proteosomal degradation(33), we speculated that

this could cause downregulation of MET-4KR. In support of this idea, a kinase-dead
MET-4KR was completely resistant to crosslinked Emibetuzumab. Internalization and
lysosomal degradation of MHCI, another MARCHZ1/4/8 substrate, is also enhanced by
antibody crosslinking(34). Antibody crosslinking may trigger surface protein quality control
mechanisms through conformational changes and recruitment to microdomains that enforce
interactions with MARCH family members(34, 35). In stark contrast, monovalent antibodies
targeting CD98 can bypass the lysosomal degradation pathway enabling efficient cycling
from luminal to apical surfaces of brain microvasculature endothelial cells, effectively
crossing the blood-brain barrier(36). These data support the notion that antibody-induced
target oligomerization leads to MARCH dependent degradation and other means of inducing
receptor clustering may have a similar effect.

Our studies provide new insights into the mechanism of action of two anti-tumor antibodies.
Anti-CD98 antibodies have long been known to inhibit cell proliferation(8, 26, 37); however
their mechanism of action has not been established. Indeed, the capacity of CD98 to support
proliferation is dependent on two functions: 1) Its ability to support integrin signaling(2,

3) and 2) its ability to form a disulfide-linked heterodimer with light chains that enable
support of amino acid transport(38). Antibodies to the extracellular domain of CD98

would not have access to the transmembrane and cytoplasmic domains that are necessary
and sufficient for support of integrin signaling(39), nor would they have access to the
endoplasmic reticulum where the disulfide-bonded heterodimers form(40). The present work
shows that CD98 antibodies can inhibit proliferation by inducing downregulation of CD98.
Similarly, many MET antibodies have agonist function that results in autophosphorylation
and Cbl-mediated downregulation(10). In contrast, Emibetuzumab can induce degradation
of MET without inducing autophosphorylation(13). We show that Emibetuzumab initiates
an additional downregulation pathway, MARCH-mediated ubiquitination of MET, that
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limits MET expression and therefore proliferation of tumor cells. Thus, MARCH-mediated
ubiquitination is a novel mechanism whereby anti-tumor antibodies can cause degradation of
their membrane protein targets.

The MARCH protein repertoire can dictate responses to anti-tumor antibodies. Consistent
with other MARCH substrates, both MET and CD98 are regulated by a specific subset

of MARCH family members (15, 16, 23, 41-44). Here we report that MARCH-mediated
ubiquitination of membrane proximal lysines is required for the anti-proliferative effects

of these antibodies. MKN45, SNU5, U87MG, and EBC-1 tumor cells are MET-dependent
and express MARCHS as reported in Depmap, as of August 2019 (45). Treatment with
Emibetuzumab reduces MET expression by ~50% and limits xenograft tumors derived
from these cell lines(13). These Emibetuzumab sensitive cell lines were dependent on

MET in an RNAI selection screen also reported in Depmap indicating that MARCH8
expression and MET dependency together may mark a tumor as a candidate for sensitivity
to Emibetuzumab. e This paradigm of MARCH-mediated down regulation may apply to
other tumor cell transmembrane antigens that serve as antibody targets for inhibition of cell
proliferation or induction of cell death. Conversely, antibody binding to tumor cells can
also serve to mark those cells for antibody-dependent cytotoxicity or complement—-mediated
lysis; in this instance MARCH dependent downregulation of the antibody and its target
could oppose the therapeutic response. Because membrane proteins differ in susceptibility to
each MARCH protein, the repertoire of MARCH proteins expressed by a particular cancer
can be a determinant of the therapeutic response to certain anti-tumor antibodies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Financial Support: HL139947

References

1. Cantor J, Browne CD, Ruppert R, Feral CC, Fassler R, Rickert RC, Ginsberg MH, Féral CC,
Féssler R, Rickert RC, and Ginsberg MH 2009. CD98hc facilitates B cell proliferation and adaptive
humoral immunity. Nat. Immunol 10: 412-9. [PubMed: 19270713]

2. Cantor J, Slepak M, Ege N, Chang JT, and Ginsberg MH 2011. Loss of T cell CD98 H chain
specifically ablates T cell clonal expansion and protects from autoimmunity. J. Immunol 187: 851-
60. [PubMed: 21670318]

3. Feral CC, Nishiya N, Fenczik CA, Stuhlmann H, Slepak M, and Ginsberg MH 2005. CD98hc
(SLC3A2) mediates integrin signaling. Proc Natl Acad Sci U S A 102: 355-360. [PubMed:
15625115]

4. Cantor JM, and Ginsberg MH 2012. CD98 at the crossroads of adaptive immunity and cancer. J.
Cell Sci 125: 1373-82. [PubMed: 22499670]

5. Estrach S, Lee S. A. S. -a., Boulter E, Pisano S, Errante A, Tissot FS, Cailleteau L, Pons C,
Ginsberg MH, Feral CC, Féral CC, and Feral CC 2014. CD98hc (SLC3A2) Loss Protects Against
Ras-Driven Tumorigenesis By Modulating Integrin-Mediated Mechanotransduction. Cancer Res.
74: 6878-89. [PubMed: 25267066]

6. Boulter E, Estrach S, Tissot FS, Hennrich ML, Tosello L, Cailleteau L, de la Ballina LR,

Pisano S, Gavin A-C, and Féral CC 2018. Cell metabolism regulates integrin mechanosensing

J Immunol. Author manuscript; available in PMC 2022 August 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ablack et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 12

via an SLC3A2-dependent sphingolipid biosynthesis pathway. Nat. Commun 9: 4862. [PubMed:
30451822]

. Hayes GM, Chinn L, Cantor JM, Cairns B, Levashova Z, Tran H, Velilla T, Duey D, Lippincott

J, Zachwieja J, Ginsberg MH, and van der Horst EH. 2015. Antitumor activity of an anti-CD98
antibody. Int. J. cancer 137: 710-20. [PubMed: 25556716]

. Lian G, Arimochi H, Kitamura A, Nishida J, Li S, Kishihara K, Maekawa Y, and Yasutomo K.

2012. Manipulation of CD98 Resolves Type 1 Diabetes in Nonobese Diabetic Mice. J. Immunol
188: 2227-34. [PubMed: 22291182]

. Bajaj J, Konuma T, Lytle NK, Kwon HY, Ablack JN, Cantor JM, Rizzieri D, Chuah C, Oehler

VG, Broome EH, Ball ED, van der Horst EH, Ginsberg MH, and Reya T. 2016. CD98-Mediated
Adhesive Signaling Enables the Establishment and Propagation of Acute Myelogenous Leukemia.
Cancer Cell 30: 792-805. [PubMed: 27908736]

. Prat M, Crepaldi T, Pennacchietti S, Bussolino F, and Comoglio PM 1998. Agonistic monoclonal
antibodies against the Met receptor dissect the biological responses to HGF. J. Cell Sci 111 ( Pt 2:
237-47. [PubMed: 9405310]

Comoglio PM, Giordano S, and Trusolino L. 2008. Drug development of MET inhibitors: targeting
oncogene addiction and expedience. Nat. Rev. Drug Discov 7: 504-16. [PubMed: 18511928]
Moshitch-Moshkovitz S, Tsarfaty G, Kaufman DW, Stein GY, Shichrur K, Solomon E, Sigler RH,
Resau JH, Vande Woude GF, and Tsarfaty 1. 2006. In vivo direct molecular imaging of early
tumorigenesis and malignant progression induced by transgenic expression of GFP-Met. Neoplasia
8: 353-63. [PubMed: 16790084]

Liu L, Zeng W, Wortinger MA, Yan SB, Cornwell P, Peek VL, Stephens JR, Tetreault JW, Xia

J, Manro JR, Credille KM, Ballard DW, Brown-Augsburger P, Wacheck V, Chow C-K, Huang L,
Wang Y, Denning I, Davies J, Tang Y, Vaillancourt P, and Lu J. 2014. LY 2875358, a neutralizing
and internalizing anti-MET bivalent antibody, inhibits HGF-dependent and HGF-independent
MET activation and tumor growth. Clin. Cancer Res 20: 6059-70. [PubMed: 25231402]

Bartee E, Mansouri M, Hovey Nerenberg BT, Gouveia K, and Fruh K. 2004. Downregulation

of major histocompatibility complex class | by human ubiquitin ligases related to viral immune
evasion proteins. J. Virol 78: 1109. [PubMed: 14722266]

Oh J, Wu N, Baravalle G, Cohn B, Ma J, Lo B, Mellman I, Ishido S, Anderson M, and Shin

J-S 2013. MARCH1-mediated MHCII ubiquitination promotes dendritic cell selection of natural
regulatory T cells. J. Exp. Med 210: 1069-1077. [PubMed: 23712430]

Ablack JNG, Metz PJ, Chang JT, Cantor JM, and Ginsberg MH 2015. Ubiquitylation of CD98
limits cell proliferation and clonal expansion. J. Cell Sci 128: 4273-8. [PubMed: 26493331]
Bourgeois-Daigneault M-CM-C, and Thibodeau J. 2012. Autoregulation of MARCH1 expression
by dimerization and autoubiquitination. J. Immunol 188: 4959-4970. [PubMed: 22508929]

Bartee E, Eyster CA, Viswanathan K, Mansouri M, Donaldson JG, and Friih K. 2010. Membrane-
Associated RING-CH proteins associate with Bap31 and target CD81 and CD44 to lysosomes.
PL0S One 5: e15132.

Eyster C. a, Higginson JD, Huebner R, Porat-Shliom N, Weigert R, Wu WW, Shen R-F, and
Donaldson JG 2009. Discovery of new cargo proteins that enter cells through clathrin-independent
endocytosis. Traffic 10: 590-9. [PubMed: 19302270]

Oh J, Wu N, Baravalle G, Cohn B, Ma J, Lo B, Mellman I, Ishido S, Anderson M, and Shin

J-S 2013. MARCH1-mediated MHCII ubiquitination promotes dendritic cell selection of natural
regulatory T cells. J. Exp. Med 210: 1069-1077. [PubMed: 23712430]

Baravalle G, Park H, McSweeney M, Ohmura-Hoshino M, Matsuki Y, Ishido S, and Shin J-S 2011.
Ubiquitination of CD86 Is a Key Mechanism in Regulating Antigen Presentation by Dendritic
Cells. J. Immunol 187: 2966-2973. [PubMed: 21849678]

Fujita H, lwabu Y, Tokunaga K, and Tanaka Y. 2013. Membrane-associated RING-CH (MARCH)
8 mediates the ubiquitination and lysosomal degradation of the transferrin receptor. J. Cell Sci 126:
2798-809. [PubMed: 23606747]

Hoer S, Smith L, and Lehner PJ 2007. MARCH-1X mediates ubiquitination and downregulation of
ICAM-1. FEBS Lett. 581: 45-51. [PubMed: 17174307]

J Immunol. Author manuscript; available in PMC 2022 August 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ablack et al.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 13

Van De Kooij B, Verbrugge I, de Vries E, Gijsen M, Montserrat V, Maas C, Neefjes J, and Borst
J. 2013. Ubiquitination by the membrane-associated RING-CH-8 (MARCH-8) ligase controls
steady-state cell surface expression of tumor necrosis factor-related apoptosis inducing ligand
(TRAIL) receptor 1. J. Biol. Chem 288: 6617-28. [PubMed: 23300075]

Tada T, Zhang Y, Koyama T, Tobiume M, Tsunetsugu-Yokota Y, Yamaoka S, Fujita H, and
Tokunaga K. 2015. MARCHS8 inhibits HIV-1 infection by reducing virion incorporation of
envelope glycoproteins. Nat. Med 21: 1502-1507. [PubMed: 26523972]

Diaz LJ, Friedman A, He X, Kuick R, Hanash S, and Fox D. 1997. Monocyte-dependent regulation
of T lymphocyte activation through CD98. Int. Immunol 9: 1221-1231. [PubMed: 9310825]

Matsuki Y, Ohmura-Hoshino M, Goto E, Aoki M, Mito-Yoshida M, Uematsu M, Hasegawa T,
Koseki H, Ohara O, Nakayama M, Toyooka K, Matsuoka K, Hotta H, Yamamoto A, and Ishido

S. 2007. Novel regulation of MHC class Il function in B cells. EMBO J. 26: 846-54. [PubMed:
17255932]

Kean MJ, Couzens AL, and Gingras AC 2012. Mass spectrometry approaches to study mammalian
kinase and phosphatase associated proteins. Methods 57: 400-408. [PubMed: 22710030]

Zuber J, Radtke I, Pardee TS, Zhao Z, Rappaport AR, Luo W, McCurrach ME, Yang M-M, Dolan
ME, Kogan SC, Downing JR, and Lowe SW 2009. Mouse models of human AML accurately
predict chemotherapy response. Genes Dev. 23: 877-89. [PubMed: 19339691]

Eyster C. a, N. B. Cole, S. Petersen, K. Viswanathan, K. Friih, and J. G. Donaldson. 2011.
MARCH Ubiquitin Ligases Alter the Itinerary of Clathrin-independent Cargo from Recycling to
Degradation. Mol. Biol. Cell 22: 3218-30. [PubMed: 21757542]

Weidner KM, Sachs M, Riethmacher D, and Birchmeier W. 1995. Mutation of Juxtamembrane
Tyrosine Residue-1001 Suppresses Loss-of-Function Mutations of the Met Receptor in Epithelial-
Cells. Proc. Natl. Acad. Sci. U. S. A 92: 2597-2601. [PubMed: 7708691]

Feral CC, Nishiya N, a Fenczik C, Stuhlmann H, Slepak M, and Ginsberg MH 2005. CD98hc
(SLC3A2) mediates integrin signaling. Proc. Natl. Acad. Sci. U. S. A 102; 355-60. [PubMed:
15625115]

Taher TEI, Tjin EPM, Beuling EA, Borst J, Spaargaren M, and Pals ST 2002. c-Cbl is involved in
Met signaling in B cells and mediates hepatocyte growth factor-induced receptor ubiquitination. J.
Immunol 169: 3793-800. [PubMed: 12244174]

Moody PR, Sayers EJ, Magnusson JP, Alexander C, Borri P, Watson P, and Jones AT 2015.
Receptor Crosslinking: A General Method to Trigger Internalization and Lysosomal Targeting of
Therapeutic Receptor:Ligand Complexes. Mol. Ther 23: 1888-98. [PubMed: 26412588]

Hein Z, Uchtenhagen H, Abualrous ET, Saini SK, JanRen L, Van Hateren A, Wiek C, Hanenberg
H, Momburg F, Achour A, Elliott T, Springer S, and Boulanger D. 2014. Peptide-independent
stabilization of MHC class | molecules breaches cellular quality control. J. Cell Sci 127: 2885-97.
[PubMed: 24806963]

Zuchero YJY, Chen X, Bien-Ly N, Bumbaca D, Tong RK, Gao X, Zhang S, Hoyte K, Luk W,
Huntley MA, Phu L, Tan C, Kallop D, Weimer RM, Lu Y, Kirkpatrick DS, Ernst JA, Chih B,
Dennis MS, and Watts RJ 2016. Discovery of Novel Blood-Brain Barrier Targets to Enhance Brain
Uptake of Therapeutic Antibodies. Neuron 89: 70-82. [PubMed: 26687840]

Hayes GM, Chinn L, Cantor JM, \elilla T, Ginsberg MH, and van der Horst E. 2013. IGN523:

A Therapeutic Anti-CD98 Antibody With Multiple Mechanisms Of Action Demonstrates Anti-
Tumor Efficacy. In ASH Annual Meeting and Exposition New Orleans. Poster 1462.

Verrey F, Closs El, Wagner CA, Palacin M, Endou H, and Kanai Y. 2004. CATs and HATS: The
SLCY7 family of amino acid transporters. Pflugers Arch. Eur. J. Physiol 447: 532-542. [PubMed:
14770310]

Fenczik CA, Zent R, Dellos M, Calderwood DA, Satriano J, Kelly C, and Ginsbherg MH 2001.
Distinct domains of CD98hc regulate integrins and amino acid transport. J. Biol. Chem 276: 8746-
52. [PubMed: 11121428]

Nakamura E, Sato M, Yang H, Miyagawa F, Harasaki M, Tomita K, Matsuoka S, Noma A, Iwai
K, and Minato N. 1999. 4F2 (CD98) heavy chain is associated covalently with an amino acid
transporter and controls intracellular trafficking and membrane topology of 4F2 heterodimer. J.
Biol. Chem 274: 3009-16. [PubMed: 9915839]

J Immunol. Author manuscript; available in PMC 2022 August 17.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ablack et al.

41.

42.

43.

44,

45.

46.

47.

Page 14

Baravalle G, Park H, McSweeney M, Ohmura-Hoshino M, Matsuki Y, Ishido S, and Shin J-S 2011.
Ubiquitination of CD86 Is a Key Mechanism in Regulating Antigen Presentation by Dendritic
Cells. J. Immunol 187: 2966-73. [PubMed: 21849678]

Loregger A, Cook ECL, Nelson JK, Moeton M, Sharpe LJ, Engberg S, Karimova M, Lambert
G, Brown AJ, and Zelcer N. 2015. A MARCH6 and IDOL E3 ubiquitin ligase circuit uncouples
cholesterol synthesis from lipoprotein uptake in hepatocytes. Mol. Cell. Biol 36: MCB.00890-15.

Cho K, Walseng E, Ishido S, and Roche PA 2015. Ubiquitination by March-1 prevents MHC class
Il recycling and promotes MHC class |1 turnover in antigen-presenting cells. Proc. Natl. Acad. Sci
112: 10449-10454. [PubMed: 26240324]

Tze LE, Horikawa K, Domaschenz H, Howard DR, Roots CM, Righy RJ, a Way D, Ohmura-
Hoshino M, Ishido S, Andoniou CE, a Degli-Esposti M, and Goodnow CC 2011. CD83 increases
MHC Il and CD86 on dendritic cells by opposing IL-10-driven MARCHZ1-mediated ubiquitination
and degradation. J. Exp. Med 208: 149-65. [PubMed: 21220452]

Tsherniak A, Vazquez F, Montgomery PG, Weir BA, Kryukov G, Cowley GS, Gill S, Harrington
WEF, Pantel S, Krill-Burger JM, Meyers RM, Ali L, Goodale A, Lee Y, Jiang G, Hsiao J, Gerath
WFJ, Howell S, Merkel E, Ghandi M, Garraway LA, Root DE, Golub TR, Boehm JS, and Hahn
WC 2017. Defining a Cancer Dependency Map. Cell 170: 564-576.e16. [PubMed: 28753430]

Pollmann SE, Calvert VS, Rao S, Boca SM, Madhavan S, Horak ID, Kjaer A, Petricoin EF, Kragh
M, and Poulsen TT 2018. Acquired Resistance to a MET Antibody In Vivo Can Be Overcome by
the MET Antibody Mixture Sym015. Mol. Cancer Ther 17: 1259-1270. [PubMed: 29545332]
Poulsen TT, Grandal MM, Skartved NJ@, Hald R, Alifrangis L, Koefoed K, Lindsted T, Frohlich
C, Pollmann SE, Eriksen KW, Dahlman A, Jacobsen HJ, Bouquin T, Pedersen MW, Horak

ID, Lantto J, and Kragh M. 2017. Sym015: A Highly Efficacious Antibody Mixture against
MET-Amplified Tumors. Clin. Cancer Res 23: 5923-5935. [PubMed: 28679766]

J Immunol. Author manuscript; available in PMC 2022 August 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ablack et al.

Page 15

MARCH E3 ubiquitin ligases regulate responses to anti-tumor antibodies

The tumor’s MARCH protein repertoire may determine sensitivity to those

antibodies.
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Figure 1: Anti-CD98 limits proliferation by MARCH1 mediated ubiquitination and
downregulation of CD98.

(A) Inset: Schematic of antibody treatment regimen. Cells are treated 1) with either anti-
CD98 (Clone UMTFB8) or isotype control (IgG) and 2) with crosslinking anti-mouse 1gG
F(ab’)2 or non-crosslinking anti-mouse IgG F(ab”). The mean change in cell number relative
to 1gG control is depicted + SEM from two experiments performed in triplicate of RAMOS
cells treated as outlined above. (B) Histograms depicting surface expression of CD98 on
RAMOS cells treated as in (A). (C) Dose response of UM7F8 downregulation of surface
CD98. RAMOS cells were treated with either clone UM7F8 or Control 1gG in combination
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with F(ab”)2 or F(ab”). Surface expression of CD98 is depicted + SEM from three
independent experiments. (D) Endogenous CD98 immunoprecipitated from RAMOS and
Jurkat cells treated with either UM7F8 or IgG control and in the presence of F(ab”)2 was
assayed for recovered CD98 or covalent modification with ubiquitin by immunoblotting.

(E) Jurkat cells stably expressing HA-tagged 8KR-CD98, a mutant of CD98 resistant to
ubiquitination on cytoplasmic K residues (8KR), or its wild type counterpart (wt) were
treated as in (D) and HA-tagged CD98 8KR or wtwas immunoprecipitated and probed

for recovered HA-tagged CD98 or covalent modification with ubiquitin by immunoblotting.
(F) OT1 T cells were stimulated with cognate peptide (SIINFEKL) antigen and were then
transduced with retroviruses encoding human CD98 and a Thy1.1 marker. Transduced cells
were treated with UM7F8 or IgG as in (D) and surface expression of human CD98 was
detected by flow cytometry. The mean percent change in surface expression of ectopically
expressed human CD98 relative to 1gG control from three independent experiments (n=3
donor mice) is depicted + SEM. (G) Primary T cells from March1 =~ mice or Marchi

*I* littermate controls were stimulated, transduced with human CD98 and treated with
anti-CD98 or control as in (F). The mean percent change in human CD98 expression relative
to untreated cells + SEM from three independent experiments (N=3 littermate pairs) is
depicted. *** denotes < 0.001 by one way ANOVA with Bonferroni’s posttest, NS denotes
not significant. * denotes A< 0.05 by Student’s T test, NS denotes not significant. Raw data
appear in Supplemental Figure S2.
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Figure 2: Anti-CD98 blocks CD98-dependent proliferation of T cells by promoting CD98
ubiquitination.
(A) Schematic of retrogenic derivation of OT1 T cells with customized human CD98

genotypes. Briefly, donor OT1 mice with conditional knockout of endogenous mouse CD98

inall T cells (S/c3a2 ', CD4 CRE+, OT1+) were treated with 5-Flurouracil to deplete
cycling cells enriching hematopoietic stem cells. Five days after 5FU treatment bone marrow
was isolated and cultured in the presence of cytokines to support stem cell cycling (SCF,
IL-3, IL6). After 24 hours in culture, cells were transduced with retroviruses expressing
either 8KR or wt human CD98 with a Thy1.1 surrogate marker. Transduced cells were
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transplanted into lethally irradiated recipient mice. Approximately 8 weeks after transplant
CD8+ T cells derived from donor bone marrow were detectable in circulation. (B) CD98
phenotype of purified naive OT1 T cells from the spleens of retrogenic mice used for
experiments. (C) Purified OT1 T cells of the indicated phenotypes confirmed in (B) were
labeled with CFSE and stimulated with SIINFEKL peptide. Representative histograms
depicting CFSE dilution of the indicated stimulated human CD98 positive, mouse CD98
negative, CD8* OT1 T cells stimulated with SIINFEKL peptide, in the presence of UM7F8
(black trace) or 1gG (grey trace) and anti-mouse F(ab’)2. (D) The mean proliferation index +
SEM from three independent experiments (n=3 donor mice) is depicted. * denotes < 0.01,
NS denotes not significant by one way ANOVA and Bonferroni post-test.
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Figure 3: Anti-CD98 induced ubiquitination blocks CD98 dependent colony formation of cancer
initiating AML cells.

(A) Overview of CD98 customized MLL-AF9/NRAS AML. Briefly, hematopoietic stem
cells (KLS) from donor mice with inducible global knockout of endogenous mouse CD98
were transduced with retroviruses encoding oncogenes (MLL-AF9 fusion and NRAS)
sufficient to initiate AML. Retroviruses included a surrogate marker to select transduced
cells (human NGFR and YFP for MLL-AF9 and NRAS, respectively). Cancer initiating
cells were transplanted into recipient mice to initiate AML. After approximately 21 days
established AML cells were recovered and transduced with retroviruses encoding either the
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8KR mutant of human CD98 (8KR), wt human CD98 (hCD98) or empty EGFP vector.
Viable, EGFP+ AML initiating cells were plated in methyl cellulose media containing 4
hydroxy tamoxifen (40HT) or ethanol (\ehicle), and treated with UM7F8 or 1gG and
Anti-mouse F(ab’)2. (B) Colony formation assays. After 5 days in culture colonies were
enumerated. Colony formation in the presence of UM7F8 expressed as a percent of 1gG
treatment from two independent experiments performed in triplicate is shown + SEM. **
denotes A< 0.01, NS denotes not significant by one-way ANOVA and Bonferroni post test.
(C) Verification of human and mouse CD98 phenotypes in established AML (EGFP+) after
treatment with anti-CD98 and subsequent clonal expansion. Raw colony counts appear in
Supplemental Figure S2 panel F.
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Figure 4: MET is regulated by MARCH1/4/8 through ubiquitination of membrane proximal
cytoplasmic lysine residues.
(A) Surface expression of endogenous MET in HeL a cells transfected with either EGFP,

MARCH4-EGFP, MARCH1-EGFP, MARCHB8-EGFP or catalytically inactive mutants of
MARCH]1 or 8-EGFP. Dot plots are representative of three independent experiments. (B)
Surface expression of endogenous MET in HeLa cells transfected with MARCH4-EGFP,
MARCH1-EGFP, MARCHB8-EGFP or a catalytically inactive mutant of MARCH8-EGFP
(C.1.) relative to EGFP control as a function of MARCH expression (EGFP fluorescence)
mean+SEM from three independent experiments is shown. (C) Differential MARCH
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sensitivity of CD98 and MET in HeLa cells. Cells transfected with cDNA encoding

either MARCH4-EGFP or MARCHS8-EGFP as in A were assayed for cell surface CD98
or MET Mean% of control+SEM from three independent experiments for MET and two
independent experiments is shown for CD98. (D) as in (B) depicting CD98 or MET
expression as a function of MARCH4 or MARCHS expression. Note that the CD98 is
resistant to MARCHA4. (E) Amino acid alignment of the membrane proximal region of
mammalian MET proteins. Conserved lysines are shaded. All four conserved membrane
proximal lysines of human MET were mutated to arginine to generate 4KR-MET (marked
by asterisks). (F) Surface expression of MET as a percentage of EGFP control from MET-
knock out HeLa-FlpIn TREX cells, rescued with a single inducible integration of either
HA-tagged 4KR MET or HA-tagged MET = SEM from three independent experiments

is depicted. (G) Surface expression of endogenous MET from MKN45 cells 72 hours
post-transfection with either MARCHS siRNA or control (non-targeting) siRNA. (H)
quantification of MET surface expression from 3 independent experiments performed as
in (G). (1) Validation of MARCHS8 knockdown in MKN45 cells treated with MARCHS or
control siRNAs. Mean relative MARCHS expression 72 hours post transfection from three
independent experiments is depicted. *** denotes significantly different from EGFP control,
P<0.01, by one way ANOVA and Dunnet’s post test. Raw data appear in Supplemental
Figure S3.
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Figure 5: Emibetuzumab induces MARCH8-dependent ubiquitination and downregulation.
(A) Downregulation of endogenous MET with Emibetuzumab in HeLa cells. Histograms

depicting MET surface expression 24 hours post-treatment with Emibetuzumab (Emi) or
human 1gG4 isotype control (IgG), with and without anti-human F(ab”)2. (B) Quantification
of Emibetuzumab induced downregulation of MET in HeLa cells. Cells were treated

and surface MET expression determined as in (A). 24 hours post-treatment the percent
change in MET relative to hlgG4 isotype control with or without anti-human F(ab’)2

was determined. Mean percent change in MET surface expression £ SEM from three
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independent experiments is depicted. (C) 4KR-MET is partially resistant to Emibetuzumab
induced downregulation. 24 hours post-treatment surface expression of MET or 4KR-MET
was determined as in (B). Mean percent change in surface expression of MET wt or
4KR-MET+ SEM from three independent experiments is depicted. (D) A Kinase Dead+
4KR mutant of MET is resistant to Emibetuzumab induced downregulation. as in (C) with
the indicated MET mutant or wt. Mean percent change in MET surface expressiont SEM
from three independent experiments is depicted. (E) Immunoblot of Immunoprecipitated
HA-tagged MET for covalent modification with ubiquitin from HeLa cells stably expressing
HA-tagged 4KR-MET (4KR) or its wt counterpart 24 hours post-treatment with 100nM
Emibetuzumab or hlgG4 isotype control. (F) Emibetuzumab induced downregulation is
impaired by MARCHS8 knockdown in MKN45 cells. As in (B) comparing the mean percent
change in endogenous MET surface expression of MKN45 cells 72 hours post-transfection
with the indicated siRNA from 3 independent experiments is depicted. (G) 4KR-MET
renders MKN45 cells resistant to the anti-proliferative effects of Emibetuzumab. The
Emibetuzumab sensitive cell line, MKN45, was transfected with 4KR-MET-EGFP or MET-
EGFP. 24 hours post-transfection viable, EGFP positive cells were sorted, plated then treated
with either Emibetuzumab (Emi), hlgG4 Isotype control (IgG). 96 hours post treatment
viable cell number was determined by MTS assay. Mean relative cell number compared to
untreated cells £ SEM from four independent cultures is depicted. * denotes £< 0.01 by one
way ANNOVA and Bonferroni post-test. Raw data appear in Supplemental Figure S4.

J Immunol. Author manuscript; available in PMC 2022 August 17.



	Abstract
	Introduction
	Materials and Methods
	Animals, Cell Lines and Reagents
	Antibodies
	Plasmids and DNA Manipulations.
	Antibody Treatments
	Transduction and Manipulation of Mouse T cells
	Generation of Human CD98 Expressing MLL
	MARCH-Mediated Downregulation of MET
	MET KO cell lines
	RNAi
	In vitro proliferation Assay
	Depmap Analysis

	Results
	Anti-CD98 Limits Lymphoma cell proliferation and downregulates cell surface CD98.
	Anti-CD98 (UM7F8) acts by inducing MARCH1-Mediated ubiquitination of CD98.
	Anti-CD98 (UM7F8) induced CD98 ubiquitination limits T cell proliferation.
	MET is a MARCH1/4/8 substrate and regulated via ubiquitination of membrane proximal lysine residues.
	Emibetuzumab causes MARCH-mediated ubiquitination of MET.

	Discussion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:



