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Cadherin-6 Mediates Axon-Target Matching
in a Non-Image-Forming Visual Circuit
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Neural circuits consist of highly precise connections
among specific types of neurons that serve a common
functional goal. How neurons distinguish among
different synaptic targets to form functionally precise
circuits remains largely unknown, Here, we show
that during development, the adhesion molecule cad-
herin-6 {CdhB) is expressed by a subset of retinal
ganglion cells {RGCs} and also by their targets in the
brain. All of the Cdh6-expressing retinorecipient
nuclel mediate non-image-forming visual functions.
A screen of mice expressing GFP in specific subsets
of RGCs revealed that Cdh3-RGCs which also express
Cdh6 selectively innervate CdhB-expressing retinore-
cipient targets. Moraover, in Cdh8-deficient mice, the
axons of Cdh3-RGOs fail to propery innervate their
targets and instead project to other visual nuclei.
These findings provide functional evidence that clas-
sical cadherins promote mammalian CNS circuit
development by ensuring that axons of specific cell
types connect to their appropriate synaptic targets.

Funcionsl neural circults consist of pracise connachivity
betwaen specific sets of naurons. The assermnbily of such cirouiby
often reguires that axons bypass numerous targets before selec-
tivaly terminating in just one or g few spectiic targets. Over the
fast century, much progress has been made in undarstanding
how axons undergo directed growth and pathifinding and how
they form topographic maps (Spervy, 1863; Dickson, 2002; Feld-
faieny andd O'Leary, 2010} How mammaalian axons identify which
targels 1o inhervate, howaver, remains poorly understood,

The axonal connections fanmad by the eyes with the brainare
an atiractive madel for exploring mechanisms of axon-target
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recogrition in the mammalian ONS. Relinal ganglion cells
{RGCs) are the cutput neurons of the eye and they are divided
it ~20 differant types. Each RGO type encodes a different
quality of the visual scene, such as brightness, direction of
motion or adges {Mastand, 2001; Berson, 2008}, and sends
that information o 3 limited number of retinoresipient targets
that inturn regulate specific aspects of percaption and behavior,
For example, type 1 malanopyin RGCs encode the level of erwi-
ronmental Hlumination and projsct to the hypothalamic supra-
chiasmatic aucleus and micbrain olivary pretectad nuclel, which
are involved, respectively, it entrainmend of circadian dythms
and pupitary reflaxes {Eoker ot ad,, 2010; Gllar of al., 2008 In
contrast, the axons of alphg and On-Off dircotlon selective
RGCs innervate the dorsal lateral geniculate nucleus (LGN
and the superior colliculus (SC) (o.g.. Bowling and Michasl,
1888; Tamamaki ef al, 1935, Hoberman ef al, 2008, 2008,
Riviin-Btzion ab al., 2611}, targety involved in pattem vigion and
visually guided gaze shifts.

What mechaniams enable ONS axons to connect to specific
targets and o avoid others? in the developing Drosophila visual
system, acdhesion plays a critical role in axon-targst matching
{Clandiniy and Feldheim 2008} The cadhering are a fandly of
miolecutes hypothesized o establish pracise CNS cannactivity
by propioting selestive adhesion among newons expressing
the same cadherin or combinaion of cagherins {Takeichi,
2007). Previouy work showed that N-Caghernin s important for
targeting spentlicity of Drosophifa photoraceptors: loss of fune-
Hion mutations and experiments with genstically mosaic animals
demanatrated that N-cagharin is required both in photorecep-
tors R1-R8 and in their target lamina newrons {Lee ot al., 2001;
Prakash ab gl, 2008) in ohick, antihodies against N-cadherin
disrupt laminar spacific RGU axon targeting in vitve {inoue and
Sanes, 1997}, Whether cadhering reguiate axon-target matching
s the mammalian CNS, bowaver, remains unknown.

Here, we show that Cadherin-8 {CdhG} ia expressed by
a subset of RGUs and by their retinoreciplent targets inthe brain,
alt of which mediate non-image-forming visual functions. We also
show that Cgh3-GFF and CdhE-GFP transgenic mice label the
RGCs that Innervate CdhG exprevsing targsts. We then provide
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midbrain berder of 8 posthatal day 2 3 mouse.
fmage i3 in ooronad plane. Bracksted regions ¢or-
respond 1 paneis (B and D). Soals = 500 um. B}
Pan-REG axen abeling in the visush thadamus. The

weptral istorad genioulats nuoisus HLGN, e
geniculate leaflet (BLY and dorsal laterst ganiou-
fste nucks AN} contain RGE rxops, {C Gohg

mRNA axpressing osfis in the GL ang VLGN,
Scale = 100 um. D) CT-594 tabeled BAC axons
i the rostral pretecium, The loW and right vy

Caudal pretectum

RS

genetic evidence that delstion of Cdhs causes defonts in axon-
target matohing in this component of the mtinchugal pathway.

e of cadherins in mamma-
fian visual ciroult assembiy, we analyred the expression patterns
of several classical cadherins in the mouse brain. We visualized
retinorecipient targets by making bilatergl intravitrea! injections
of cholera taxin beta conjugated o Alexa 594 {CTh-524) which
labals gl RGC axons, and then comparad each CTh-584 jabeled
target i the brain with the mBNA exprassion pattems of cad-
herin 1 {Cdhll, Cdh2, Cdh3, Cdhd, Cdhs, Cdhg, Gdhy, and
Cah8. We took particalar notice of Cdhl bacause # was highiy
and gelectively exprossed by a subset of the retinorecipient

predecial nuociet (PN} ars denssly innervaded, £
Cedh& mRMA expression inthe OPM of 2 P1 mouse.
#F1 RGO axong i the caudky pretectum. The
medial divisten of the postericr pretectal nucleus
maPPER) of Roglia {1872) sppewr 8% two fogt
farronsst. (G} Uohe mBNA i the madPPR fevinss) of
& P mouss. Asterish: g few Cahl expressing osfi;
these may carsypond 1o the caudalonast OPN,
Beake = DG, 254 pw {403 Cdint-8 antisansge
mRNA fabsling in the rostral pretactum of the sarly
pogtnatal mouss. Cah? ) and Cand (W) s ax
pressed by ths OPN, whersas Cdhd (1 and Cahd
{0 are expressed by osfis nearky the OPN but not
in the OPN foolf {asterieksh. Cdht (M), 3 (3, S,
and 7 (N} are not axpregsad by the OFN or nearby
2 muclel but some of thess {s.g., Cdh?) are ax
3 \\\\ pressed by other rstinorecipient largets {not

\i\%:\;\\\\\\ shown}, H-0) Soale = 150 prr. Sse sdso Figure 81,

targets that mediate non-image-forming
visual functions: the thalamic ventral
iateral genivulate nucleus (ALGHN), the in-
tergeniculate leaflet (GL) Figures 1B
angd 1C), the ofvary pretectsl nuplel
{OPN) {Figures 1D, 1B, and 1M} and the
madiat divisipn of the posteniar pratestal
nucleus mdPPRN) (Figures 1F and 1G).
The Cdhb-axpressing tarpels relate to
oircadian rhythm entrainment LGN and
IGL) {Harington, 1997}, pupll constriction
{OPN} {Gdlar ot al., 2008} and oculomotor funclions {mdPFN}
{Giolli st al., 2008). CdbB expreasion was spacific to thass targets
during iate embryonic and early postnatal development {E18-
P4}, the stage when RGO axons innervate thelr targets (Gode-
et ot al,, 1884) with Cdht expression persisting intoe the first
poatnatal week {Figure 1), The other cadherins we assayed
showend patterns of expreasion that were notably different from
Ch6, Cdhl, 3, 4, §, 7. and 8 waere not expressed by the OPN
ar rodPPN although Cdhd, 7, and 8 were expressed by other
retinoracipient nuclel Figurs 1M, L4, 1K, 1L, 1IN, and 0 and
unpublishad obseregtions). indesd, Cdhd and CdhB were ex-
pragsad by regions adjacant to and surrounding the OPN, but
wars absent from the OPN itself (Figures 1K and 10}, Of the cad-
herins we assayed, only one of them, Cdh, was expregsad by
tha OPN during sarly postnatal developmaent, but Odh2 was ox-
pragsed by all other retinorecipient areas toa (Figues 1 data not
shown}. Thus, during the developmentaf stage when RGC axons

Neuron 77, 832-838, August 25, 2011 ©2011 Elsevier inc. 833
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Farebrain-midbrain border

Laudal prefecium

select thelr targets in the brain, the adhesion molecule Cdht ia
salectively expressad by a subset of nan-image-fomming retinor-
acipient targats.

targeting, we neaded & way to visualize the axens of the partie-
ular RGCs that innervate Cadh€ expressing visual targeis. We
screened g library of BAC transgenic mice {Gong ¢ al., 2008
and found that Cdh3-GFP mice selectively labe! the RECs that
innervate Gaht expressing targets Figure 2 and see Figure 81
avaliable online). We injected CTh-884 into both eyes of
Cdh3-GFP mice {ages PO-P20} and then exanined sach of

834 Neuwron 77, 632-83%, August 25, 2011 £2011 Blsevier Inc.

A} CTh-504 ixtwaled REG axons and (8} Cah3-GFF RGC
axons POCh3-RECs™ at the level of the forebrain-
idbrain border foronad planel. The oplic fact ON),
YLK, $3L, SLGR, srd OPN are apparent T OTH-588
isbel, (B} Coh3-RGO axons in the OT, IGL, wLEGN and OFN,
Scale = 508 . {G-B3 OTh labsdeg RERG eoxvons 04, and
Ceth3-REC axons {135, and thelr marge &) i e visues!
hadamus, Except for sparse terminals it the dorsad cap of
the JLGN (eaterisk), Cah3-RAC axons selectivaly tenrd-
nate i the vEGN and K31, Scakz = 303 wrt () Roedes|
pretecim OPN with 7)) CTh-lebeled REC axovs ang (G
and Hy Goh3-RGC axons and # thelr marge. ) Ths OPN
core {"¢Vis occupied by Cehd-RGE axons, wheveas e
QPN “shell® {satersk) s not snd comaing only STH-588
izbel, Seale i {F} ang {3} = 250 umy: scale infH and i =
00w, ang W) The caudal prefectum with () CTh-
isheled REGC axane and ) Goh3-RGCs axons, () Thw
caudsd prefectum includes many retinorscipiant sreas,
including the mdPPN {arrows). ) CAh%-RGG axens
selectively termingts in the muPPN {arows) {J and K)
Scate = 175 pm. Bee alzo Figurss 8183,

those targets for the axons of Cdh3-GFP RGCs
{heraafter reforred to as Cdh3-RECs). Cghl-
RGC axons terminated in the vLGN and 1GL,
whereas the adjacent dLGN, the target that
refays visual information o the sortex for image
perception, was virtually devoid of Sah3-RGC
angns {Figures 2A-2E and 81L Godh3-BGC
axony alsc densely nnervated the OPN Figurss
2A, 2B, 2F-21, and 81} spectiically in the OPN
“core” whereas the OPN “shell” was devoid
of Cah3-RGC axons {Figures 2H and 2B A
fimited number of Cdh3-RGC axons remained
in the aptic tract unill they amtved to the caudal
pretectum, wherein they terminated In wo
dense foci comespanding to the mdPPN
{Figires 24 ang 2IK; Scalia, 1972,

We are confident the GFP wions observed in
the wLGN, IGL, OPN, and mdPPN originated
from RGOs because they dissppeared from
thase targets following eve removal {not shown).
indeed, with the exception of oifactory glia, a
subset of brainstem nuclel and a small population of cells near
the fourth ventricle, the brains of Cdh3-GFP mive were remark-
ably devoid of GFP-expressing cells Figures RA, 28, 31, and
82). We found no avidence of Cdh3 mRNA expressian in any
retinoracipient targets Figures 14 and 82). Together, ow data
indicate that Cdh3-GFP mics selectively label the RGCs that
project to the vLGN, IGL, OPN, and mdPPN, the very same
roreimage-forming retinoreciplent targets that sxpreas Gahe,

Cah3-RGCs promptad us to iwestigate which RGC types
axpress GFP in this mouse line. Cdh3-RGTs represent ~1% of



1069 of 14295

OnCusp
Ex. 1002

A} GFP* somae and axons in the ganglion ot
favar (E0L) of o fiat munted CAR-GFP retina.
Ao GFP3 guons, (B GFFT somss  apd
dendritss of Goh3-RGCs. GFPT amacrine oedl
somas Enowhenrdst are aise seen deep fo the
plane of focus. Bogle = 200 wn (A and 30 pm BL
0} Gah3-REC in 3 riztins! section; the vef stradifies
#s dandiites proximat © the GOL, It the ~On"
sublaming of IPL. Dashed finse: IPL boundaries.
Astedsk: & GFPT amacrine. (-F} Targaied inmtra-
celitar infections with Mearoblotin fehematized n
D magerts labet in E and F} revead tha rorphology
of incivithial CahS-RECs, {3 CudhI-RGCs without
and £ with ijection. £} A Oah3-RES with
2 gymirnedtio, sparsely tesnohad cemintic arbor,
iF} A differert filed Cahd-RGE. This celf has
a densaly branched, asyrameine arbor F). Scale =
80 pm {I-FL {8 A subset of Cah3-RGCs ex-
prass melanapsin, {3 Coh3-RGOs {opan and sofid
arowheats) and an amacring fasteriel, ¢ Two
FGs and thelr dendites sxprsssing mslnopsin
frech). { Morge of {5} and {H. Qne of ths Cdh3-
Rads expresses melanopsin {sofid asvowhead}
whareas the other doas not {open arrowhead), &
nor-GFRT melanopsin RBC s also  present
{astenisky Scale =~ 5 am. {d and K} Corfocal
= stack of & Newrobledin-fifled Coh3-ROC whose
dendrites stratify mainfy in the On-sublarning of

the IPL. The csfl exiends & secondary dendritic

the total RGC population (mean Cdh3-RECs per reting =
984,71 & 57.62 GFPY n = 14 retinas; 14 mice} {son ot al,
1828} Morphological anatysis showed that approximately half

{47%; n = 14/30) of the CuhG-RGCs had radigl, sparse
dendritic arbors {Figure 3B}, whereas other Cdh3-RGCs
{~83%; n = 16/30} had asymimetris, densely branching dendritic
arbory Figure 3R, Alge, many Cdh3-RGGs had dendrites that
stratified exciusively in the On sublamina of the inner mting,
{e.g., Figure 3C) whareas other Cdh3-RGCs had dendrites strat-
ffying in both the On and OF sublamina Figurms 3J and 3K).
Approximately 10% of Gdh3-RG0s also expressed the photo-
pigrmant melanopsin {(Pigores 3G-31). Thus, Crh3-RG0s are
not a random sampling of RGG types, nor do they comprise
a single RGG type. Rather, Cdh3-RGCs include a limited number
of different RGC types.

abor frto the Offsubdeming {avowhead). (K
ChAT stained amacrine ool Bodias and dendtitey
dhuel. Scals = 10 wm {4 and K} L and K Odhd
wiRMA i axpressed in ths GOLL Cohl antisense.
@) Cdht sense control. Scals = 100 . MY
Fetinal secticn with 4 Dapl™ nudlst ibluel, (O
Cah3-REGS, ang (P} Cahl immunoreactive cells,
£} Merge of T and ). A¥ CahI-RGCs ex-
prans COobd (spowheadsh; bt some Oohd-
imrnunapositive cells are not Cdh3-GFP, Sogle =
50 3, See also Figure B4,

Wae next wanted to determine whether
Cidh3-RGEs also axpress Cdh®. Wefound
fhat Cdht mRNA was expressed by
a subset of cells in the early postnatal
RGC layer {Figures 3L and 303, which I3 in agreement with
a previous report (Honjo ot al,, 2000). immunostaining revealed
that all Cdh3-RGCs also express Cdhl protein Figures 3N-5303.
However, not all CdhS immunoreactive cells were CahG-RGCs
{Figurea 3P and 3G%, suggesting that Cdh8-RGTs represent
3 broader population of RGGs. Consistent with this idea, we ob-
tained braing from CdhG-GFP fransgenic mice in which GFP &
localizerd to axon terminals by Gapd3-EGFP fusion (noue st al.,
2008). Cudh8-RGOs heavily farget the vLGN, 1GL, OPN, and
maPPN, just ke Coh3-RGOs. However, Cdh8-RGC0s also pro-
jected to the medial terminal nucieus (MTN) and the SC and the
MATN itself expressed Coh® mRNA Figurs 831 Thos, Gdhs-
RGOs selectively innervate CdhS axpressing retinorecipient
targets and Cdh8-RGCs project to thase same targets, as well
as o additional Cdht-expressing targets.

Neuron 77, 832-838, August 25, 2611 ©2011 Elseviar Inc. 835
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The most widely hel
actions is a hornophilic mpdet whereby calls expressing specific
cacherin family members preferentially bind 1o cells expresaing
the same cadherin or combination of cadherins {Takeichi,
20071 Thus, we hypothesizedt that Cahb is involved in matching
the axons of Cuh3A-RGCs to Cah-expressing targests, To
address this, we mated Cdhl3-3FP transgenic mice to Cdhii
sautant roice (Dahd et al., 2002) to generate Cdh3-GFP2Cdhg™™
and Cdh3-GF:Cohe ™ mice. I eardy postnatal Cdhd-
GFP:CHhe™™ mice in = 6 mice age PO/ n = & mice age P5/8)
and Cah3-3FP:Cdhe™ ™ mice {1 = 5 mice age PO and n = 3
mice age P8}, the axons of Cdh3-RGTs target the rostral pretec-
turn normally and form dense oval terminal zones corresponding
1o the OPN {Figures 48 and 48), Simdlarly, the axons of Cdhd-
RGCs terminate in two dense fool in the caudal pretectism of
parly postnatal Coh3-GFPuCahe™™ mice and Cdhs™™ mice
{Figures 40 and 48), 8 pattern typicgl of sanly postnatal projec-
fions to the mdPPN {Figurse StL In conbrast, early postnatal
Cdh3-GFP miios that tacked Cdhd {Cah3-GFP:CEhe™™ mice)
= G mice age PO/, n =5 mice age P, had diminished axonal
termination zones in the rostral pretechum (Figures 40-48. A
simifar lack of target recognition poourred in the caudal pretec-
fum of Cah3-GFP:Cah8™"™ mice: the axons of Cahd-RGCs
were abnormally dispersed along the margin of the optic tract
and they falled to aggregate into foci typical of the sarly postnatal
mdPPN {Figure 4F), We occasionally found Cdh3-RGC axons
projecting to nonvisual midbrain areas; somathing we essentially
never snoounterad in wild-type mics of the same ages Fig-
uee 4. In most cases, however, the Cab3-RGC axons that falled
to terminate i the OPN and mdPPN projected through and past
these targets to fonv ectopic temminations in the maore distal ret-
inoreciplent areg, the SC Figures 4641}, The ectopic SC termi-
nations appearerd in the deepest mtincrecipient layer, the
stratum opticum (asterisks in Figuwre 4§ or as terminal arbors in
the overdying sbaturn griseum supedicialis Figur 4K This
stands in contrast to wild-type {CdhS™™) mice where Cdhd-
RGC axons are rarely observed in the SO and when they are
found there, they are generally confined to the caudomeddial
portion of the target (Pgure 4G; asterisk), Together, these data
incficate that when Cdh6 is deleted, the axons of Cdh3-RG0s
fail to innervate thelr correct targets.

One interpretation of the defective target-innervation in Cgh3-
GFP:Cdhe™"™ mice is that it reflects a fallure for Coh3-RGCs to
racognize their proper targets. We can rule ot two alternative
interpretations. First, the redused OPN and mdPPN innervation
did not result fom reduced numbers of Cahl-RGCs in the
Cdhé mutants because they were prasent in normal numbers
compared 1o wild-type mise {Cdh6™™: mean = 964 GFF RGCs;
SEM = §7; n = 14 mice; versus Cahé~": mean = 1020 GFP
RGCs; SEM = 68 n = 4 mice) {p = 0.83, two-talled student’s
i test). Caddhedns have been shown to play a role in sorting of
motor newron pooly within the spinal cord (Frice et al, 2002}
which raines a second alternatve interpretation of the mutant
phenotype; that the axon targeting defects regult from malforma-
fien of ratinorecipient targets. To address this, we siginad the
raing of Cah3-GFP:Cdhe ™™ mice with antibodies to parvalbu-
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min, witich labels a population of mature OPN oells (Prichard
2t al., 2002). In both Cdh§™™ and Cahs™'" mice, panvalbumin-
positive nawrons arg aranged in g dense aggregate that delin-
eates the basic architecture of the OFN Figisras 4L and 4M).
The Cdh3-RGC axons in Cahé™* mice formed terminal arboriza-
tions throughout the parvalbusmin neuron aggregates Figurs 31,
whereas in 0ohB™" mice, Cdh3-RGC axons were found in only
a limited, lateral portion of the parvalbumdn aggregate Fig-
ure 40} Thus, removing Coh8 does not disnupt the formation
ar positioning of OPN reurons, which argues that the defective
targeting in Sohd mutants reflects a failure of speciic RECs to
recognize and terninate in their proper targets.

We apted variation in the seventy of axon targeting defects in
Caht mutants, especially at agey P20 and older, I early post-
natal animals (PO-PE}, 3 out of 11 Cah3-BFP:Cdhe ™ mive
exbibited apparently noonal Cdh3-RGC axon targating. In the
remaining 8 Cuh3-GFPLCdhe ™™ mice, the reduction in Cdhd-
RGC input to the OPN ranged from severe {8 = 5} o moderate
{n =3}, By P20, 3 out of 7 Cdh ™" niloe had no apparent targst-
ing defects, 2 cut of saven had severe phenotypes and 2 had
moderate phenotypes, Examples of the variation in target inner-
vation defects in the OPN and mdPPN are shawn in Figums 84
This variation suggests that other molecules can compensate
for early targeting errors cavsed by removal of Cdhé. One

mice in order to visualize the axons of Cdh3-RGCs in the Cand
nut background it unfortunately those efforts failed, tkely
because the Gdh3-GFP transgene and the Coh3 rwill casastte
are located near pne another on the sarme chromosome. How-
sver, whole-aye retinofugal tracing of Cdh3 ™ mutant mice ingi-
caterd ihat eye-specific tarmeting to the dLGN and 80 was
notmal, Input to image-forming areas was also normal in
Cuthe ™ mutant mics, as assessed by whale-gye anterograde
labetling Figures 4N-4P),

Drciphering the molecular basis of neural oircult apecificity is
alongstanding goal of nsurobiology. The hypothaesis that cadher-
ins generate precise connechivity in the nervous systern was
initiadly put forth by Takeichi and coworkers (Suzuid et al., 1897 in-
pusatal 1988}, Loss-of-function data support that modal indowsy
vertebrates and flies {irous and Sanes, 1987, Lee st al, 2001 Pra-
kanh ot al, 2008). Previous studies showed that distinet campo-
nents of marmmalian sensory circuits can be defined by their
axpreasion of differert cadberins Suzukd el al, 1987 Herel
et al., 2008}, but avidence that cadhering play a functional rale in
qenerating wiring spaciiicity inthe marmmalian ONS has beantack-
g, Here, wo showed that Cohb meriates axan-farget matching in
2 specific non-image-forming visual clrcult, These data provide
some of the first evidence that a specific classical cactherin can
promote wiring specificity in the mammalian visual sygtem,

The axon targeling defects we chserved in Cdhé knockout
mice raise intportant questions about the mechanisms by which
cagherins impart specificity of naural comnections. The simplest
sxplanation ia that CdhB-expressing RGE axons adhere to Cdhé
exgrassing target neurons via homaphilic interactions that ocowr
at the javel of the targets. The ability of cadhering to joscalize to
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{AF} Corangl viaw of Coh3-ROU axorr projections 1o the rostral {A-0) and caudal {D-F} prateciam of 1 mics. 44 and 8} CahA-0FFGHRE ™, (B and B Coh-
GFROOhe™, (€ and F) CobG-OFFCohe ™ mice. In Oalid ™™ and Cdhé ™™ mice, an oval tetmingtion zons characteristic of ths QPN & apparent, wharsas i
Cahd ™ mice, CaAh3-REC sxons fall 1o tenvirats i the OFN vegion, it SohG-GFRCAhe™™ mice (I} and Cr3-CFR:Cahe ™ mice (8], two foci of GFPY axon
termingls are seen farrows) whersas the Cah3-OFFCHRE ™ mics ) lack thesa foc; instead Odh3-RGC axons course through the cawdal pretsctum. Stale =
100 pn (A-F). {G-B} Sagittal view of Coh:-ROG axons in the pretectum and 86 of PS CAB-GFRCORE™* {G), Och3-OFFCdhE™™ ), and Coh:-GFR:Oahe™ "
mioe. in Coh3-BFRCORE rice, Cah3-REC axons form & denss oval temiination in the OPN and fodl s the maPRN; sparse axons ave shasrsd in the 80
{astavisk). {4 It CaAhZ-GFP:GHRE ™ mice, Cah3-AG0 axens terminats in PN and in the mdPPN and 8C. d in Gdh3Gdné ™ mics, Cah3-RAEC axons display
diminishad tenvinat fislds in the OFN region fiargey arvowd and maPPR el avow); ssterieks: sotopie terminations it ths SC. Soale = 544 pm (G {4 and &
High-magrafication visw of CoR3-RGE axons mistargeting i the ORY region {3 and in ths rostral G (W from Boxsd region in i), Arrow in {41 a ravs case of gy axon
sean projecting through e GPNregion along the fsteral-madial axis. Most misprojecting metant axong travel through and past the OPN region afong the rostral-
caudas axds fas In O, F, and, and see Figurs 843 (L and M} Parvalbursin exprassing OFN nsurons {magenta) of P2 Cohi*and PR Cahe ™ mouse. Soh#-ROG
axons are found i the target cell ragion of both genotypes, butin CohS ™ mics, they ferminats it aiaters zone (), rather than diffussly Hiing the sntire aggregats
of pareatburnin cofie, Scate ~ 150 pa. Ses maln text and Figure B4 for quantifative detalls on phercdypic varfation and examples of Cdhé mutards. (N and O}
Whiole-eys amsrograds labeling of REC axons from the contralateral {TT-388; green) and palisteral {TTh-584; magenie] eye in the visus! thalarmus (N and Of of
R Cdhit ™ and 3 Core ™" mouss. RGO axons are contined to thelr narms targets, the dLGN, IGL and vEGN {see Figuwrss 1 and 3 for nuclel iocatiors) and nowrnal
positioning of RGO axors s cbsavved. {F} Eye-specific projections toths SC in g Cah3™ “ mouse. Seale = 060 Wi

synapses {Takaichl, 2007} supports that model. Altematively,
homophilic interactions among Cdhd expresging RGOs may
aoour alang the lenapgth of axpns, en route to their targets.
Howaver, if the latter were the cage, then we might expect to
see defasciculation or mion growth deficiencies in Cohd mutants
along the retincfugal pathway, We did not obsearve this; Tdht

mutant axons ardved at thelr targets and indeed graw through
and past thent. They simply falled o terminate within those
targets {e.q., Figures 4A-4f).

An alternative explanation is that the Cdhd mutants pheno-
types anse from heteraphilic interactions among diffevent cad-
herins, We did not examine Cdhs binding apecificlty in this study,

Neuron 77, 832-838, August 25, 2611 ©2011 Elseviar Inc. 837
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st the exprassion of Cdh3 and Cdhé in 8 single cohort of RGO
that innervate comman fargets (Flgures 1-3), and the fact that
Coth2 I coexprassed with Gdhé in those targets {Figurea 1
and 1M), raises the possibility these cadbenns generate targst
specificity by heterophilic interactiona. The presence of multiple
cadhering in the same neurons may also help explain why the
Caht nult is not & Rully penetrant phanotype: one cadherin may
aubstitute in the others absence to reinforce proper axon-target
sornectivity. i is worth noling that age-dependant variabifity in
phenotypes was also observed for Kidney development in Cad-
harin-8 mutants (Mah et al., 3000},

Although not a fully peretrant phenotype, the absence of Cdhs
saused dramatic axon targeting defects in many cases, espe-
clally in early postnatal mice Figures 4 and $4). The nature of
those defects is informative toward understanding how cadher-
ing Impart specificity of connections: if was rare to obsearve
mutant axons forming ectopic connections away from but in
the vicinity of thel normat targets. More often, the miutant axoris
traveled through thelr normal targets until they reached a different
visual target, the SC. The fact that Cdh mutant axons grow
through thelr targets but fall o stop and elaborate terminal arbors
withinthem, supports the idea thatremoval of CdhB dopsniot alter
axon growth or guidarce per so. Rather, Cdhd appears neces-
sary for axons to stop in the corract targets. The observation
that misprojecting axons were able to invade the ST and form
clustered terminations there {Figure 41} also suggests that Cdht
rutant axons are still capable of forming synapses, The location
of those gynapses is likely constrained by the guidance and
activity dependent mechanisms that controd afferant organtzation
within thai target, such as ephrins and spordansocus activity
Fekdhaim and O'leary, 2018}, Indeed, the retino-8C defects
ohsarved In Cdh8 mutants are reminisoent of the phenotypes
ohserved in surgical “rewinng experments™ where RGGC axons
are forced inte auditory nuclel, in those experiments, the
misrouted RGC axons adopt terminal flelds that are shaped by
the incal grehitecture and sphrin-based guidancs systems they
coafront within the novel targets {Ellaworth et al., 2005},

Our data showing that an adheslon molecule is important for
visual systen wirlhg are congistent with previous reponts
showing that adhesion regulates RGC axon targeting at sarfier
pointy slong the mampalian visugl pathway {o.g., Willlama
et al., 2008} and with the abovamantioned wark in chicks and
flies showing that N-Cadherin is important for laming- and
target-specificity {noue and Sanes, 1887 Lee ot al,, 2001; Pra-
Kaal et al,, 2005). Future studiies that examine cadherin removal
selectively in RGCs or in their targets, ought to shad further ight
ot the mechaniams by which cadhering induse circuit spacificity.
in the meantime, our results provide evidence that cadherin
madiated celi-cell arthesion is important for the establishment
of functionally precise neural circuits in the mammalian visual
system, by enswing the appropriate sets of naurans in the eye
oonnact to the appropriate sets of target nuclet in the brain,

Antmals
Cadhanp-3 BAC-EGFP GHhI-GFR) mdce wisre sbilained Fom MMMRE, Cahid-
GFP mice ware geperated as described g ioue st af,, 2003, Cobd knockout

838 Neuwron 71, 632-83%, August 25, 2011 £2011 Elsevier Inc.
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mise were made as desuribed in Dahl et 8f 2002} andt obdsined from stocks
Jarkson laborstories, All progedures wens namied out acconding to predouois

approved by arimat care and use sommattess st UYOSH, LGSE, Sanford,
atud RYU,

amsnaatainineg

amunostaining for GFP was cawied out as described n Huberman of al.
2008} using rabbit anthGFP dnvitrogem 101000}, rabbit antmslaropsin
ATS; 1:2006), goat sni-ChAT ({Chamicon; 111001, vabbh anth-Cdha {Dr. Greg-
oy Dressisy Urniversity of Michigan; 1:500) or mouse anti-parvatburain {Chem-
foon; 12000} and Alexa-488, 554, or 47 secondary anttbodies.

Loy o Notina? Sevglon Ol Sasas

Rethods identical @ thoss desoribed i Mubisnnan o al. (B008) weve ussd.
Briefly, & 3 pd volume of 8.5% cholera-toxin bota {diluted in steris saline} conju~
gated to Alexa-884 Jrvitragen} wes injecied ints the right and Rt vitrsous of
Cdh3-GFP mice using & Hamiiton syringe with 33 gauge needie. Twerrty-
Towr Fours later, the mics wers sacrificad, thelr brairs rormovsd and fixed for
24 By in 4% PFA, then wryoprotected in 309% sucross and soctionsd at
35 p in efthey the coronal or sagitial plane.

I i Npbndfadiaaddon

Compdemeniary DNAs for Dahl inucleotides 1624~-2193 of the mouse mBNA,
WNM_DDBREY), Cahd (puckeotides Z253-2800, NMOOTEEY, Cahd inuoismides
B35-13560, NM_O0T885), Guhd {punteatides 530-1273, NM_Q02867), Cahd
fclecdichss TEZ-12G8,  NM_OUSSHEL, Cdht  {nucieclides  202-1229
Wh_O07H88), Cah? fucheotides 10281517, RM_T72853), and Cdhd {nucieo-
tides 2411381, NM_DOTHET) were used o maks anlfsense and sonse Jigox-
igern-fabelzd RNA probes, it st bybrichastion 8 previously described
Faichein f al, 1998 prodeses K beatmems wens 1 mygimd for 1 min.

¥ avipiien Selis

with Maourobiotin i e reting! explants
thern finau and resnted with stregiavichn-Cy3 isoe Vitkyvt ol 8], 2008 for dedaiish

et Sorretiones Sl Suoetit
§ AY Wangles Tl S

Cand-RECs wees sownted from manisged Mgh-resctution phatomivrograghs
anid then confinmed in the actual s spsechrmn by comparisnn of the photo
montages with the divect view of B reling on 8 Zsiss M1 micmeoops &
10-20x% magrification. Care was faken b ey svatuats relinas whare the endies
whols rrourst was obiained by dissection. Studert's ttests were used for statia-
tioal companisons of REC numbers betwaen wild-type and rmutant retinas.

Supplementat information inoludes four Sgures and can be fbund with this
ariinis anfine o ol 181G G newon 200 107,006,

W thank Iy, Grogory Dressiss for the osdherin-f andibody and Tam Clandinin
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Differential expression and function of cadherin-g during renal epithelium

development
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SUMMARY

The cadberin gene family emcodes ealclun-dupendesy
adbkesing molocaies that premete homephilic nferantiomn
among colly, Dering embryogenusis, diffevential expression
of endherins cax dvive morpbogenesis by sthnalating pell
asgeregation, delising boundsries between groupy of wily
and pravating ool axpration. D this report, the expression
patterns of  cudherins were examined by
npserseyiochonmiiry snd By sl Rybeidiestion in e
embryenie Kdaey, duving the time when mesenchyimal cells
are phenstypioally converted to epitheliom and the patiern
of the devedoping nepbross & ostabished, Al G Sow of
mesenchymsal induction, cadberin il iy exprossed in the
mevenchyme but v i $he wraterie nad epithelnny, which
expresses Ewcadborin, The newly formed ephthelfum of the
venal vesiodr expressey Booadberin sesy the wrelerie g
tipy wad ocxdberin-d move distally, supgesting the this
primitive epitheliun v alveady patiernest with respeet to
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progeniter coll types. In the sshaped body, the eadherin
expression patterns raffect S ﬁmei:apmeszm fade of each
region. The prosimal tubule progenitors express cadberin-
£, the dbvial tubule elly express E-vmtherdn, whereas the
glomerull sypresy Peoadherin, Ultdmsely, cndhering i
devpereguiated whereas Ercadbeeby capresson repmbs i
arogd, i net sl of the tubuelar epithellam, Antibodivs
generated spainst the extracelnlar donwin of castherbed
inhibit aggregativa of induced mesenchyme and the
formation of mesenchyme-dervived epithelinm b de not
dsrapl wraterie ad branching s vHve, These data engeest
that cadherind funcilon §s vreguived for the cwrly
aggregation  of hwbroed weserchymal el amd thedr
subseguent conversion o epithelium,
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804 B A Cho and othars

proteins {Cawa et al., 1989, 1950}, These CAD domoains are
waponsible [ the specificity of homopbilic isteractions
between cells expressing the same cadherin, The profotype
faruily member, B-cadberin, seleotively fntersets throogh e ; :
firgt extracellular CAD domain (Nose ot al, 19003, the R frapmant dese
strovtore of which has reocntly been selvard {Overduin et al,

. The abibity of cells that s_.xgn" diverse cadberins o sort
out and aggregate with cells expressing only Mk cadhering
provides @ moleodar mechanism for fissee paterning,
boandary formation and vell migration.

Tae this vepaort, we heve examined the z—.\xpxsessiuﬁ of cadhering
during the differentiation of the renal epitheliom and the
remodeling of the nephron in the mouse. In the process, we
have also identified the mosse bunwlbbge of rat K-cadherin,
oo human cadherind, and goneraie « antibodies » specific for the
catherin-6 protein. Fow cadberioy wore exemined in a
temporal  seguence  bogihnning  with  cadherin 11 i the
vaingdoced  mesenchymne, cadberin-8&  in the mesonchymal
soregates, ronal vesicle and proximal wbule progenitors, P-
cadherin in the glomendar tuft and podocyie progenitors, and
E-cadhenn in ihe oroteric bud, coltecting docts and matae
tubudes. Differcntial expression of cadherin6 and E~cadherin
i the proximal and disal hsbws of the resnl vesivle
demonstrates, for the first time, that thiv primitive renal
epithelium {5 already pattorned with TeRpect 16 s future
dervatives. Furthermore, anttbodies againg the extraceHolar
domain of cadherin-f can interfore with the aggregation of
mduced  mosenchymal cclls and block the formating of
mesenchyme~der ived epithelinm in kidney organ cultures.

on

e

28 days afier orsnlnan

SGanerafion of cadburined andibodies and Fab fragment
mmfss:&tmn

MATERIALS AND METHODS

Screening of embryonic kidney cDNA fibraries

A monse embrvomic dwy 17 Kiduey cDNA Hbeary was sereened using
degenerate POR primers for cadberin orvtoplassne sequences a3
de%m*mi h‘ &imd\; et 1§ NK)M bt wiih th *d&ﬁn B of cloning
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svere fixed i 4% paraformealdehede PBE for 10 minstes, then washed
twive 10 PBSALO5 Teeen-20 fixr 3 mingies, Antihody dilutions were
17400 for Becadherin Ab, 2 ggimd fur eeoadberineg Ab, 110G for WTH
Ab, 1Y for Proadherin Ab and 10 ggimi of o-Pax-2 1gs in 2% poat
serpaet in PBS. Fiporesceutconjugited Lotas Tetrugonnlobns was

dilgted 124 Shdes were twoubated at roow tempeeaivre with 20 pl of

artibedy fn a husnd chavabor and then washed fwive i PESQUIS
s owere diwed D40 o the
¥ for the

CeOniug anti-rat {Sigmay in 2% goat sevum 1 PBE. After o
36 pdamates incubation, sides were washed twice 1 PBST and covered
with gelvaol, Conrad sections wore menbated with 3 prelnumone
abbit (3 Baction and baoth second antthad Moy spectlic s g
eovddd be detected with the prommone {gQ from rebints nmized
eitls the cadherinf antigen {date not shownd.

For whole-mows antibody sixdaing of organ ovhores, kidaey
rodimems ware foed i HERG methano! for 1O mrimues and washed
iwice i PBST for 20 minotes. Tissues were incubated i 4-5 hours
with privnary sntibodies at $°C and washed ovemight i PBST at 450,
incabatinn with secondary antibog at 40 and
ranitiple washes were porfonmed with g large vohume PRST overmght
at 4°C, Whole-mount tisaues were placed vrder eoverslips in gebvatol
for misrescopy.

Organ culture
Kidneys were dissected from BEHLS Httermates i Ham's
F12 media and culivred on Tragswell ther inserts (Costar)
with 34 gm pore
Madiwre {(DMEM)
serun and pewicith

fstrepieanyvein was psed fiw sl

exgerimens, For the antthody blecking experimers, the
ncubated fr | bowr tn DMEM

Kidney radiments were

RESULTS

Cadherin genes in the embryonic kidney
In order to more precisely define the different
cadherins that e cxpressed in the developing
kidnoy, we screened an BT kidney oDNA fibwary
using degenerate POR primens designed to amplify
the conserved cadherin oytoplasmic dumain, The
POR products were cloned into a plasnid vestor and
21 independent clones were identfied. Sequence
{5 reveaded that theee olonex were identical
mouse vyomorwdin, or E-eadherin {Nagafochi ot ¢,
98T, Ringwald ot al, 1987, dwee clones
corrgsponded to Pecadberin {(Nose ¢t al, 19871, six
clones were identicad o rat Kecadherin (Xiang ¢t al.,
1994 o mouse cadbenn-6 (Inoue o al, 1997), and
nine clones were identical to cadherin- 1 {Kimura of

al., 1995; Holfman and Balling, 1995), The noase |
cadherin-d PCR Bagment was used to isolate the  70E

erire coding region from an E17 cmbryvonds kidoey
[INA Hbrsry, Concugrently, & mosse B9 2
ibrary was screened with a3 Sewopuy Fe
probe uader low-sivinzency conditions, A single 3.3
kb clone was tdentified {124} that contained the
entire cadberin-6 apen reading frame. The sequence
was determined o be identcal with that reported by
Inose ot ab. (19973,

Fig, 1. Expression of cadherin-11 wnd Pax
fa st Invberdization ssing probes spest

s, {AGB) Transverse section theough an
the metineplros (arrowhead), Hrab buds ¢

. Paxe2 in restricied 1o the metanephros and the nenrsd tobe, (C.1 Sagitial
3o through an |
cets farronyd andd nes 1o the wreieric bud epithehum {arrewhead), whereas Fax-
is expressed i both cel ywpes
shovingy porsistent cadberin-1 1 expresston in the wiorstitial wx
Bt not in the mesenvhval aggregate
o 35 sial] high. Mice
argd 3F pan fiken withy g totad mageifications of 13
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Expression of cadherins in the developing kidney

n order to determine how the cadhering might function in the
differergiation of the ronsl epithelinm, the tormponl aod spatial
expression pufterns of the differentt cadhering were analyzed by
i osite hybridizetion or  imnemocyvtochemistry i the
doveloping Kidney, Cadherin-11 i expressed primily in
mesenchyrnsl cells throughoot the ombrye and hax been
deseribed i detul (Rimura ot al,, 1995; Hoffiman and Balling,
1993} However, in the nduced mesenclivme of the EXE S-day
Kidney, cadherin-1t iy expressed more strongly and overlaps
with the Pax-Z-positive mesenchvmal cells ot this stage {(Fig.
1A-D). Csdherbel! i3 not oxpressed s asy opitheliad
siructures, inclpding the wreterie bad (Fig, 1O and the
developing wual tubules {Fig, 1E} that are denved from the
cadherin-1 I~exprossing  mesenchymal cells,  Cadberin-11

continues 10 be exprossed in the mterstitiad meserchymad celis
of the kidney af Iater stages {Fig. 1E) Although high levels are
indtiathy detected in the induced mesenchymal colls, oadherin-
11 is doww-regulated as these induced cells become polarized
and form the undifferentiated epithelium of the renad vesicle,

Ey and
{ sections through the kidne rious embryoRis

] snbrve showing cadherind
arroned sind other roesenchymad ol

1HES Kideey, Note, vadherine 1 1 s only in the mesenchyraal

 Sagtital sections taoogh an BE1AS Kidoey
osenchivial ooz
s along the periphery, where Pa
@ taken with 3 Nikon Microphot FXA

ALY, S8, SINEE R

apshs v
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A

e

tied (cadberines antibhodies. (&) Lase { contral
cred DTK- eollss lane 2, O3V-cadberin-g tarsiocted
tane 3, renad coll carpivoma Haoe VUKL lane 4, renal
cell carcinoma lin CEHET: fane 5, BE7A iduey protein bysate
NI 3TR transiently trans e b, UMV
2, OMVCAC cadbering; Jage
worred yeoion

Fig, 3. hmmanoovtochomisyy of B-
cadberin amd cadherind in the

nis kidney, (A EIZS
mesonephros showing E-cadberin
{preen) afong the dorsal side {opes
arrgwy where the nepheic duct 13 loegied
and cadherin-6 {red} at e ventral end
£30hd arrow) of the tubules. Both B and
codbierin-f ave exprossad o 2 trassihon
sone {yellow}l Incated hetwees the
nephric duct and the mesonephiie
slomeradl, (8 B12.5-day metanephros
showing E-cadherin {proen} m the
areterie bud {arrow) wed cadborin-6 {red)
i the renal vesicle {arrowhead). Nuote £-
cadherin expression in ronad vesicle cellz
directly abatiing the neeferie bud terminl.
{0 BES A metanopluos showing B-
cadhenin (greeny and cadhene-s {rod),
Ciaadhering by stfl} prominent in the s-
shged badies {solid arrow) ba more
paiure tabudes express both Koaad B

L]

shaped body ¢
{oreen) ot the ¢

sing B-oadberin
1 end, cadberin-g {rad,
and W

{red, nuclear) in the podecyie
progenttors of the glomerslar cleft.
£FY B1AS Glomendus expuessing WL

it ubinde

{ved, npclewry snd pa
EXPTRSING 03
Note the abaence of cadh
elonweraiar epithelin. {GY B
metanephros expressing cadbarin-f {red)
i the comuema- and sshaped bodies and
the devetoping proximal twbules which
abso st with the LEA {green). Total

agnification is 25x ) and 1
HDGh

brerine® {red, cell sarisee).
6 in the

3
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In order ¢ snalyee the profein product of the cadherin-6
gene, antibodios wore generated against a bactertal protein that
comained amino acids 68 to 410 fused o 2 polyhitidine tag.
The polyclonal rabbit antibodies were purified first over a
profeineA sgarose colunm and subsequently by affinity
chromutography & the fuston protein, Specificty of the
perificd o-cadherine6 autibodies s dernpostraied by wesivm
blotting (Fig. 2} The o-cadherin-8 recognizes u single protein
i extracts of embryonic kiduey that migrates ot approximately
202107 M. A similar species iy detected fn hwnan renal
carcinoma cell exiracis, conaistent with the reported exprossion
of cadherin- in renal cell carcinoma (Niang of al,, 1994} A
stifar size profein s detected in ETK - cells transfocted with
a CMVecadberin-6 cxpression plasaid, bid not i vector ondy
transfected cells, Since the predicied molecular muss of the
matore peptide woudd be approvimately SINIOP M, the
ncrease in apparent molecular mass is probably due o post-
ransdationsd modifications sach as N-linked glvcosylation.

Beeaose cadherin-11 i the most closely related to cadberin-
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immunization, additional specificity
exelude potential cross reactivity of o-cadberin-6 to cadherin-
The oecadherin-d antibodies recognized the
major § 20167 A4, Yorm and several smg
& wansiently wangfocted 3T3 cells o Given the high Tevels of
SXPrUssion observed gport franstent transfoction, 1t i kely that
asmalier bands represent unmodified cadhering. Cells
angfeoted with 3 vectnr expr
. nsnus the ovieplasmie domadn, exbibiied a
single band at approximately 930x107 ;

11 (Fig, 2Bj,

the

cadhenn-f {A(

a cadberin-11 expre

cadherin-.

m‘nbs'
The

used o stain
developmin.

Doughass, 1992; Ryvan of al,
extends

infonnediale mwsaderm and expre
Along the more anterior nephric doct, the me sonept hric tubudes

et as @ Hoewr ray in the segittal plane. These
mesonephric tubules are tunsiont embryenic structures that
consist of a glomeraler capsule, noar the dorsal sorte, and a
convohted tubale emptying into the neplwie <

are sail pre

tbiles we patterned along the
dorsal-ventral  axis with
respect to cadhorin expression
{Fig. 34} The mesonephric
asbusles express cadhering in
the most ventrd megion, nesr
the glomeralar capsule. As the

taboles  extend dorsally
towards  the wephoce  doet,

there 1 u regiton of overlap
where boilr cadberin-& and E-
cadherin are oxprossed.
Finally, sx the whules reach
the neplric Juel, only E-
cadhenn remains,

At the posterior end of the

Ei2S uwephric  dect, e
ureterie bud has growe omd and
induced  the  matanephric
mesenchyime & gonerate the
definitive kidney o
roctanephros. Pax-2
expression i prevalent in both
preteric bud epithethan,
mnduced metanephric
esenchyme and the

epithelial durbeatives of the
mesenchyne {(Dressfer et al,
1990 Dressler and Douglass,
1993 Ryan ot al, 1965}
cadherin iy provadent i e
yreteric bud and s branches,
The expression of catherin-6

% tdenticad across the extraceibalsr domain wsed for

storr victor did not show any profeins
detectable with -cadherin-6 sbove conirod veotor sunsfocted
cells. Cross rexctivity (o B-padberin is unltke
homology in the exiracelhdar domuin between B

onte ki Em\s at
; Fox-2
described in detwdl (Dressber ot al,
1995). At EI12.5, the nophete duet
from anterior W posterior within the more

i of
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can first be detecied i the messoehivmal smwr{'uss‘t»‘-‘s that will
controls were done o form the < p;mahmu of the renal vesicle at E12.5 (Fig. 3B}

Intiiadly, cadherine6 is deteoted oo the apical side of  the e owly
formed epithelium and subsequently dersarcades the entire cefl
surfuce, Cadherine6 {'tpi‘cs;i(m is highest in those ool furthest
from the ureteric bud terndn, whereas some cells adjavent
e ureteric bud termint express B-cadborin, The expression of
cadhering i the BI85 Kidney is complex and reflects the
ongoing  morphological chan i the developing  renal
epitheliun. Cadherin-6 is still provadent i the renal vesdoles a
the mnphu‘v of the kiduey, with E-cadhierin throughout the
ureterie bud Lpithchvm and the major colfecting duets derived
from the preter (Fig. 30 In fhe comma~shaped bodies {Fig.
3D, cadberin-6 s sirong iu the future proximal ead of e
body, furthest from the weterie bud, while E-cadberin i
cxpressed 1o the more disial part, nesrest to the oreter. To
minimize confusion, we will use proximal and distal with
respeet o the futwre position of the glomereles, as i the cuse
with the mabure sephiron. Only a smsll region of overlap can
be detected between cadherins6 and E-cadherin af this thme. As
the glomerelar ¢left is formed at the proximal end of e
comma-shaped body to generate the s-shaped body (Fig. 3EF),
cadherin-6 i3 downeregdated i the epitheliian of the
glomeralar clell, the prospective podocytes. The podocyie
progeniion can be stained for the suclesr sntigen WTT (Fig

3& ¥} and clewly show Hile cadherined on the cell surface,
These '%\."f}ﬂupmsﬂng podocyte progestior sy heve also
down-regolated the Pax-2 gone {Ryan ot wl, 1995}, Cadberio-

Her bands 1 cadbenn-

mmeated form of

e @
g

T Cells transfected with

fven ondy 38%

varipas  stages  of
Rxprossing bas been
900y Dressler and

dorsal

o3 E-cadherin {Fig 34).

duet. These

Fig. 4. Tmmunostain {3 i1 the
uephrogent mal tuhules
1R with L]‘% g«um) and inm, dowii- wusimd -muum ~fe {uciid arrowed {8 Nesw Emn renad medudiz
showing BEwcadberin {green) 0 the collecting ducty and Gatherine6 {red) v the ascending snd descending
frabs of Henke's Joop, (€O Nowhorn renal corlex exbibits foss cadhena-& {rod) 1o maburing pm\ ivead
tubuedes with punctate E-cadberin Ny nose deteciatde i most epdthelial cells. (DY Newly formed
ploveredd express Pocadhenin (green) in cells of Bowrans capsele smd cadborine6 in the procinal tubudes
exiitng the plomeruins, Total reagnification 1s 25440 and 1O (B-E)
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& iz siill strong in the prospective proximad ubule cells of the
s-shaped body with E~cadherin murking the prospective distal
tubule cells nowrest the developiog collecting ducts. As in the
developing mesoneplros, there i5 a transifion zone within the
sshaped body where E-cadberin and cadherin§ are oo-
expressed,

The cadberin-6-cxpressing eells are primarily destned to
become proximal wbule epitheliom ws indicated by the
cxpression of the feotin-hinding sites for Lotes Tetragomdlobug
(LTA, Latiinen of al, 1987} In the E13.3 kidooy, fuoresenin-
conjugated LTA stained only cadhevinfeexpressing  cells,
These dovble-isbelod colls weore penerally more mxbiwe than
cadherin-G-expressing  oefls Jocated alomg the peripheral,
nephrogerde zong, which did not exprass the LTA-binding site
{Fig. 4AL In the newbom Kidney, cadherin-6 expression iy
stromg in beo particular reglons, i the nephrogenic 2one where
the mesenchymal-to-gpithelial fransivon s sull ongoing and in
e medudlae zone where proximsl tubules are extending
radiadly inwvard o forms the deseonding and ssconding loops of
Henfe (Fig. 4 B). The more mature proximal tuboles are casily
marked with LTA amd bBave dowreregudsted  cadberin-g
expression. E-cadherin is now detected in those cells that had
cxpressed cudberin-® at carlier tmes, B-cadherin s also
prevadent in the collecting ducty of the meduliary zone (Fig. 4
€y but doex not overlap with cadherin 6 in this region. In e
slonerular epitheliunt, the expression of P-cadherin van now
be detected in the podocyte epithelium. The exprossdon of P-
cadherin 19 stmitar fo provicesly reporied observitions {Tassin
ot al,, 1994}

Antibodies against cadherin-8 inhibit
aggregation and formation of tubules

Given  the expression  of  cadheriné  in the
mesenchyroal agoregates that forn at the tp of the
wreteric bud, wo hypothesized that cadherin-d may
nedinte the aggregation and polacization of these
mwesenchyrnal colls W geoorate proximal tubuke
epithelium and perhaps other purts of the nephront. In
order o tost this bypothests, Fab [aguvems were
made by papain digestion of the affintty-purified anti-
cactherin-6 polyelonal antibodies foad6-Fab) and from
the pre-immune e fraction (P1-Fab), The untbodies
were fested for thelr abilily to inhibit cadhenin-f-
modiuted sggregation using fransfected L colls, LK14
cells xtably cupressing cadherin-6 were gencmted by
reteovival-needinted gene transfer and withized in short-
term aggregation assays (Fig, 3) Caletum-dependent
cellular aggregstes could be observed with LK 14 cells
whereas the pavenial L cell Hoe showed no evidence
of aggregaiion {daa not shown), Aggregation of
LK 14 cells could be inhibited by the addition of cadd-
Fab ud ot with the costrol PI-Fab faciion {Fig. 5},
Thus, cadherin-S~dependent  homophific  adheston
could be abrogated with the polyckmal antibedies
against the extreceliular domain.

In order to sandy the effects of cadherin-0 hthibition
during rens developrent, the antibodics were added
o the medin of B kidney rudimoents and the
kidneys cultwred for 4% and 96 hours. The degree of
development of cultyred kidueys was examined by
nnmnchistochemistry osng antibodies against B-

R

Pig. 8

PLE]

L

T G P Fabe

. Inhtbstion of cadbern-Sedependent

expressing cadhorin-6 we
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cadherin, cotokeratins, cadherin-f, huninin, Pax-2 and WTI
{Fig. 6). Three separate exporiments stifizing at leust 6 Bl
kidney rudimends for each calture comtitton were performed.
o all cultures examined, there was no significant difference
between hidoeys coltwed W DMEM alope aud DMEM
supplentented with 30 pug'mi of Pi-Fab, Ureteric bud branching
ovcavred repeatedly as deteded by both evtokeratin awd E-
cadherin - staining  (Fig.  SA L) Mesenchyme-derived
epitheiimn was castly  disttngudshable as Pax-Zspositive,
commi- or s-shaped tobales sdjseent o the weleric bud
branches {(Fig, A The mesenchyme-derived epithelivm did
not siadn with the eyiokeratin antibodies, but did have a
faminin-containing  basement membrane  {(Fig. 6} and
cxpressed cither E-cadberin or oadherie-6 {Fig. 6C) 5

Simntfae fo
the sttation in vive, mesenchyme~derived tubules expressed
E-cadherin ncar the wreterie bod and cadberin-g further from
the bud. Strikingly, cadherin-f was fisst visible on the
mesenchymal colls w the exirome fip of the bud, @ the
praspective apical side of the cells underpolag polasization
{Fig. 6C arrowhead)

tr comtrast, kiduey rudiments callured i the presence of 30
ool cad6-Tab  exhibited significant differeness in the
formation of mesenchyme-derived epithelivm. The oad6-Fab
had no effect on wreteric bud branching, However, the abilivy
of meseachyinal cells o condense noar the swteric bud tips
and generate epithelium was severcly compromised. Activation
of Pax-2 iy an coarly marker of meseachymal baduetion and
appoared oudisturbed by any antbody trestment (Fig 6B
However, in the cado-Fab-reated kidnevs, Pax-Z-exprossing

yor U T Ca™

TR U8 cadeRak

stesation by o b. LR 14 cells
e irvpsiniaed and allewad 1o reaggvgae i the

presence o sbsence of culotun. Note the formation of celluba asg L
{urrowherds). Cad6-Fab byt ot contral PE-Fab antibodies inhibit the caletom-

dependerd aggreganon.
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cells at the wrelerie bud tips were very heosely ussocisted and
marty Pax-Zepositive cells were focudized throughout the
rudiment. In contrast, condrols showed tghtly sssoctated Pax-

2-posttive colls separated by Pax-2-negaiive,
proswuabdy interstitisl, mesenchyvime (Fig
8A). The formation of comma- and s-shaped
hodics was severely huhibited o cadS-Fab-
weated oubiores as clewrly indicated by the
isck of polarized epithelivey with & leminin-
staiming  bascieend. mmembrane  (Fig, #F)
Admost all of the epithelivm in the cadé-
Fab-treated ouftores was derived from the
urgteric bud as indicated by oytokeratin {Fig.
&6F ) and E-cadherin staining {Fig. 613 The
sdiole cadherinsd antihodies detected very
fitle cadherin-6 reactivity it the oad6-Fab-
treated samples {Fig, 60 Notably, those
cells that were cadhenn-6 positive were
locatized in the tmerior of the organ ealiure
and did sppoar 1o be epithelial, Afler 96
hours, the presence of glomerolar structares
svere dotected using sn antbody against
WL, which ix bighly cxpressed in the
podocyte precursor cefls of the sshaped
body and in matwre glomersl (Ryan «f al,
19938}, Kidney rudiments  colowed  with
cadt-Fab eoxhibiied fow, i any normal

slonsendar structures {Fig, 6H), whereas
controds showed round clusters of WTH

pusitive  cells  {Fig. 6G) indicathe  of
glomwerular podocyte development.

DISCUSSION

The dovelopment of the sephron from the
e primary progentior cell types, the
wreteriv bud epithelivm and the metanephric
mesenchyre,  reguires a phenudypie
comversion  of mesenelymal cells fo an
epithelial phenotype sad a complex series of
morphogeneiic  events  thal pattern the
epithelium along the proximal-distad axis.
The ubility to convenwate yrine, sense and
regulnde osmodarity, snd continuowsdy

eod

back  nformmiion  to the  domendar
apparatys  requires  a  precise  three

dimensiondd architecture in the nophron that
iy idivately Huked to proper function. How
this  architectore i3 spesificd  during
development must be regulated not only by
specific transoription factors but also by
that provide the motor for
underfeing ool movernent  and  tHssee
remodehing,

The expression pattern of  cellular
acdheston melecoles can domareate the
developing  rendd epithelium  into
functionally smd norpholorically  distinet
regions as the mesenchyme  aggrogaies,
forms  the renad vosicle and  ultimately
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generates & mature nephron. The data preseoted i this report
are sumimarized schemadcally in Fig, 7. The cadfherin-11 gene

1y exprossed Inoa lsore venely of mesencloemal ool tvpes
3 3 ¥E

Fig. 6.
mtanephrie nudiments oulivweed for
statned
oytokeratin £ greon} sha
tigs of wreterio bud e
and conma shaped bodies (A, frrows)
Hne the more matwre wreteric bud epithehun, this s g
{C,1 Staming for cadberint {red) and Becadherin {mreeny e s well-developed conma-
and s-shaped bodies i cot oy ared Hiske gadherie6 protoly in cad6-Fab-

e enbtores: the ooopsi opithelial,
FY Staining for lavints {red) and ook i {green} reveals developed basenwni
nershyanes srourd comra- and s-shaped bodies it conteols {E, arrows ). In cad-&-Fah-
treated cudtiwes, basement membrane staining is clesr 0 wetene bud epithelium, positive
for eyiokeratin, but diffuse steining o colls sdinoerd to the arcterie bud tips. OUnly
acgastonal, poerty develaped siruohes show characterisiie hasement mamthrage formation
n mesenchvme-derived epitheliwn {F, srrowhead). (G} Siaming for WTT {red) and

A {B D a
Pax-2 (red) and
chivme {B, arowtwad) s the

Dt tght ass 3

o (A, srpwhesd)

cyrokeratin {areen} after 4 days shows well-developed glomerpiar siructures (G, amews) in
contrits asd fowy, poorly developed glomerell i cadtePab-trested voliures {H, amow).
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o distal waewadited
\ \l'\li«’“

§ P nrwo \x‘I od ]
§ tubule
o \ revat vesion § \
: A 3
. . . QR H-RNRYed \ \ \§\
Fig, 7. Swmpnary of cadberin exprosston during ;:_niy ’ ¥ \‘t T \\\ §i§ 3 §§ SEEANENG A
nephron development. nduced meseachymal N §'§
wﬁ\ repress cadberine 11 awd acthate cadberin. % ;hmm ey obelt 3‘§ desnanding b
nal vells closest t the weteric bud § %
activate Fcadberin, The s-shaped body s N N ¥
patierned with respect o vadherin ﬂ*>}1t€5ﬂﬂﬂ Cottaets N
such that glemerular precursors exg .‘iq s}: ’%‘
. N N Y AR = ¥
vadherin, progiws! tubude prect )

cadherin-6 md more disial wbule psuusw

X
BrECon )‘\;vn\-regu}st&d i paheing proximal

wbsles but can still be seen in Henle's foop,

throughout embryogenests, with strikingly high levels in the
metenephrie wesenchyme, relative 1 serrounding inesodern,
The cells of the uninduced metsnephric mesenchyme can be
distinguished  morphologically  from  swrouading  Gissoe
bocawse they are more mjﬁiv assoctaied. Whether this s due
o inereased lovels of cadbenin-11 is wnclear, After induction
avears @l B cadberin-11 expression levels do not sppear 1o
be higher in the cells direotly adjecent 1 the ureteric bud tips
where the aggregaies finst form and fovels are quickly down-
regufated as ovidence of epitheliad fransformation IS apparent,
Yei, cadherin-11 could stll fonction in the carlicst adhesion
response to induction, perhaps by the controlled sctivation of
other fectors that imteract with the intraceiioler domain such as
the catenin family of protwing (Ozawa of al, 1989, 1960) thus
providing 8 rapid response fo the induetbve ugmis.
Cadherin-6 & first detected 1n e mesenchymead sggregstes
and in the renal vesicle before a polarized Lgmhchum wmp ot
with basement roembrane, & geoerated. Particdarly de ongan
cyliure, where the fiming of events may be slower, cadherin6
is first detected @8 2 paichy strip around the exiveme weder bud
tips, suggesting that its expression is fist locatized to one side
of the mesenchymad cell amd precedes the formation of the
polartzed epithelivm. At EI12.5, the renal wesicle whready
appears pammad with respeet to cadherin expression. The
cells adjncent e woleric bud expresses primavthy E-
cadherin whereas the more distal pelly, refative to the wreteric
bul, cupress cadberin-6. Thes, the epithclin of the renud
vesicle is not a homogenous population of primitive epithelial
cells. The proximity fo the ereteric bud snd its indective signals
mry detornuine the type of cadherin expressed in the
and the ghimaée fate of the epithelivm. Ahernatively
expression of B-cadherin may in fact reffect the origin of the
cells in that part of the remal vesicle, ax recent oy iddenes points
e & papolation of colls that caw delaminate from the waterie
bud and contibute o the iebuler epithelum that was
previvosty thought (o derive ondy from the mesenchyme ((Han
et al, 1995 At the s-shaped body stage, differontial cadherin
exprassion olearly demareates the precurser cells of distad
tubules as Tecadberin positive, the proximal wibules tha
capress cadherio-6, and the glomeradar epitheliorn tat beging
to expross Pecadberin {Tassin et al, 1994}, There is 2 small
region of overlap betwoen the cadberin-§ and E-cadborin

iy
Nt “/
sl

expression domaing that s more prominent on the apical side
of the epitheBam. This overlap does not o mcm'  be doe to
coft mixing, rater it appears that ndivideat cells can express
both E-cadberin and cadherin g simidtancoush v. Expression of
cudherin-f marks the differentiating and proluferating proximal
tubude cells iy the sephrogenic zone, In the sewhom kiduey,
cadherin-6 cxpression is also bigh in the medalbary 2one as ibe
aseending and descending Himbs of Henle's Toop grow towards
the renad pdpiiﬁa. These asconding and descending hoby are
probably the Tast epithelial stroctures formed in the developing
nephrow.

The in vitre antibody inhibition experiments clearly point to
a funetion for cadherin-6 in the apgregation undior polarbzadion
of induced mesenchyme, Inducad Pax-2-positive metanephric
mesenchyme sppoark fodsely organized with Hithe ovidenos of
whde formation when osdherin-g blocking antibadivy are
added to kidney organ culures. Although cadherin6 s not

pxprossed i the WTl-pasitive oclis of the  glomeradi,
glomenlar development s inhibited with the blocking

antihodics most pzoh; bly beeaase the requdsite stops leading (o
s-shaped body formstion cannot ocour. Cadherin6 exprossion
appears dow n—;»wiauﬁ i the presence of blocking Fab
fragments and  suggests that expression  levels mwy be
pnmamt\.d by ageregation. Alternatively, the Fab fragments
that cever the exirscelfudar domain of cadberin.6 may resci
poorly with the secondary anttbody made sgainst the whole
mabbit {gG molecate.

Several Hnes of evidence support our bnterprefation that the
cadherin-6 Fab fagmoewms fonction by inlibition of cadberin-
mediated celb-cell adhesion. Firsi, e antigen uwsed spung
aintined acids 68-418 of the cadherin-6 propeptide sad inchdes
most of the extracellular domain, The proposed Neterminal
signed sequence and prepursor peplide spans smine eeids 1-53
{Xiang ot al,, 1994 the first CAD domain ¢acompassos aming
actd vesidues 34159 and 16 followed by four sddivomd CAD
repeats. This amine fermingd CAD domain 5 essential for
homophilic interactions of class T cadherins (Nose ot ab, 1990},
Adihough it is uoi clear whether e type H cadbering interact
with similar affinides and sequonce roquirernents, congerved
cloments within this wmive termingl CAD domain can be
identified. Our antigen inclades §7% of the first CAD domain,
including the conserved B BE and calchun-binding domain
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{Overduin ot al., 1996), the eative 2nd and 3rd CAD repeat snd
approxumiely half of the 4l CAD repeat. More nportamy,
the cadherin-6 anfthodies are able o inhibly caletum-dependent
aggregaton of cadherin-f-expressing L cells, Mouse L cells do
ot express any endogemus cadhering, show lutle cell-cedl
contact in menolayers, snd have beon used extersively 1o assay
cadherin function (Unushibara ot ol 1979, huitial attompts o
generate cadherine & wansformants using plasmid s:xprs—:wémi
veotors were unsuccessful, perhaps due to high lovels of
expression, Lsing retrovingses that integrate only a single copy
of the mouse cadhesin-6 goene, we wore able o generate several
expressing  Hnes and  demuonstrate adham-mm{iuced
sggregation stmilar to what has been reporied for d}tckx.n
(,Mh\,xm 6B {Nekagawa and Tekeichi, 1995 Suntlardy, o
cuftored kidoey rudbemts oxposed to cad6-Fab, inducmd
metanephric mesenchymal cells are more spread vwt and found
along ke entire welerie bod epdtheliom, whereas control
enchymal cells are gonerally tizhtly associsted and never
found divecdy adjacent to mature wre feric bud epithelom,

The activaiion of cadherdn-6 in the mosenohyime-derived
renid vesivle procedes the estiblishimend of epithelind polarity.
Strikingly, expression of E-cadherin is sufficient in calture to
redistribate the localization of cell suface protetes amd
roerganize the mombrane ovtoskeleton (MoNail o al,, 1990%
Whether cadherin6 i @ simifar determinant of pni&m&tims in
the renal vestcle epitheHurn or merely one proteln among many
that are neccssary o form adhesive junctions remadns ¢ be
determined.

In summavy, the ability of colls o underge cadherin
switching may be poterd drivi g foroe for mmp}m spreosts. The
data pruumd in this report demonsirate that cadherins car
demarcate the newly formed mesenchyme-derived epithelial
celly from the ureteric bud s_pithg.imm and  surrounding
inferstitial mesenchynme, Furthermore, as this now epithelivm
profiferates  into the  swhaped  body it becomes
compartimentalized  indo plemerplar, proximal wbulae aud
distal tohular epithelhan, Differential exprossion of eadherin-
6, E-vadherin and P-cadherin may provide repellent foroes that
ard 1o cleft formation as well ax pattern the developing mphmﬂ
with respeet o cell types alonyg the proximsi-disial avis.

e

We thauh M. Taketths for advice on the apgregation sssays, M
Gandy for help with ihe mawmgseript, Lo Boloman for orinead
vonvnents and b Merchant B generous wse of the fluorescent
IHSRUEOODE,
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Note added in proof
A reoent report by Roseoberg et al. (Dev Biol 187, p. 35, 1997}
demenstrates that the axpression of R«cadhum i yary similar

w cadborin- i the developing kiddacey. Reoadherin ds a type-I

cadberin and does not react with owr cadberin-é antibodies,
Thus, 3 role for R-cadhorin in mesenchynal coll aggregation
must absa be consddered.
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Kidney Development in Cadherin-6 Mutants: w
Delayed Mesenchyme-to-Epithelial Conversion

and Loss of N&g@hmm

Steven P. Mah,* T Harald Saveressig,”" Martyn Goulding,*
€f§§rs§ Kmmer ¥ and {,ﬁ’mmv & E}re&&i :

%

Figars S8I6

Dhering neplvogenesis, dynanic changes in the expression of cell adbeston moleaudes are evident as epithelial structores
differentinte from: the lnduced mesenclyymoe. The cadbering are theught to play an impmsiast role in the metmwpbric
mesenchyne, when cells aggregaie to formt the renal vesicle, a polavized epitheliad struchive which eventually fuses with
the ureterie bud o generate o continuous nascent nephven, We have generated and analyzed sies with a targeted mutwiion
ity the gene enonding cadherin-8 {Cad- 8. a type 1 radherin expressed during early stages of nephrogenesis. These mdee are
vighle and fertile, and they complete both sarly and lade aspects of xxgpmag,essss;s However, upon gloser exanination in
vifre sed fn vive, a fection of the induced metaneplvic mesenchyme in Cad - mutoy kidneys fails to foro a fully pedarized
epithelium on schedule, Moregver, a significant number of the renal vesicles in Cad-8 mutant kidneys apparently fafl io fuse
oy the weeteric bud, These alteratias in epithelialization mnd fusion spparently lead to s loss of neplns in the aduli, These
studies support the Wex that cadlerins play an ssscrdial role In the forrontion of epithelial siruntures and wodersvore the
imprrtance of timing In orchestrating the morphogenesis of complex epithelial tissues,  © 2000 Acsdemic Pruss
Koy Words: cadberin-& ki developnient; epithelial polarizatinns epithelhon fusion; renad udndes,
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Cadherin-6, a Cell Adhesion Molecule Specifically Expressed in the Proximal Renal

Tubule and Renal Cell Carcinoma

Roger Paul,' Charles M. Ewing, John C. Robinson, Fray F. Marshall, Keith R. Johnson, Margaret J. Wheelock, and

William B. [saacs®

James Buchanan Brady Urolegical Institute, The Johns Hophins University Schaud of Mediving, Baltimore, Morvland 21287 (R P CM E. LC R F. F M., W E L} and

Depariment of Biology, Usiversity of Toledo, Tolede, Uhis 43606 (K. R. 1. M. 1. W.}

ABSTRACT

Cadherins are a4 family of calcium-dependent, cell-ceil adhesion mole-
cules that piay sn important morphoregulatory role in a wide variety of
tissues. Alterations in cadherin function have been implicated in ramor
progression in 8 anmber of adenocarcinomas. Despite the increasing
number of new cadherins identified, lttle i Runwn rbout cadherins in
normal renal tissue and renal carcinomas. A novel cadherin transcripi,
cadherin-5, was recently described to be present in renal cancer cell lines
and fetsd Kidney, but no data on protein expressien nor tissue oealization
has been reported.

in this stady, we demonstrate that the expression of cadherin-é is
restricted to the proximal tubule epithelium. This Gnding is critical be-
cause these cells give rise to the majority of neoplasms of this ergan.
Furthermore we demonstrate typical cadherin features of cadberin-g,
inclading cytepiasmic binding to o- and S-catenin. We present data of
cadberin-§ expression in & serfes of 32 primary renul cell cencers. Cad-
herin-6 expression tended to vary with histolopy in these samples.
‘Whereas the majority of renal cell cancers with histology-associated peor
prognosis (e, high grade clear cell carcinomas snd sarcomatoid repal
tumors) show sberrant expression of cadherin-d, in tumors with a favor-
able prognosis {ie, low grade clear cell carcinomas and papillary can-
cers), normal cadherin-® expression was predominant. Dverall, these
findings demonstrate specific expression of cadherin-é in the proximal
rensl fubnles in normat human kidney and suggest that aiterations
of cadherin-6 expression sre associated with progression of repal cefl
carcinoma,

INFRODUCTION

Renal cell cancer sccounts for approximately 3% of all adult
rualignancies. Surgical reatment is an effective therapy only in early-
stage renal tumors. Advanced stages of renal neoplastus are associated
with poor prognoses, because these malignancies are typically refrac-
tory to chemo- and radiotherapy. Immunotherapy, both active and
passive protocols, demonstrate partial and complete remission in a
limited subset of patients (1, 2), Prognostic markers are needed to
identify patients who are at risk for recurrence and metastasis of renal
cell carcinoma and, thus, would benefit from additional therapeutic
modalities. Current prognostic factors like tumor grade, renal vein
involvement, and extension to regional tymph nodes are of limited
value in this respect (3),

Cadherins, a family of celi-cell adhesion molecules, have demon-
strated their utility as prognostic markers in & variety of neoplasms.
Dysfunction of cadberins has a mgjor impact in the progression of
epithelial tamors {4). Loss or abnormal expression of cadherting in
tumors can lead to tumor invasion and disease progression, as dem-
onstrated for E-cadherin exprassion in prostate (5}, stomach (6),

Received ®138%6; accepted /147,

The costs of peblication of this anticle were defrayed in part by the payment of page
charges. This asticle must thevefore be heveby marked adver in d with
13 UB.C. Section 1724 solely 1o indicae ihis fact,

* Present address: et of Urclogy, TU Murnich Klinihum rechts der Isar,
Tsmuninger St. 22, 81675 Munich, Germany,

bladder (73, breast (8), cervical cancer {9), and other tumors. Similar
resulis have been demoanstrated for P-cadherin, for example in breast
vancer (8}, gingival carcinomas (10), and gastric neoplasms (8).

Studies of the role of abnormal cadherin expression as s marker in
renal celf carcinoma progression are less conclusive, Although the
proximal tubudar celf is thought to be the cellular origin of the
mjority of renal cell carcinomas, the pattern of cadherin expression
in the normal proximal tubule epithelivm is not well understood
{11~13}. Interestingly, for E-cadberin, which has been shown to be
expressed in 8 high proportion of low grade renal carcinomas (14), the
expression pattern failed to corretate with disease progression (15,
16). Normally, E-cadherin expression is restricted 10 the distal renal
tubules and coliecting ducts (17). N-cadherin, « cell adhesion mole-
cule Tound in a variety of different tissues, is expressed during fetal
development in renal tissue and is found in the adult kidney only in
the proximal renal tubule (18). However, N-cadherin expression in
renal cell cancer also faiked to show 2 correlation with lamor progres-
sion. Tani ¢t af. {16) suggested that another unknown cadherin may be
important in these tumors,

Shimoyama e al. (19} reported that cadherin-0, a newly identified
cadherin molecule, is involved in the development of the kideey. In
adult renal tissue, however, only faint or negligible expression of
cadherin-6 mRNA could be demonstrated {19, 20). Neither protein
expression nor tissue localization of cadherin-6 was examined in these
studies. Shimazui ef ¢l (21) reported & complex pattern of cadherin
mRNA expression in different renal cancer celf lines, This finding
suggested the involvement of several cadherins in renal tumors (21).

In this study, we focused upon cadberins that may play a role in the
cell~cell adhesion in the proximal renal wbular epithelium and, there-
fare, possibly may be tavolved in invasion and progression of renal
cell cancer. We demonstrate for the first time that cadherin-6 expres-
sion occurs only in proximal renal twbules of the normad kidney.
Furthermore, in an evaluation of a series of primary renal cell carci-
nomas, we find that cadherin-6 expression is frequently altered in
wemors with histologies associated with poor prognosis,

MATERIALS AND METHODS

Surgical Spectimens. Fresh resal tissue was obtained at the time of surgery
at The johns Hopkins Hospital. The specimens were immediately frozen in
tiquid nitrogen and stored at ~70°C. Frozen sections weare cut al a thickness of
6 wm, mounted o poly-L-lysine-coated slides, air dried for 30 min, and vsed
immediately for immunohistochermistey,

Renal Cancer Cell Lines. Human primary renal cancer celf lines from the
ATCC® were used. 786-O and 769-P were cultured in RPMI 1640 supple-
mented with 10 mss HEPES buffer, 5 mym sodium pyruvate, amed 10% FBS.
MeCoy's Sa mediuvm with 10% FBS was used as medivm for Caki-d and
Caki-2. Priemary renal cuncer cell lines were derived from surgicul specimens
by digestion with colfugenase (2 mg/mi i HBSS with caleium and magnesi-
wra}, RCCT4 priginated from 2 papitiary renal celi carcinoma, stage H. nuclear
grade TV, RCC71A was desived from s sarcomatoid renal cancer, stage 1§,
nuclear grade V., RCC 74A and RCCT4 did not show any expression of B~ and

*to whom requests for reprints should be addsessed, st Beady Urological 1
Marburg 1306, The Johns Hopkins Hospital, 600 North Wolfe Street, Baltimore, MI}
21387,

 The abbreviations nsed are: ATOC, American Tvpe Culture Collertion: FRS, fewd
bavine seruss.
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CARHERIN-G IN HENAL CELL CARCINOMA

P-cadherin o immunchistochemisiry and oaly faint expression of N-cadherin.
NK-1 is a proximal renal tubule celi strain derived from a normal kidney.
Primary renal cell lines were cultured in DMEM, supplemented with 10%
FBS, v-glnamice, peniciliin, strepromycin, and trypioke phosphate as de-
seribed previously {22).

Northern Anndysis. For Northern analysis of cadherin-6 mBNA, a random
prime-labeled sequence coresponding to nucleotides from position 2108 to
2323, according ti» the cDNA seguence published by Shimovams er ol (1)
was used g3 8 probe as described previously (23). Multitissue blots {2 pg of
poly{A} mRNA eachi obained frow Clonetech Luboratoties (Pato Alto, CA)
were probed using the methodology described previously (24).

Antibodies. A rabbit polycional anti-cadherin-6 antibody was generated
against a sequence in the intracytoplasmic domain of cadherin-6 as described
£25). This §5-mer (NH, terminal-RRTPTARDNTDVRDF-CQOH terminal) is
anigue by search st the National Center for Biotechnotogy Information using
BLAST netwark service (26) for cadherin-6 in humans and K-cadherin in rats.
Anii-E-cadberin clone 36 is a mouse monoclonal satibody (Transduction
Laboratories, Lexington, KY) described previousty (27). 13A9 and IG5 are
mouse monocional antibodies against N-cadberin and a-catenin, respectively
{28). Anati-B-catenin clone 14 is 3 mouse monocional astibody {Transduction
Laboratories), which is described elsewhere (29). F23 {a kind gift from Dr.
Neil H. Bander, Memorial Sloan-Ketiering Cancer Center, New York, NY) is
a mouse monocionad antibody specific for proximal renat tubales (303, CY-%N0
is & mouse monoclonal anti-cytokeratin {8 antibody (Sigma Immuno Cherg-
cals, St. Louis, MO Ref. 31}

Tnmunokistochemistry. Inununobistochemistry was performed ot oo
temperature Baless mentioned otherwise using the Histostain-Kit (Zymed
Laboratories, Inc., San Francisco, TA). Air dried sections were fixed in 3.7%
formaldehyde in TNC buffer (10 ms Tris, 1530 s NaCl, and 2 mm CaCl,, pH
7.4} for 20 min. Extraction was carsied out prior to fixation for 10 min i TNC
buffer containing 2% Triton X-100 and the protease inhibitors feppeptin (50
@i} and phenvimethylsulfonyt fluoride (10 ma) if the sections were t be
used for cadherin-f, E- or N-cadherin staining. Between each step, rinsing was
carried out using TNC buffer three times for 2 min. Sections were blocked with
10% nonitnmune goat serum for 30 min. The primary antibody was applied for
a5 incubation period of 1 h (ditution of antisers in 3.75% BSA and TNC bufier:
1:1008 for cadherin-b, .5 pgfml for E-cadherin and S-catenin, 1:50 for
N-cadherin conditioned media. 1:100 for a-catenin conditioned media, and
1 OO for F23). After rinsing, specimens were incubatesd with either blotiny-
fared post anti-rabbit-ipG (cadherin-56} or goat anti-mouse-IgG, followed by a
15-min step of conjugstion with sireptavidin-peroxidase complex. Staining
was developed with amincethy! carbaznle chromagen substrate in 0.006%
peroxide containing buffer within 30 min, followed by rinsing with tap water
(three times). Finally. the sections were counterstained with hematoxylin,
dehydrated, and mounted. Rabbit preimmune sensn was used as a control for
cadherin-6 steining. To demonstrate the cadherin-6 antibody specificity, block-
ing assays were performed with the synthetic pepride used for immunization
present at conceatretions up to } mg/mi. Even up to | mefai the peptide had
no effect on staining with the E-cadheria antibody.

Immunofiuorescence. Cells were grown (o near confluence on two-cham-
ber glasw stides, Cells and sections weee fixad Aicst and extracted as described
for immunohistochemistry. Rinsing was carried out between these steps with
TNC buffer (theee tirses for 2 min each). Then specimens were treated with
BSA 3.75% in TNC buffer for 1 h before incubating with the primary antibody
ovemight, Both steps wese carried out at 4°C. After rinsing the secondary
antibody-fluorescein isothiocyanate-conjugated AffiniPure dopkey anti-rabbit
1gG or tetramethylrhodamine isothiocyunate-conjugated AffiniPure donkey
anti-monse TzG {hath from Jackson Immuno Research Laboratories, Inc., West
Grove, PA) were apphied and incubated at 4°C for 1 h. Nuclear counterstaining
was performed by adding 4',6-diamidino-2-phenylindole {3.25 ug/ml) to the
secondary antibody. Slides were treated with SlowFade antifade kit (Molecutar
Probes, Inc., Eugene, OR) and mounted with coverslips.

Immunoprecipitation, Cells were grown in a 6-om culture dish (Falcon,
Lincoln Park, NJ} unti! about 30% confluent. At that time, cells were Iabeled
with {*S]methionine (Amersham Life Scu:u::c, Arlington Heights, IL} a1 a
concentration of 200 puCifm! in methi fre diurn for 16 h (37°C, 5%
CO,, humidified atraosphere). After two washes in HBSS, cells were extracted
in TNC with 2% Triton X-100, M) s phenylmethyisuifony! fuoride, and 50
pg/mt leupeptin for 3 min at 4°C, Cells were scraped, homogenized {14 strokes

in 8 steel dounce), and centrifuged for 50 min at 100,008 X g at 4°C. Two
tundred pd of the supernatant were incubated with either cagherin-6 {2 pb),
a-catenin (100 ul), B-catenin (1 1g). or culture medivm as & control overnight
on ice. Immunocomplexes were captured by Protein G-Plus/Protein A agsrose
beads {Orcogene Science, Cambridge, MA) and washed twice in exuraction
buffer. Immunocomplexes were chited from capiure resin in SDS sample
buffer (2% SDS, 1.25% g-mercaptocthanol} and separated by 0% SDS-
PAGE (0.75-mm gels). The gel was stained and destained as described (24),
Autoradicgraphs were exposed at ~H°C. For immunocorcentration experi-
ments, cefls wens growa in T75 culture flasks and processed as above, except
radioactive labeling was omitted.

Immunobletting. Frozen reaad tissue stored at —70°C or 8G% confluent
cell culires were lysed in 2% SDS, 100 mM NaCl, § mm EDTA, and 62.5 mm
Tris-HCL pH 6.8. The protein extract was ceatrifuged for 20 min at 14,000 rpm
at 4°C. Supernatant was retained, snd total proteis concentration was calcu-
fated by BCA Protein Assay Reagent A (Pierce Immunochemicais, Rockford,
iL}. Fifty pg of totaf protein in a finsd solution of 2% S8, 1.35% S-mercap-
toethanol, | M EDTA, and 62.5 mum Tris-HC (pH 6.8} were separated on
10% SDS-PAGE (1.5-mm gel) and transferred to mitrocelluiose membrane
{Hybond-ECL; Amersham Life Science, Arlington Heights, IL) in 20% meth-
anof and 3.05% SDS. Nitrocellulose membranes were blocked in 5% nonfat
dry milk and Tris-saline buffer ovemnight. brenunoblotting was performed with
the primary antibody af a dilution of 1:10,000 for cadherin-6 and 0.5 pg/mi for
H-ratenin for 3 h at room termperatire in Tris-safine buffer with 0.1% nonfat
dry milk. As # secondsry antibody, horseradish peroxidase-conjugsted IgG
{donkey-anti-rabbit or sheep-anti-taouse, 1:10,000: Amersham Life Science}
was used in Tris-saline buffer with 5% nonfat dry milk. Before and after this
step, immunchblots were washed three times each for 20 min in Tris-saline
buffer with 1% Tween 20. Chemiluminescence was developed with Super
Signal solution (Pierce Immunichemicals, Rockford, L)

RESULTS

Cadherin-6 mRNA Is Restricted to the Kidney. In an effort to
characterize cadherin expression in & neonatal prostate epithelial cell
line, we cloned a novel cadherin ¢cDNA using degensrate PCR tech-
nology {32). A homology search revealed that the sequence of this
cadherin was identical to that of cadherin-8, recently characterized by
Shimoyama er al. (19) to be present in some renal carcinoma lines and
in fetal kidney tissue. The localization of expression of cadherin-6 in
the normal kidney as well as the possible alterations of cadherin-¢
expression in renal cell cancer was not determined in this previous
study.

By Northern analysis we confirmed the tissue specificity of cad-
herin-6, because the snalysis of 16 different adult fisswes demon-
strated detectable mRNA message only for kidney. In this tissue, three
transcripts of about 3.6, 4.0, and 8 kb were observed (Fig. 14). All
other tissues, including normal adult prostate, were negative.

Characterization of the Cadherin-6 Antibody. To more fuily
characterize the expression pattern of cadherin-6 in both normal and
neoplastic renal iissues, we developed a polyclonal antiserum against
cadherin-6. A unique peptide sequence focated in the cytoplasmic
domain of cadherin-6 was used as the antigen.

The specificity of this antibody was assessed by immunoblotting
and immunofluorescence with and without blocking peptide. The
former analysis revealed the presence of a single band of 120 kDa
{Fig. 1B), the size of a typical cadherin, in the renal cancer ceil line
RCC74. Funthermore, the fack of reactivity of this antiseram with BE-
or P-cadherin was demonsiraied by immunobiot analysis of cell lines
known to be positive for these cadherins (data not shown).

Immunofluorescent staining of RCC74 cells with the cadherin-6
antiserum demonstrated immunoreactivity at the ceil-cell border (Fig.
1€, whereas no staining was observed using preimmune rabbit se-
rum, To demonstrate the specificity of our antibody for cadherin-6,
the synthetic peptide used as antigen was added to the primary
antibody at different concentrations up to I mg/ml. In contrast to the
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positive staining of normal kidney without the peptide, there was no
staining observed st concentrations as low as 0.01 mg/ml. To exclude
nonspecific effects, the same peptide was added to anti-E-cadherin
amtibody, followed by immounchistochemical staining. Under these
conditions, staining was unaffected (data not shown).

Expression of Cadberin-6 in the Proximal Tubule of the Nor-
mal Kidney. We established 3 cell onlture of proximal renal tubular
epithetium {NX-1), which showed positive staining of F13 and cy-
tokeratin 18, indicating its origin from the epithelium of the proximal
renal tubule {data not shewn). With cadherin-6 antiserum, NX-1 cells
showed positive immunoreaction at the cell-cell border in typical
cadherin-like pattern st areas of cell-cell borders but not st cell
membranes without cell-cell contact (Fig. 2a).

On frozen sections of normal renal tissue, we could demonstrate
staining for cadherin-& in the renal tubular epithelium at the cell-cell
borders (Fig. 2&). To further characterize this staining in the renal
tubuiar epithelium, serial sections of normal renal tissue were pre-
pared from surgical specimens and immunohistochemically stained
for cadberin-6, F23, and E-cadherin as shows in Fig. 2, v—e. The
staining of cadherin-6 in the renal contex (Fig. 24) shows the same
distribution as the staining for the membranous glycoprotein F23 (Fig.
2¢), which is specific for the proximal reaal tubules {30). The same

tnbules showed positive staining for N-cadherin (data not shown}. In
contrast, E-cadherin expression was observed in F23-negative tubules,
including the distal renal tubules and collecting ducts (Fig, 2¢). No
staining of distal tubules and collecting ducts could be vhserved for
cadherin-6, and as expecied, proximal tubules were negative for
E-cadherin, Except for some scattered positive areas in the Bowman's
capsule for all theee antibodies used, w0 cadherin expression could be
identified within the glomeruli. The specificity of cadherin-6 positiv-
ity in the proximal renal tubule, according 1o F23-positive tubules,
was confirmed by immunofluorescence {data not shown}, E-cadherin
again was restricted to F23-negative distal renal tubules.

On higher power, cadberin-6 immunofluorescence (Fig. 3a) ap-
pears not to be limited to the areas of cell-cell contact but also is
present in the areas of the basal membrane. This finding correlates
with the localization of the coexpressad a-catenin {data not shown}
and B-caternin (Fig. 353, In contrast, E-cadheria-positive {Fig. 3¢) and
N-cadherin-positive {Fig. 34} tubular cells, which also demonstrate
colocalization with o and B-catenin (data not shown), do not show an
enhancement of staining at the basal membrane.

Interaction of Cadherin-6 with the Catenins. The classical cad-
herins are known to interact with a family of cytoplasmic proteins
termed catenins. Interaction of cadberins with these proteins is
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Fig. 2. Immunostaining of sadherin-6 in normal
human kidney. o cadberin-§ immunorsactivity in
NK-{ cells, a strain of normal proximal tubalss renal
cells. The staining of cadierina is located at the cel
borders in areas of cell-celf contact; no saining is
abserved at celt membernes without cell-cell contact.
B¢, froven sections of normaf kidney. b, cadhering
staining at the cell-cell border of the renad tubular
epitheliom. Note honeycomb siaining patesn, o~e,
immunastaining of serial sections of normad renal
tissue. In these panels, the two arrowheads indicate
the same proximal renal tubule, and the arrows show
the identical distal renad tubsde in each section sur-
sounding a glomerulus, ¢, F23 {1:10089), an antibedy
specific for the proximal renl tubules. d, cadbesin-6

antiserum (1: {000} showing positive statning of m-

bules husving an ideatical distribution to that of F23.
¢, anti-E-cadherin {1 pgfml) expression in the distal
renal tubules, o, XI000; bz, XN
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prerequisite for normal cadherin function (33). To investigate the teins with the apparent molecular weights (M, 102,000 and M, 92,000)
potential interaction of cadherin-6 with these proteins, we performed  corresponding to that of «- and S-catenin. To determine the identity
immunoprecipitation and immunoconcentration experiments. The su-  of the coprecipitating species as catenins, we carried out Western
toradiograph of cadherin-§ lmmunoprecipitates from metabolically  blotting of immunoprecipitates obtained with cadherin-6 and B-cate-
labeled RCCT74 cells (Fig. 44) demonstrates coprecipitation of pro-  nin amtibodies (Fig. 48). We immunoprecipitated with either cad-

Fig. L1 fl ining of sections of sormal
husman kidney with fi in-conjugated dary anti-
body and nuclear counterstaining with 4' 6-diamidino-2-phe-
nytiadofe. & cadberin-6 immunoreactvity of positive prori-
wusd ezt tbules st the areas of cﬂl»cell cumacf and enhaacw
staining st the hasal b {ar a5}, b, Boat 58
focalized i the proximal (arrowhends) and d!sl.al renal tu-
biles (arrowd. Note the observed enumceraent of the basat
membrane in proximal sanal whules ideatical to the localiza-
tion of cadberin-& expression. o, E-cadherin-positive distal
renal tubues {arrow) without enhanced stzining at the basal
membrane; proximal mnai lubulcs show DG stRNIng furrime-
heads). d, N-cadhent imaf renal tabistes (arnow-
Heads). Note N«wdhcnn‘ncsame distal renal tubules farrow).
A8,
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herin-6 or B-catenin antibody, and by subsequent Western blotting of
these immunoprecipitates with either cadherin-6 or B-catenin antibod-
ies, we found coprecipitation of S-catenin with cadherin-6 antiserum,
and likewise, cadherin-6 coprecipitated with S-catenin antibody, in-
dicating their binding interaction in the cell extracts. As negative
controls, we used cell extracts immunoprecipitated with nonimmune
tissue cuiture medium prior to Western blotting, as well as substituting
culture medium for the cell exiract during the immunoprecipitation
step (Fig. 48).

Cadherin-6 Expression in Renal Cancer Celt Lines and Pri-
mary Renal Cell Carcinomas, We have established two primary
renal cancer cell lines from tumors of different histological type.
RCC74 is from a papillary renal carcinoma and shows intense expres-
sion of cadherin-6, and RCCT1A is derived from a sarcomatoid renal
cell cancer and proved to be cadherin-6 negative. Human renal car-
cinomas obtsined from the ATCC showed different levels of cad-
herin-6 expression. 769-F and 786-O showed only very wesk staining
at the cell-celi borders, but 786-0 demonstrated diffuse cytoplasmic
staining, as did Caki-1 and Caki-2 (data not shown).

To examine cadherin-6 expression in primary samples of renal cell
cancer, we examined frozen sections for the expression for cadherin-6
and E-cadherin by immunohistochemistry, The samples were scored
as either negative (Fig. S5a), positive {Fig. 5b). or heterogeneous {(Fig.
5¢). We looked at a total of 32 renal cell cancers stratificd by the
histological type and tumor grade (Table 1}. Tumors with clear cell
features demonsirated cadherin-6 retention in low-grade tumors and
heterogeneous or ioss of expression in high-grade tumors. All papil-
lary tumors revesled strong cadherin-6 positivity, wheress sarcoma-
toid tumors showed loss of cadherin-6 expression. Oncocytomas,
which are thonght o arise from the collecting duct system (34),
proved to be E~-cadherin positive and cadherin-6 negative, as would be
expected from our observations in normal kidaey.

To confirm the results of the immunohistochemistry, Western anal-

yses were performed. According to the resaits of the immunofluores-
cence oxperiments, RCC74 demonstrated a strong signal for oad-
herin-6, whereas RCC7 1A showed no immaunoreactivity (Fig. 84). No
protein signal could be detected for Caki-1 and only very faint
expression for Caki-2 and 769-P. Of the ATCC celf lines, only 786.0
showed abundant cadherin-6 expression; besides the band at M,
120,000, several smaller proteins were detected, presumably due to
degradation or abrormal producis (Fig. 64). Attempts to minimize
protein degradation by direct solubilization of cultured cells in SDS
sample buffer resuited in no change in the pattern of immunoreactive
bands. Similar findings have been reported for Ksp-cadherin in the
rabbit kidney (35), although the origin of these smaller polypeptides
remains anciear.

Three marched pairs of normal renal tissue and renal cell cancer
{Fig. 6R) were analyzed demonstrating either up-regulation {sample
140), equal expression {sample 246}, or no cxpression (sample 273} of
cadherin-6 in renal wmors compared © normal. On histological
examination of these tumors, the two cadherin-6-positive tutnors
revealed clear cell features, whereas the cadherin-6-negative tumor
Was an gncocytoma.

DISCUSSION

In this study, we demonstrate that cadherin-6 is specificaily ex-
pressed in the proximal renal tubule in human kidrey. Cadherin6
shows two features typical of classical cadherins: (a) staining at the
cell-cell border at the aseas of cell-cell contact; and (b) interaction
with the cytoplasmic proteins o and S-catenin, Furthermore, we
examined a series of primary renal cell cancers, finding that loss of
cadherin-6 expression is more common in high-grade tumors or
tumors with worse prognosis. These observations implicate a possibie
role of cadherin-6 as an important factor in renal tumor progression.

To understand the development and progression of a given cancer
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type, it is necessary to investigate the normal architecture and function
of the cells that are destined 1o be transformed. One important aspect
of carcinogenesis involves cell adhesion molecules as possible factors
n tamor invasion, tmor cell circulation, and metastatic implantation.
Cadherins are transmembrane glycoproteins that interact in a calctum-
dependent, homotypic fashion. Besides the well known classical cad-
herins epithelial {(E-), neural {N-}, and placental {P-} cadherin, more
than 30 additional cadherins have been deseribed. Cadherins play an
fmportant role in tissue compaction and cell differentiation, mainte-
nanee of tissue, cell migration, and celf regulation (36). Cadherins are
also iavolved ia tumor aggressiveness and tumor invasion (37). In a
variety of epithelial neoplasms, loss of cadherin expression correlates
with tumor progression. Cadherins are thought to act as tumor inva-
sion suppressor genes, as demonstrated by E-cadherin in gasiric and
colorectal carcinomas (4), breast cancer {8), skin neoplasm (38},
transitional cell carcinoma of the bladder (7), and prostate cancer (34,
39). However, in renal cell cancer, no cadherin molecule correlating
with either prognosis or invasion has been identified (15, 16).

Terpe et al. {14} demounstrated that E-cadherin expression can be
found in about 30% of all renal mmors and is restricted to fow-grade
cancers: they sugpested that E-cadherin expression may be connected
to a dedifferentiation process. Katagint er ol {15} also investigated
E-cadherin expression in renal twmors, They fonund that none of the
metastasis expressed E-cadherin, but about 20% of the primary lesions
showed positive imsnunoreactivity. The authors conclude that B-
cadherin may be a prognostic marker in renal cel} cancer, but because

of cadherin-& in 5 clear cedt carcinoma. X400,

£Xp

of the low rate of expression, ather cefl adhesion mofecules may play
a more important role. N-cadherin, also called A-CAM, which is
known 10 be expressed during the renal development and in the
proximal renal tubules of the adult kidney (40), has also been inves-
tigated, Tani ef al. (16} reported that E- and N-cadbherin expression in
renal cell cancer does ot correlate with tumor grade. They concluded
that aberrations in another pathway must be responsible for the
deficient capacity to Jorm polanized wbular structures in kidney
cancer. A novel cadherin molecule, cadbierin-b, was isofated by Shi-
moyama et of. {19} from a hepatoceHular carcinoma lacking E- and
P-cadherin expression. This cadherin showed 97% homology with the
cDINA of K-cadberin, which was cloned by Xiang ef o, (20) from a
rat renal cancer cel line. K-cadherin could not be detected in adult rat
kidneys, but RNA. transcripts of human cadherin-6 were found by
Northermn analysis of adult human kidneys and renal cancer cefl lines
(19). These first reports suggested that cadherin-8 is involved in the
development of the kidney and possibly renal cell cancer,

Our results confirm the tissue specificity of cadherin-6 and estab-
fish for the first time that cadherin-6 is expressed in the proximal
tubular epitheliom. The distribution of cadherin-6 shows typical stain-
ing at the cell borders in areas of celi~cell contact in vitro. In vive we
observed that cadherin-6 is also focalized at the busal membrane,
along with B-catenin. We specuiate that cadherin-6, which is specif-
ically expressed in the proximal tubule, may contribute to the phys-
iological function of these epithelisl cells. Interestingly, Thomson ef
al. (38) describe a similar observation for Ksp-cadherin, which, like

Table 1 Expression of E-vadberin and cadberin.G of primary rensf rell carcinsma by immunohistochemistry
Renad coll cascinomas were steatified by histological type and tumor grade. Immunporactivity was scored 3s positive (pos.), heteroganeris (2}, or negative {mg.).

E-calherin Cadherin-8
Tismor Totst pos. by neg, pos. = neg.
Clear cell carcinoma
Grude ¥ 19 4 i 3 ] 2 2
Grade HI 8 { k] 3 { 4 3
Grade 1V 2 0 { i 4] t 1
Pupillary madf cel cascinoma 4 0 i 3 4 4 o
Sarcomutold senal cell carcinoma 3 0 i 2 @ 2 1
Granudar sepal oell 3 { @ 2 2 G 1
Oneacyioms P 2 i 0 bl & 2
Tota 32 8 7 17 13 2 HY
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Fig. 6. Immunoblot analysis with cadberin-$ antibody {1:16,000) of senat

have been suggesied to originate from the collecting duct (46}, al-
though studies are contradictory regarding both these issues {47),
Homogeneous staining for cadherin-6, however, is more consisteat
with the origin of these tumors from the proximal renal tubule and
may explain the unusual papiliary structure of polarized cells in
coatrast to solid clear cell carcinomas. However, the use of cell-
specific markers to determine cell type of origin can be problematic,
and it is vertainly possible that acquisition of cadherin-6 expression
accompanies cellular transformation in this tumor type. The tenal
tumor with the most favomble prognosis (48), the oncocytoma, is
cadherin-6 nepative, but this tumor has been shown to arise most
likely from the collecting duct (34), and thus, cadherin-6 expression
would not be expected.

In conclusion, we demonstrate that cadherin-6 is specifically ex-
pressed in the proximal renal fubules in humans. Cadherin-6 is re-
tained in some but not ail renal cell carcinomas. The observation of
differentisl expression of cadherin-6 in renal cancers of different
histological type and tumor grade and down-regulation of expression
in a significant subset of renal cell carcinomas is consistent with an
involvement of this celi adhesion molecule in the progression of renal
cell cancer. Additional, direct studies of cadherin-6 dysfunction in
renal cell carcinoma will be necessary to expand these findings and 1o
fully elucidate the role of this process in renal cell cancer progression.
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BAGKGROUND, To evaluate the significance of the presence of cirealating renad cefl
carcinnma (RCCH cells in the development of mutastases, the avthors extended
previous study to quantify cadhierin g mRNA levels in assoctation with the pattern
of metastasis,

METHODS. Cadherin-g mRNA levels were measured in pevipherad bBlood samples
from 66 patierss with RCL, inclading 58 patients who had newly diagnosed RCC
{43 withowt metastases and 12 with metastases) and 11 patients who fusd recurrent
RCC. Por gnantitative polymerase chain reasction analysis, 3 cutoff value was
determined in blood samples from 28 healthy volorieers and was verified in
samples from 5 healthy controls and from 16 patients who hag sther malignancies,
The correlation between the site of mefastases and the cadherin-8 mBNA level was
analyzed, and 3 follow-up stady Unedian, 398 months) o track subseguent reetas-
tases was performed sfter patients underwent nephrectomy,

RESULTS. Cadherin-8 was found in 69.9% of patients with metastases and in 34.9%
of patierds without apparent metasizses (£ = G099}, In the group of patients with
revurreny ROGC, patients who had paly pulmenary metastases had g significantly
Tower positivity rate {(25.0%) compared with patients who had distant metasiases
{H5.7% £ = 8064, Among 43 patients with newly diagriosed RCC, § of 15 patienis
whn were positive for cadberin-6 had metastases after nephrectony, whereas only
2 of the 28 patiends with negative cadberin-G siatus had recument disease {#
= 10368 In addition, the recorrenve-fres sundval of patients who were positive
for cadherin-§ was poorer compared with the survival of patients who wore
negative for cadherdn-§ (P = (.08

CONCLUSIDNS. The quantification of cadherin-8 mBENA in peripheral blood may be
a significant prediciive marker for corrent and future metastases. However, sub-
sequent metastases did not ahways carrelate with levels of cadbedn-6 mBNA, This
nxay have heen due either to the small nrmbers of ciroulsting tomor cells oy to the
lowy fovels vadherin-g mRNA v clerulating qunor cells. Canesr 2004:101:863-8,
& 2004 Arnerican Cancer Sociey,

KEYWORDS: kidney, osll adhesion molesule, metastasis, prognosis, polymerase
chain reachion.

Renaj cell carcinoma (RCCY has an unpredictable clinical course
 and a tendency to recur and metastasize, even several years after
surgery, Approximately 30% of patients with RCC already have met-
astatic disease at the time of diagnosis® Although several new ther-
apeutic modalities {e.g., cytotherapy, immunatherapy, and gene ther-
apy) have been developed recently for the treatment of patients with

Pubiished onfine 29 July 2004 in Wiey InterSolence {www.interseience ey .com},
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TABLE 1
Surmunary of Patients with Renad Cell Carcinoms and Quantification of Cadherin-§ mBNA
Tumor clswificution Tamoy grade Cadherin-8 mBNSA fredutive ratio)
Now of
Chasaeteristic patients  MIF [ - v T S S 2 3 X Mudien frangy) Average (ST
Rewly diagriossd RO
Withont mefasiases Jocalized) 43 0 24 7 i1 f1 H 17 i 7 & #1500 0,938 {164
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Rertterent RUC
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ME e el vt S atasdasst dew

dtony ROC vorsd vt vasries

s ek snkideely; My neph

metastatic RCCs, the prognosis for these patients re-
mains pooy. It is possible, bowever, that survival rates
may be mproved i these treatment modalities wers
carried out at an earlier siage in metastatic disease,
i.e., during micrmmetastasis, From this point of view, a
number of investigations have attempted to evaloate
the malignant potential of RCT cells by detecting ge-
netic alterations and frying fo identify a molecudar
marker that is predictive of metastases.

Giroldi et al. showed that cell-cell adhesion mol-
ecules, the so-called cadherins, play an essential role
in the preservation of normal tissue Integrity and that
thelr disruption rorrelates with the most initial phase
of the metastatic cascade in many carcinomas, includ-
ing wologic malignancies” Cadherin-6, which is a
Type 2 cadherin that probably is associated with tu-
mor origin, s expressed frequently in BCC instead of
B-cadherin® We praviously reported that cadherin-§
had prognostic value, especially in patients with E-
cadherin-gbsent RCC.? Among patients with RCC who
have abnormal radherin-8 levels, survival rates ave
poorer statistically comnpared with the rates among
patients with RCC who have normal cahderin-6 lew-
els.? In addition, we have noticed that mRNA expres-
sfon of cadherin-6 often was Increased in patients who
had RCC with abnormal cadherin-6 levels® and that
this molecule alse was expressed at the metastatic site
{date not shownl.

Recent investigations have revealed that micro-
metastasis can be predicted with polymerase chain
reaction (PUR-based molecular technigues using cir-
culating blood.®¥ Although specific molecular mark-
ers for the detection of RCC cells in the peripheral
biood have not been established, several basic Inves-
tigations have been performed ™ %2 In the current
study, we exiended owr previous work® in which we
attempted o detect circulating RCC cells by using a
quantitative PCR method for the detection of cad-
herin-8 mBNA as a new molecular marker, and eval-

gated its clinical vatue for predicting micrometastasis
and svaluating the metastasis-refated biologic poten-
tial of RCC.

MATERIALS ARD METHODS

Patients

Blood samples were collected fron: patients with RCC,
including 35 patients with newly diagnosed RCC and
11 patients with recurrent RCC, alter informed con-
sent was obiained from each patient. Patients with
recurvent RCC had undergone previous nephrectomy
and had metastatic lesions, Among the 686 patients, the
male:feniale rathy was 46:20. Among the 55 patients
with newly diagnosed RCC, 43 patients had localized
RCC without evidence of metastasis, and 12 patients
had advanced disease with metastases {Table 1}, Pe-
ripheral blood samples were collected from all pa-
tients with newly diagnosed RCC (35 patients) before
nephrectnny and from 28 patlents during the period
1~4 weeks after nephrectomy. In addition, peripheral
blood smmples were collected from patients af the
time of diagnosis of recinrence with metastatic dis-
ease. The median follow-up after nephrectomy was 39
months {range, 3060 months}. Peripheral blood sam-
ples from 25 healthy volunteers were used as a control
to determine the cutofl value of this assay. To verify
the validity of the cotoff value, additonal samples
from 5 healthy controls and from 10 patients with
wther grologic nialignancies {6 urnthelial carcinomas,
3 prostate carcinomas, and 1 testicudar carcinommnal
also were analyzed,

BNA Extraction from Blood Samples and cDNA Syunthesis

Blood sapnples were diluted with the same volume of
phosphate buffered saline (PBS) and then layered anto
20 mi of Ficoll-Hypaque {(Pharmacial, After centrifu-
gation at 1500 revolutions per minute for 10 minutes,
the buffy coat was washed with PBS, and the cell pellet
was frozen in Hquid N, Total BNA was isolated from
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the cell peller by the standard TRizol {Gibeo BRL)
method according to the manufactarer’s instructions,
Complementary DNA was generated from 1 ag total
RNA via randomly primed reverse transcriptase PCR.

Quantitative PGR for Cadherin-6

The guantitative PCR assay was performed using Y6 of
the volume of cDNA generated by 1 pg tofal KNA inan
ABI PRISM 7700 real-time thermal cycler. Upsiream
and downstream PCR privners and the TagMan probe
for cadherin-8 were 5 -GCA CTC ACY ACG CAC A-¥,
5 -ACCCTTTGG TGA TCA G-37, and 5-TGU CAY CAG
CAT GAG AAC TTA CCG CTA CTT-¥, vespectively.
TagMan Ribosomal RNA comirol reagent (Perkin
Elmer} was used accovding to the mamufacturer’s in-
structions as an internal control for correction of the
mRNA guantity of sach swmple. A standard curve for
the assay was created by quantitative measurernent of
cadherin-6 mBNA expression in serfal dilutions of
SKRC-33 total RNA. Quantitative analyses were per-
formed twice for each sample to confirm the repro-
ducibility of the assay.

Evaluation of Cadherin-6 Expression and Corrslation
between Metastatic Status and Quantily of Cadherin-6
mRNA

The cutoff value of cadherin-6 mRNA expression &
this assay was determined by caleulating the average
value + ¥ X the standard deviation (8§D} in the healthy
cantrol group. The quantity of cadherh-8 mRNA fron
each blood sample was estimated by comparison with
the standard cuyve of cadherin-6 expression using the
SKRC-33 cell line, Comnparative analyses of the asso-
ciations between cadherin-f levels and the presence
and site of metastatic disease were performed. In
newly diagnosed patients who had localized or locally
advanced RCC, the corvelation between the detection
of cadherin-8 mENA and metastases following ne-
phrectomy also was analyzed, In those patients, a plot
of recurrence-free survival with metastasis also was
constiueted using the Kaplan-Meler method, and dif-
ferences between the two groups were estimated with
the log-rank test.

RESULTS

Cutoff Value and Cadherin-G mRNA Levels in the
Samples

Compared with the cutoff values in 25 healthy volun-
teers, cadherin-6 mRNA levels in 5 additional healthy
volunteers were ohserved at the lower cutoff value, In
all patients with malignancies other than RCC, cad-
herin-6 mRNA fevels i peripheral blood samplexwere
within the lower cutoff range (Fig. 1)
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FIGURE 1. siustration of the cutoff vadus for cadherin-& mBNA levels and the
vafidation of this culolf level using periphecal blood samples from a healthy
controt groug and from @ group of patients with wolbgic matignancies othey
than renal cel carcinors, The cutol value for the assay was (.24 (the relative
sooee of carherin-6 mANA in SKRC-33 cofis) and was defermined by calew-
iating the mean plus 2 gtandard devislions in the bealthy condrol group {n
= 25}, Additioneg samples from the conlrol group and from the group of
patients with pther malighancies showed e lower lovel of culpff vale in
cadherin 8 MBNA. The y-axs shows e relative soore compared with the
cadhedin-6 mBNA fevel in the SKRU-33 celf Hne, and chivies in the Standard
columa ndicate serially diftted cadherdn-6 mBNA lovels in SHRO-33 calbs.
Y-afe: relative ratio compared o exprossion foval of cadherdn-g in SERG-33
caifs.

Patieni Profiles and Metlastatic Status during Follow-Up
Of 55 patients with newly diagnosed RCC, 43 patients
had no metastatic lesions, and 12 patients had metas-
tases in hung, bone, Hiver, or other organs, Among the
43 patients who were without metastases, 7 had re-
currences with metastatic disease after nepluectonyy.
Conversely, 11 patients who had recurrenves after ne-
phrectomy also had metastases in lung, bone, fiver,
brain, or other argans.

Quantitative PCR for Cadherin-8 According fo the
Presence of Metaslases

Among the patients who had metastatic disease {in-
cluding patients with newly diagnosed disease and
patients with recinvent disease), 16 of 23 patients
{69.9% were positive for cadherin-8 mRNA, whereas
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FIGURE 2, Cagherin-6 mRNA levels in pesipheral bood from patients with
senal el carcinom {7 = 85 acconding o metastasis {mety) slals show that
the sate of positive cagherin-6 results ameng patients who had metasiatic
diseagse was slafistivally greater han Bw rate among pationts withowt mafa-
stalic disease [P = (.008%9). Y-axis relative ratio compared to expression level
of cacherin-8 in SKRG-33 pafis.

positive expression of cadherin-6 was detected i1 15 of
43 patients (34.9%) who were without metastases
{newly diagnosed patients). The difference between
positive cadberin-6 mRNA rates with and without me-
tastases was statistically significant {chi-square statis-
tie, 7.24; P = L0099} (Table 1, Pig. 2},

Quantitative PCR for Cadherin-6 According fo the Site of
Metastases

Detection rates in patients who bad metastases after
undergoing nephrectomy were 1 in 4 among patients
with pulmonary metastases alone and 8 in 7 mmnong
patients with metastases to other organs {chi-squars
statistic, 4.06; P = 0.044}, Conversely, among the 12
new patients who had metastatic disease, positive
cadherin-6 mRNA status before nephrectomy was
noted in ¢ {Fig. 3. In new patients without metastatic
disease, although only 1of 10 patients with Tla tomors
had a positive result, the positive rate was 1ot asseci-
ated with either T classification or tumor grade.
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Correlation hetween the Quantilative Assay for Cadherin-
6 and Lafer Metastases

Among 43 patlents with newly diagnosed RCC, a
higher rate of recurrence with metastases was ob-
served in patients who had detectable cadherin-6
mANA levels in peripheral blood compared with pa-
tients who had negative cadherin-6 results 5 of 15
patients [33.3%] vs. 2 of 28 patients [7.1%%], respec-
tively; £ = (L,0398) {Fig. 4). The correlation between the
detection of cadherin-6 mRNA and later disease recus-
rence in 26 patients who had both prenephreciomy
and postnephrectomy blood samples available is
shown in Table 2, Of the six patients who continuously
had positive results for cadherin-6, thres bad metas-
tases. At the time of recurrence, cadherin-$ mRNA
remained detectable in five of the seven patients who
had positive cadherin-8 status before neplwertonmy; in
contrast, of the two patients who bad negative cad-
herin-6 status before nephrectomy, only one ve-
mained negative for cadherin-6 after this procedure.
Recurrence-free survival after nepbrectomy in the
RCC patient who was positive for cadherin-6 mBNA
seemed to be poorer compared with the sarvival of
patients who were negative for cadherin-8. However,
the difference between the two groups was not statis-
tically significant {P = 0.062; log-rank test) (Fig. 5%,
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FIGUBE 4. securance (hlack dots) was subsenuantly Socumented in 5 of 15
paticats who wete positive for cadherin-8 mRNA before nepheectomy 8,
compared with 2 of 28 pafients who were negative for cadherin-8. Y-avds:
relative ratio compared 1o exprassion level of cadberin-6 it SKRG-33 oells,

TABLE 2

Correlation hetween Detection of Cadherin$ and Subsequent
Metastases

Subsequent stetus
Detection of cadherin-d {ne, uf patients}

Pre-Ne Fosi-Ng Mutastagis B mestantasis
Negative Negatlke Z 13

Positve Negative 3 £

Kegative Positive B i

Positive Positive M 2

Total Regattes or positive & 2

N nepdsrontssmy

DISCUSSION

A definitive tumor marker that is expressed in RCC has
not been identified o date. Recent studies have dem-
onstrated that RCC cells can be detected in the circu-
lating blood, i.e., from renal and peripheral veins, by
means of molecudar biologic techniques. Meliernan et
al. reperted that MN/CAS, which is a relatively specific
membrane oncoprotein, is a useful tool for detecting
clear cell RCC cells in the peripheral blood indepen-
dent of tumor xtage using reverse franscriptase-PCR
(BT-PCR) technology.”! Uemura et al.” showed that

8 ; .

. : Oasthnei-8 mRKA )
YR
£ e ———
& Dadherind mRNA {+} L
5 a8
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*‘fj, G4
5
y 82

& A

& Rt : 4§ Y 854G i)
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FIGURE 5. Recumence-frez survival curves in petients with renal coft
carcinoma after naphrectomy show that fhe patients who were positive i
cadhadn-6 mANA {4, n = 13} moasured in thelr periphersl blsod seemed o
have 8 higher rate of recurrence compared with patients who were negative for
sadierinsg {— ¢ = 28} However, the differencs bebween the two groups was
nat significant (P = 0.068. Y-axs: Recurrence-free survival rate.

MN/TAS was expressed in > 0% of clear celi-type
RCCs and was useful for the detection of BCC cells in
the peripheral blood™ However, those authors re-
ported that the detection rate of MNfCAS mBNA in
the peripheral blood from healthy volunteers also was
relatively high (32.3%), suggesting that positive ex-
pression of MN/CAS is present in normal blood cells
or in cells that have been comaminated by the blood
sampling procedure.®™ Therefore, this indicatar re-
mains coniroversial among investgators. &

Conversely, Ashidza et al.”* demonstrated that the
von Hippel-Lindau {VHL} gere mutation, which is
specific for clear call-type BCC, is usefid for the detec-
tion of ttumor cells. VHI gene mutations were detected
i peripheral blood before strgery in 11.8% of patients
with sporadic clear cell RCC. This method s consid-
eved specific for clear cell RCC, but it is necessary fo
identily the presence and type of nuutation of the VHL
genie prior to the analysis of blood samples. It is worth
noting that the detection rate of RCC cells by VHL
mufation was remarkably high {77.8%) in renal venous
blood during nephrectomy and in peripheral blood in
the 24 hoans after nephrectomy, indicating that RCC
cells may be spread into the circulation aystem by
surgical manipulation. In addition, de ia Taille et al.™*
showed that a combined, blood-based RT-PCR analy-
sis of MN/CA? and prostate-specific membrane anti-
gen is a usefud clinical tool for the detection of vascular
invasion of RCC, indicating that a PCR-based blpod
assay using two or three molecules associated with
RCC may help to identify micvometastases.

Thus, as shown in our current and previous work,
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RCC cells frequently appesr in the circulating blood
avstem befove and during nephrectomy, independent
of the presence of apparent metastatic disease. Ac-
cording to the previous literature, in patients with
localized RCC, it is emphasized that the positive rate
of RCC cells is between 32% and 46%*4 in peripheral
biood but > TO%™ in renal venous blood during ne-
plrectomy. Beeause the dissemination of tumeor cells
int bload circulation is essential in the early stages of
metastasis, patients who have localized BCC with
positive levels of cadherin-6 mBNA are considered
a group that is at high risk for Iater metastases. Omr-
versely, it also has been speculated that certain
molecules in the mefastatic cascade, eg., those of
fnvasion, proliferation, and angiogenesis, are indis-
pensable in the establishment of metastases.

Several factors influence the probability of detec-
tion. Tumor volume may be associated with the pos-
itive rate of this assay. In the group with metastases,
the detection rate was higher in patients who had
tumor-bearing kidney compared the rate in patients
after nephrectnny. Farthernove, a low detection rate
{1 of 10 patients} was ohserved in patients whe had
localized Tia tumors that measured < 4.0 cm in great-
est dimension. Bven in patients with metastatic dis-
ease, no definitive reason was identified for the low
detection rate in those who had only pulmonary me-
tastases. Char previous study showed that a coneentra-
tion > 10 cells/ml was required for detection by
nested PCR,Y indicating that at least 1 RCC cell in 18°
maonanuctear cells was required for detection using a
PCR systemn, because the monomuclear cell concentra-
tion typically ranged between 4000 and 9000 cells/pL,
Therefore, it is possible that the ponibers of circulat-
ing tunor cells were not great enough 1o detect using
the PCR systam. Alternatively, the level of cadberin-8
mRNA expression of civeulating tiunor cells 1nay have
heen too low for detection. The reason for this may be
that normal hag epithelial cells express cadherin-8,
and RCC cells with cahderin-6 may attach to pulmo-
nary tssue by means of homophilic cadherin adhe-
sion, suggesting that RCC cells that pass through the
pulmonary circulation may lack mBNA expression of
cadherin-8.

The current guantitative detection system may
possess progaostic value, as positive cacdherin-8
mRNA status in the blood appesred to be correlated
with later rectirvence. However, some exceptions were
observed in the correlation between the assay resudis
axd the ocourence of metastases. This finding may
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indicate that the risk of metastasis is assoclated not
only with the presence of tumor cells in the blood
circidation but alse with the metastatic potential of
other tumaoy cells, e.g., anglogenesis, profiferation, and
invasion, as discassed above, Thus, further investiga-
it with longer fllow-up will be ix needed to confinm
the predictive value of the guantitative assay for cad-
herin-6 mENA.
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Rackgrownd

Although it has long been appreciated that ovarlan carcinoma subtypes {serous, clear cell,
endometricid, and mucinous} are associated with different natural histories, most ovarian
carcinoma biomarker studies and current treatment protocols for women with this disease are
not subtype specific. With the emergence of high-throughput malecular technigues, distinct
pathogenetic pathways have been identified in these subtypes. We examined variation in
biomarker expression rates between subtypes, and how this influences correlations betwesn
biomarker expression and stage at diagnosis or prognosis,

Methods snd Fingings

in this retrospective study we assessed the protein expression of 21 candidate tissue-based
biomarkers (CA125, CRABP-l, EpCam, ER, F-Spondin, HE4, IGF2, K-Cadherin, Ki-67, Ki5S1,
Matriptase, Mesothslin, MIF, MMP7, p21, pS53, PAXS, PR, SLPL, TROP2Z, WT1) in a population-
based cohont of 500 ovarian carcinomas that was collected over the period from 1984 to 2000,
The expression of 20 of the 21 biomarkers differs significantly betwean subtypes, but does not
vary across stage within each subtype. Survival analyses show that nine of the 21 biomarkers
ara prognostic indicators in the entive cohort but when analyzed by sulstype only three remain
prognostic indicators in the high-grade serous and none in the clear cell subtype. For example,
wmor profiferation, as assessad by Ki-67 staining, varies markedly between different subtypes
and is an unfavourable prognostic marker in the entive cohort {risk ratic [RR] 1.7, 95%
canfidence interval [ 1.2%-2.4%) but is not of prognostic significance within any subtype.
Frognostic associations can even show an inverse correlation within the entire cohort, when
compared to a specific subtype. For example, WT1 is more frequently expressed in high-grade
serous carcinomas, an aggressive subtype, and is an unfavourable prognostic marker within the
entire cohort of ovarian carcinomas (BR 1.7, 95% 3 1.2%-2.3%), but is a favourable prognostic
marker within the high-grade serous subtype (RR 0.5, 93% I 0.3%-0.8%}.

The association of biomarker expression with survival varies substantially between subtypes,
and can easily be overlooked in whole cohort analvses. To avoid this effect, sach subtype
within a cohort should be analyzed discretely. Ovarian carcinoma subtypes are different
diseases, and these differences should be reflected in dlinical research study design and
uitimately in the managament of ovarian carcinoma.

The Ecitars” Summary of fhiz ariicle folfows the referencss,
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Table 1. Study Population

Clinteal Variable Numerical Display Al

High-Grade Serous

Clear Cell  Endometrioid Mudnous Low-Grade Serous

étngs il

WS 218

Grade 2
&

Y38 D83, voar disensa-spevific survival rate: 28, standand srvor of the mean.
Boit3.137 ) Aaurnal prred 005037 001

Introduction

Ovarian carcinoma is 2 heterogeneous disease. On the basis
of histopathological examination, pathologists classify ovar-
g caroineuma oo serous, olear cell, endometrioid, and
nsrcinoas subiypes. Each of thieses subtypes is associaresd with
sdifferent genetic risk factors sl molecolar events sduring
oncogenesis {LE], and characterized by distiner mRNA
expression profiles [B4] These subtypes differ dramatically
in freguency, when early stage carcinomas (where the
mRjONIEY are sonseroes carcinomas B and advanced stage
carcinomas {which ave predominanily of sevons subtype {6)}
ave compared.

Cmeologists have noted that subrypes respond diffevently
fo chemotberapy, The dismal respomnse vate of dear cell
carcinomas {(15%) contrsts sharply with it of high-grade
sevoms (80%), resulting in 3 lower B-y survival for clear pefl
compared with high-grade serous carcinoma in parients with
advanced stage tuznors 2090 versus 309%) 7.8] Therefore, the
Natienal Cancer bustitate (NCI} State of Science wmesting
recently singled out cleay vell carcinoma as a candidate for
clinfeal rials to identify more active therapy than what &
currently available {8 Although these data suggest substan-
tial slifferenves between subtypes, ovardan carcinomss i
typically approsched as 3 monolithic entity by rescarchers
and clinicians. This practice impedes progress in under-
standing the biology or improving the management of the less
corprnon evarian carcinoma subtypes,

We hypothesized that correlations between  Worapeker
expresson and stage st diagoosis or progoosis would reflec
subiype varistion in biomarker expression. To test this
hypothests we covrelated protein expression rates of a panel
of 21 casdidate biomarkers with stage af diagoosis and
disease-speific sarvival (DB8Y I 2 farge cobort of ovarian
carcinomas and alse analyzed these associations within

ovartan carcinoma subtypes.

Methods

Study Population
The Cheryl Brown fharian Dapwer Ohutcomes Vol ds an
Dvarkan caneer regiyy serving a popudation of approxi-

. PLob Medicine | waww plosmadicine.org

mately four million people in British Columbia, For the
period 10842000, 2855 patients with ovarian carcinoms
were recorded in the registry. From these B34 paticnts were
selected based on the oriterion being free of macrnscopic
apparent residual disease after primary surgery and all
istodogicad slidey wislerwent gynecopaibological yeview.
Subtypes were assigned acconding to vefined World Health
Qrganization (WHO) criteria {10} as recently deseribed {§) A
furthier ¥ patients dlagnosed 1o stage 1a or 1b, grade ¥ were
exclnded from the study becanse of excellent prognosis; only
3% of women in this group died of disease during the follow-
up peried. From the remaining patients 541 tissue blocks
were available and used for iissue microarray (TMA)

construction. & representative area of sach tnmor w
selevted and doplivate 0.8-non tssue coves were pusched o
construct a TMA (Beecher Insiroments), Review after TMA
construction revealed that 28 cases were not adequately
sapupled, OF these 23 canes, 80 mized carcinomas (106§ of
tumor showing 3 second histological cpll type) were excluded
because their highest grade compnnent was not sampled on
the TMA; I8 sasey were ¢ither of rave histologival types
{including seven undifferentizted, siv transitional, and one
squamons carcinomal or conld not he specified {five cases).
This approsch resudted in & study population of exactly 500
cases belonging to one of the four major cell types (serous,
endnmeirioid, clear cell, and mucinous) {Table 13 The sevous
subtype was further subdivided frno losw- and bighqgrade {111
Two cases of endometriold carcinomas containing minor
mucinous or low-grade serous COMPOBENts {»10%) ave
included in the study,

Adjuvant Therapy and Follow-up

Al padiensy received standardized restment pecording to
the provincial tresiment guidelines of the British Cohunbiy
Cancer Agerwy (BOCA) 1213} bhowever, 3% of pwionts
refused the advived adpvang chemotherapy and were exchaded
from survival analysis, For 3% adjuvant therapy was not
axdvised, bence MW received platimor-tused chemaetherapy
fwith or withont abdomino-pelvic radintherapy} adjevant
treatmenis, Outcomes were tracked via the Cheryl Brown
Ovarian Cancer Owcarnes Unit at the BUCA and were
avatlable for all patierss, Follow-up information was obtained

December 2008 | Volume 5 | Issue 12 | €232
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Table 2, Antihodies

Numbey Biomarker Supplier Clone

Dilution

Full Name/Description

Santa Uruz

Potydonat

3 R
Cellufar retineic acid-binding proteln #, trarscriptional vegulator of lipid
austabolistm

o recapbar

Polyconat

Humasy epididends protein 3 15 3 member of $-disulfide core protoin with
urbnown function

Turmor protein pi3

“The w-mPayBbiil antibody was kindly provided by Roberto DI Laurs, Starions Zoologics, Naples, ttaly.

a1 37 Gioumal pmed BOSS232.1002

through the electronic patient vecord of the BOCA or the
pationt’s paper chart, Examples of deowrengation osed o
ascertain vikal satus inchade BOUA progress ootes, dexth
certificares, and correspondence indicaring statis from other
care providers, Ovarian carcinoma specitic death was defined
where ovarian cancer was the primary or underlying cause of
death, Death from voncarrent disense (Le, second malignancy}
wis corded ay Vdied of other cawse” Death resoltiog from
toxicitiey relating o testieents for ovarian carcinmma was
codded as “died of toxieities” Abstrraied dats weve reviewed by
an experienced medical oncologist (K83 Median follow-up
time was 8.1 v. Approval for the study was obtained from the
Research Ethics Board of the University of British Columbia.

Marker Selection and Immunochistochemistry

The goat of our marker selention was W wie proteins that
ave consistently expressed in ovarlan carcinomas and have
been reportesd 8y progoaticators (ps3, pl, Ki-H7, PR, WTL
{14-19] or being developed as early detection markers in
ovavian carcinomas {#31 This approach biassed onr results
towards selection of markers mostly derived from and
expressed in bigh-grade serous subtype. Sexial 4-pm sections
were vut for romasohistochemina! (HCY amalveis zod run
through ao awaaoricd pratoont inchuling beat antigen
retrievad (Vergana Systern). The autibodies and suppliers rre
fisted in Table 2. Specifichty was determined by using
appropriate positive comtrols, with omission of primary
antibody as a negative eontral,

Evaluation of Immunohistochemistry
{roe or mnve pathologists (ME, DNL or AR} scored these
biomarkers after scanming with o BLISS scanner (Baous

PlLob Medicine | wivwplosmedicine.org

LrboratoriosOlympus America), Exeept KISST [21] and pf3
{22} where recently puhlished out-off poings were osed, afl
markers were dichotomized into negative and positive cases
{cut-off values for pasitive versus negative for all markers
sxcept Ki-H7 are shown in Table $1) Ki-07 was assessed as
contisuons varirhie as g perceniage of poaitive tumor cells
using sutomated image analysds software {¥8] Prior o
analysis a pathologist (MK) manually selecied regions of
interest 30 as W avoid novpcancerves cellular aress, The
meding was wved s dichotonsize Imie low- and high-
cxpressing groups for Ki-67.

Statistical Analysis

Contingeney aualysis aod Pearscat's Chi® statistic were used
1o test the change in the distribution of blomarker expression
arross stage and subtypes. The Kruskal-Wallis test was used to
determine if Ki-B7 was differentially expressed across stage
and subiypes, Univarizble DSS§ wias ilhestrated by the
generation of Kaplan-Meior curves and subgroup differences
tested with a univariable Cox model Multivariable DSS was
tested using the Gox proportional hazards model. The Cox
proportienasd bazsrds model wis ased o derermine visk vatins
{REs} axd govadues for el urivariable ared multivariable DBS
analyses, Addirionally, to assess significanee in the presence of
some sall subgroups, permutation tosts were performed and
pernnstation p~values reported. Under the null hypothesis of
ne axsociation of Worarker status with sarvival Jor saevival
analysesy or stagefistology for contisgency table analyses),
the biomarker cuicomes are exchangeable across cases. For
the survival analyses, permutations of biomarker ontcomes
were perfonmed within stageSubtype subgroups, to preserve
the ebserved distritatinn of blauarker froqueencies withis

December 2008 | Volume 5 | issue 12 | €232




1118 of 14295

subgroups, Pernsuntion was pedbrmed by exchanging sach
case’s entire biomarker panel at random withont replacoment
among cases, o preserve correlation structure within case. A
fotal of L0080 permutation veplicwtives were perfurmed. f-
Values were obtained by finding the number of permutation
sample estimates (Gox model paranoeter sstimate for sarvival
agalyses, Pearsox Chi™ statistic for contingency table rusly
as extreme or more exireme than the observed value, 3 <7 0.05
was considered statistically sigoificant. Henve, any proguostic
correlarions for 3 single biomarker have to be interpreted
with caution. Statistical analyses were performed nsing SFSS
software (version 15.0; SPSS) and R {version i’,\s it B
Fonndation for Staistical Compuring}.

Results

Biomarker Expression Profile Reflects Subtype

This eohort of 50 ovarian carcinomas was mainly selecred
based on the oriterios of not having apparent vesidual tumor
after primary surgery, Since successfnl surgery is typieally
achieved in lower stage, this case selection strategy can be
anticipated to inchade more cases of tumons of histological
subtypes that are commonly disgnosed at low siage, such as
clegy well carcipoms (2649, eondomstrioid (2
nmrcinoas G2%) cardioomas although serons
were still the most common subiype (HLO%
24% tow-grade} in this cohort (Tabde 13

Inrerpretable resnlts of immusostaing for the 21 candidate
biomarkers (Fignre 1) ranged from 363 w 435 {median 488,
Table 58 The koger mumbers of misstog data for three
biomarkers were caused by exhaustinn of tumor material in
the core. &l troxmnostains with ropotated cirdesd informa-
tion are svatlable oslive st hipwwwgpecimegeaboss
{username: BOCA-VGH; password: OVCARE). The rate of
pmmse cases for each blomarker ranged From 8% (KIBS13 1o
% (EpCam) (detailed exproession rates are listed in Table
531 Comparing biomarker gupression in the entire eohort for
turors diagnosed  ar ditferent stages revesled that tes
biomarkers {GRABP-II, ¥R, F-Spondin, R-Cadberin, Ki-f7,
Matriptase, Mesothelin, p231, pB3, sod WTT) had significansdy
different expressinn levels between stages, suggesting differ-
ences between “ealy” and "lae” stage disease {Figure 3
Table 82). However, comparing bivmarker exprossion withis
one subtype across FIGO stages, no biomarker remained
stgnificantly diffevently vapressed by stage {vesults for high-
gxade serous sabtype are shown in Figure 3} This resdt was
true for all fouwr major subtypes {(unpublished data for
endomstrioid, clear oell, aond mascinous), In oootrast, 20 of
21 biommarkess were sigmBomnidy  differestially expressed
between the subtypes (Figure . Quly, EpCam { = (.83}
showed & consdstent expression froguency across @l subitypes,
Additionally, pvalues for blomarker expaession rates in the
entire cohort arross subiypes were gﬂmmﬁv smalfer than
across stages {(Tabde 82}, indioxtiog 8 stroager association with
subtype than stage.

High-grade serows carvinons shoswed positive stainiog in
>75% of cases for WTT, Mesothelin, EX, and CAI25 {Tahle
5321 The hiomarker exprosston pattern of low-grade serous
carcinonns was similar W that of their high~grade countes-
parts. Three markers (PR, p&3, K-Cadherin) showed 3 trend
rowards differential expression in losw-grade versus high-
grade sexous subtypes. Qoly the median Ki-i7 labeliiog tadex

CRTCIROMEs
high-grade and
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siffered significantly berween those grovps, with median XKi-
67 Iabelling index of 25% (08Y% confidence interval {CY
G.5%~20.4%) in low-grade serous versms 224% (95% 1
3.6%-88.9%) in high-grade serous subs.}*p»e igure B
Endomerrioid carcinomas covxpress high rates of hormons
receptors ER and PR »s well ay CAIZE Eondomerrinid and
clear cell subtypes n‘lfrvqué‘mlv {(<10%) expressed WTT and
P53 The median Ki-B7 labelling index for fs:{io:xut} o and
clene cell crycimmas was ,\_muw {endometrivid 8 F5% (4
HAG-400%: plear cell 765, OB% CI 054450 Twnu-
nepheriypic ihdh&(i(ihh&h of clear cell caroinomas o~
cluded low levels of hormone recepiors ER {10%) and FR
{3 The mucinous sabtvpe disploved an iotermediste
proliferative capacity compared with the other subiypes
{median Ki-67 3ahe§§ing index 12,89, 85% QI 21%-61.9%)
arud frequest expression of Matriptase 96%). Masy of the
wmarkeys expressed in other subtypes were either infrequently
{<30% Y expressed {pBY R PARY, SLPL K-Cadherin, and
CATER), or compleiely absent (GRABF2, WT-1, and Meso-
thelin), £ note, EpCam way highly expressed povoss sl
subtypes inchudedd in this study,

Survival Analyses Can Ba Confounded by Subtype

Differences

To assess the bicdegioal importance of @ blomarker, s
ssion 18 usually correlated with ontcomes. Survival

s was restricted 1o the three major subtypes (high-

seroas, clear cell, and endometrioid) becanse of

of mwinons or low-grade

grade

insufficient oumbers of cases
seroas subivpes, The primary endpeint was deBued as DSS
and the rates after 10 vy are shown for subtypes in Table 1 A

wmudtivariable Cox regression model including age, stage, and
histological subtype showed sigoiicnt differcoces soross
stage {F << 00001 and subtype {# ~ 0018, Survival by stage
showed fitde difference botween stages Fand I, with stage HX
showing poorer DES (RE 8.0, 5% G LATSH ~L.66% relative 1o
stage I}. &susnmi by subtype showed poorer IIS

for clear vefl
1.15%) and high-grarde
3] 1% n‘lstwﬁ 0y endonmety
»’z;.i(' was pot pradictive in thc madel (= 8231 (Table ‘«3}

Univariable Cox regression analysis for each blomarker was
applivd on the entive colwet as well as withis the three lages
subtypes Figure 81, Table 3. RRs and p-values are presented
in Table & Wine of #1 hiomarkers show progunostic
siguificance i the entive cobort. Of the sine biomarkers
showing a significant sssoctation with DS in the entire
colne, three remudn progooestis indicators in the high-grade
sevous and one in the endometriold subtype. As an oxtreme
exaple, W iy so urdavourable prognostic bilomwarker in
the entive cohort (= G0817, Figure 6A} but is & Bavourshle
prognostic biomarker for high-grade serous carcinomas (g =
G0086, Figure 8B) As WTT is expressed 1o 80% of high-grade
serous carcinomas but varely in other subtypes, this negative
progoostic sigaiflcanee in the entive cohort reffects subiype
differences in expression, with WT1 most commnonly ex-
pressed in the aggressive bigh-grade serous subtype. Four
wther binmarkers (KIBS 1, K-Cadherin, Mesothelin, EC67) that
were significant in the entire cohort did not show significance
in any subiype.

Ki-67 serves as an addidonsl example, which is prognostic
in the whole cobort but not when corrected for subtype. The
wadian for Ki-67 lubelling index in the eotire cobort was
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Figure 1, Represeniative immunostains
Palred positive and negative examples for sach biomarker.
doi 10,137 1 joumal praed 0050232 001
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Figure 2, Blomarker Expression Rates in the Entlee Cohart by Stage

*Significant differences between categories Fisher's axact testl,
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Figure 3. Biomarker Expression Rates in High-Grade Serous Subtype by Stage
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*Significant differances between categories (Fisher's exact test). Note that the order in which biomarthers are presented is based on percentage of

positivity and that therefore the order is different in Figures 2-4.
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138% and using this a5 a cut-off for bigh vevsus low Ki-67
fabelling index effectively sepurates high-grade sevous carci-
nexmas from fow-grade sevaus, endometrioid, and coar cell
carcinomas  Figure 5. Mucinows carcinomas showed an
intermediate Bi-67 labelling index. Assoriated with high-
grade sereus subtype, I ot surprising that K67 has
proguostic refevance i the whole cobort (= 4.0062). Whes
using the subtype specific median for separate analysis of
each subtype however, Ki-67 labelling index was not of

-~

i

SO |

Mi-67 Percart Pasitive
e
o

-

Y

i H

¥
Endumetinid M Berpus

Histopathnboghs Sulygss

Clmar Cull

L6 Berous

Muoeinoss

Figure 5. Distribution of Ki-67 Labelling lndex across Subtypes
dot 10,137 Vjoumal pmed DOSG232.g 005
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prognostic significance in any of the subtypes but Ki&7
fabelling irndex was different between saldypes,

Discussion

Grearian carcinomas subtypes are associated with distinet
genetic ik faciors, underbving molecular evenss during
oncogenesis, stage ar diagnosis, and responses o chemo-
therapy, With slight mwodification of the WHQ oriteria for
histopathological awigoment for subivpe we have vecently
shown that classification of ovartan carcinomas into fve
subtypes dhigh-grade serous, low-grade serows, olear cell,
endometriotd, and mucinous) s reprodurible and is sup-
poerted by biomarker expressica data {51

By demonstrating that blomarker correlations with stage or
prognosis can he saplained by variations in expression rates
betwesns subtypes, our stugdy offers persuasive evidense
supporting the view that ovarian carcinoma subtypes are
Aifferens dises Binoarker expression is stable across stage
within a given subtype. Funthermore, differences in the
expression profile between subiypes confound sarvival
asalysis For bomaskers, when rmddtiple owarian carclnonma
subtypes are eonsidererd together. Collectively, these data
Bave imphications for evarize carcinoma vesearch wal treat-
ment.

Cancer treatment in geneval s heginaing to move towards
therapies tailored for specific cancer subtypes {e.g. bress
carcinoma and lymphoma { 5. and this subtype specific
approach 0 treatmerst bas buphcations for the design of
clinical triads for women with ovarian carcinoaas, Tt has been
recognized for some time that certain ovarian carcinoms
subtypes are foss sensitive ¢ platimog-tnsed chemotherapy

December 2008 | Volume 5 | Issue 12 | €232
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Figure 6. Prognostic Associations of WT
Kaplan-Meler survival analysis of DSS.
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L 1
18 18
Tioewe {Years)

{A} Entire cobon grouped by WT1 pasitive versus nagative cases { = 00017, univariable (¥ regression).
{8} high~grade serous subtype grouped by WTT positive versus negative cases {p = 0.0086, univariable COX regression).

2oi10.337 1 oumal pmed DOSE232.00G6

than the most common high-grade serous carcinomas. The
clexr coll pod rowcinons subiypes, in partienler, are candi-
dates for clinical trials to identify move active therapy than
what s currently wsed [#] Given the dramatic differences in
bivmarker expression betwevn overian urrcitmma sobiypes,
our analysis snggests thar advancing our understanding of
thess pootly understond subtypes—incinding idestificatinn
of potental therapentic targets—will only come through
studies forusing on these specific subtypes vaiber thn studies
of aoselected series of patients,

The biomarker expression profile within a given subtype is
copistent across stage. Heoce, eady wed advanced stage
ovarian carcinomss differ primarily based on subrype, while
within a subtype there & no difference hepween early and
advanced stage trmaors, This distioction has implivations for
the research on hiomarkers for ovarian cavcinoma soreening,
where the goal is detection of eardy stage disease, which has s
much greaters Hielibond of cawe, B subtypes are neglected, &
screening marker ientified in advanced stage tumors (e,
Brigh-~grade serous carcinomas), way ot be expressed in most
nonserous early stage ovarian carcinomas, and vice versa, Yor
example, CAL25 is expresserd in most high-grade serous
cayoinon, bt only in 80% of mucinows and clear el
subtypes, 3 Snding that is consisteny with previous studies
201 A relnted observation is that serurs CATEZD fevels nre
elevated in B0E of patients with advanced stage cpithelial
ovartan carcinoma but are incressed in ondy BE% of patients
with early stage disease Q7281 R is fikely that o paoel of
rumor markers will be requived to detect all subtypes. As the
bivmarker expression was consbstent between stages within
the subtypes, these data support the use of late stage caneers
to tdentify biomarkers for the early detection of cancers of
the same subiype.

Biomarker correlation with prognosis can be confounded
by subtype differesces in biomarker expression. Some
biomarkers show prognostic significence independent from
subtype, eg., we confirmed that MMPT expression is 3 strong
independent progrestic factor for faveursble progoosis is
the entive cohort, as shown previously [29] as well as for high-
grade serous and endometriotd subtypes. This result is the
exception rather than the rude as o most of the bivmarkers,

PlLob Medicine | wivwplosmedicine.org
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the rorrelation with prognosis in the entive enbort is due to
the correlation with the mast common sabiype high-grade
sevoms carcinoma), which in mrn is associated with a poor
progrsis. The Bomarkers thay were of progoostic signili-
canee i3 subtype analysis were fypioally ordy of prognestic
value for a single subtype. WTT s a widely used diagnostic
miarker for the sexnas subtype 30T ad iy an exwnple for how
analysis of the entive cohort can give misleading results. In
the ¢ntive cohnre W is an unfavounable progrostic marker
33 @ favonrable progrostic marker for high-grade serons
tumors (Figure §). This latier ohservation mway be becamse
WT1 iy a marker for serous differentiation, wnd less differ-
entiated high-grade sevons cancers are both less likely 1o
express WTT and have a worse progoosis. This inverse
association in @ subgroap, alse knows ay Stmpson’s paradox,
will nor typically be revealed by multivariable analysis {19,
Another exwuple is : theve are conflicting results ont
the progrstic value of Ki-67 in ovarian carcinoma {31-386]
After applying a single cut-off point on the entive cobort for
idensification of Ki-87 high arad Ki-87 fow cases, high K67
index i assoctated with an unfavourable prognosis, Bur
differences in Ki-87 indices berween subtypes again coufound
the rondvsds because peardy 2 high-grede serow carcinomas
have a high K67 index. In analysis by subtype, Ki-67 is nog of
progunstic significance; the effect seen in the entire cobort
reflects an awsociation with the bigh-grade serous subtype.
Adjnstwent for wmultiple comparisons is an importang
consideration. However, there are several bodies of sz
under discussion in different sections of this repory, with
differiog nombens of comparivons. For example, assossing the
proportien of positive cases scross Bistological subtypes for
each hiomarker involves the assessment of 21 fests; wheveas
assessing suwrvival within FIGQ amd histological subtype
groups involees more tests. Since prvalne adjstment for
multiple testing oses the pumber of tests usder sonsides-
aston, several collections of adinsted poalnes would bave to
be eonstrueted yielding a complex distraction from the
siscussion at harsl We oote that for the assessmerg of
proportion of positive cases, the Bonferroni-adjusted level of
significance wonkd be 00581 = {0824, and several p-values in
that aslysis are less than this level. We report raw govalines so

December 2008 | Volume 5 | Issue 12 | €232
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that the readey can apply multiple comparisna adjastoens
redevam to the size of comparivons belog made i any secting
of the paper, and in future mera-anadyses of subsets of these
data. Corrections for multiple comparisons were not used
besnuae this Issue of prognoestic sigrificance iy not the centrrd
theme of the manuscript. Progrostic sigrificance 3s wsed o
ilhustraze the importance of subtype-specific analysis. A
limitation of our study is that it s performed retrospectively
{371 and 9% of patients reveived adjuvant platioun-based
chemotherapy., Hence, we can not adbiere o the stria
definitton of a prognostic marvker as applving only o the
natoral bistory of the divease.

We hope these datr will erdd the lomping of ovarian
carcinomes subtypes within bicomarker studies, as i the
carrent practice {38411 This biomarker panel shows that
subtypes have distinet expression profiles. One of the reasons
why s ovarisn carcinome tissuc-based progunestic markess
are uysed clindcadly, despite a volusinous Berature suggesting
many candidates, i that prognostic effects have proven
difficult 1o validate, In addition to assay specific challenges,
ihe different frequencies of subtvpes within cobosts can vary
o1, a8 shows Bere with WTE, reverse prognostic effecs, i
ovarian carvinoma rases are not separated by subiype or
evaluated using a stratified analysis or & mode] with complex
nterantion terms, even a multivariable model sin conoesl
tnportant fHdings o lead 1o misleading conclusions {(Table
S4} The discovery, development, and validation of subtype
spenific ovarian careinoma biomarkers will require ad-
equately powersd asd expertly subtyped cobiorsy of cases,
For the rarer subtypes, the developmens of such research
resonrees will likely prove difficnlt ontside of large seale
collaborative Initlatives. In order to facilitnte the shifi to
subtype specific management of ovarian cxrcinoma, sublypes
shonfd be constdered as distinet diseases in biomarker studies
and clinical trials,
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ORIGINAL ARTIOLE
Cadherin-6 promotes EMT and cancer metastasis
by restraining autophagy
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NTRODUCTION of Traremeandvane proteing, the major functions of which are o
Tﬁvﬁpid JEMCESs A the most  oommoean ;naiwxnsm s of the divtate the modaiities of ool ing ey with the milcroemdamn-

endoncrine syster Papilany thyveid corcinomas (PTG sccount oient, and 10 moedinte the organization of crtoskeleton and the
for alraost S0% of ghp thyronte-derived cancers, PTCS sre s.-buax v stractural architerture of the calis” Blophysical fores spplied by
indcdens lesiors charactenized by @ slow rate of grewnth and adowe celi-cell or call-S08 adhesion ave transiated ireo the celly by
metastatic potertial. Distant mostastases aise i < 5% of patients cadherins, and mediate the crgonization of cvtosbaletan sl the
and survival b i ovsr 0% {over $89% In young patients) in the  architectire of the cells. Beside this structural funcion, cadher B
Srat 10 }raa;c afear fg\agmngv‘« It spite of the fovenisk profile, aff Bave 3 more comple ralyy activey as chemingl and boghysieat

patients who are dlagnosed with 8T are treated with invasies sensars of the surround Wg pcrogrvirorment and as 559%9 By
ang nggresshe approaches, ™ Thus, a major dinicd s‘haﬁ@nq@ ‘s centers  for pethways costifing cell growth, Bte s

awrently 1o distinguish in the early stage of disgrosls patient bebaviov % The molscular mechanismy undarbing the signak
wha neerl aggresshve trestments 1 madice mons! Ry from thas ing function of cadherins ave still poorly characterized,

who de not Hentificaion of markers that are specifica iig Cadherined (DM} §s & class # Cadhenn dnvobed dn the
asanclated with the sggossive behavine of thyrodd Remor oalls matphogenesds of central nervous systers and Koaay 78 8¢
should help overcome this hurdle, many protelns invelved in smbyyogenesis, COHS is aberantly re-

The gpRheiahteronsenchyrmal transitfon {EMT B 3 multistep avtivaterd I cances, 2% Sacantly, we Tord (OMHG as strongly
process thenugh which the spsithaliad palls shad thelr differentisted wxprassed in & model of Rghly aggressive thyroid cancer, and we
\haracte{:sts 1O U ;dergo changes i rmrphuiog\& avchitecturs, showed that TEHE apression & ddused by TGRS dusing BT i
adheston and maiy®™ The ultste resalt of this prosess s t© thyrait cancer cells® These abservistions suggest that TIHE B
corfor migration properties o twrowr cells, Adhesion ravlacules part of 3 prograr that supponts aggresshbvenaess of throid tumers,
ke cadherivs bave & onunisl role In BMT. Cadhering gre o family Ire this work, we rvvestigsted the bidlogioa! rode of CTHS i thyraid
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e celis sved the reolesidar mechashing theaugh which this
arote a;“sake o thyrold cancer prograssion,

RESULTS
Sencing of TIHE hibits cell proiiferation and induces changes
in celfular morphology and architectiss
in oufer  define the funciion «f COHS o thyroid
wee favgeted Re expressips with smallntedference BN& (G8NAY I
s diffavert thyrold concer el Bnes (TROD ampd &PAW
Gupplependary Figure 18D I both muodels the cellular
orofiferation, measured Uy growth curve and MTT sesay, was
profourdly inbibitad upon CEHS abrogation Flgure Ta-dl
scoordance, analysis of coll owde showed that CDHE silencing
§s~.dwe& 2 reduction of G155 wareition Figure Yo and . Senwing

§ COHG also reprassad cell migration in & wound-healing sssay
.md wession Supplrnentary Bgues 188G Stikingly, supgrassion
of COHE sxpression dezaaticaly changad ool morphology and
celi~cedt Brvemctinn gropertins Figure 1g and hi Ursler soffec
tance Babt reloroscapy, COHE sBenced cells displaynd & Rat shage
and an Increased! ool slze 35 cornpared with contral cells that
instead eatainesd morphology of the parental cell Hop, Furthae
move, while the cell boundaries were avident in CTHL calis
contacts betwasr adiacent calls were nu longey distinguishabis In
SICLING cells that appew 0 be like » uniform layer of fused calis,
Moreover, the staining of coff menibranas with fcatenin high-
sqi’sted @ swtriking roof dlefiRe organdzation of SCDHB celis
5 uyg}iemewsanf Figure 28 and B that was bot detected tresting
salls wvith conteod SIS SCTRLL

This shservation seams o suguest that ioss of SIR6 exprassion
changes celhdar srchitecture of thyrold Cancer and alters the inger
eliular interaction modaiities. Next, we analyzed the effect of
TRHE sifendng o the srchitecture of cytoskeletorn by sialning
the ﬁ ﬁ*ame g mmg ?xwr’sphr\m-cmngateﬁ phaticidin,
Q?Qﬁ{i}aiﬂf'ia iiﬁke

BPRIRY,

bl

withy oo t**ﬂ cestig mgizm h emd Ez: F urihsarf*{xm i =~(‘Y :.ii
the actin Slaments appesed o be locsized ab the edge ni thp
cells snning pavallel o the ol mambvane, wheoas silvaing of
{OMG-nduced actin assernbdy into think fiberss {steess fibees}
spannivey sooss the optaplasm ;al*tmr; the maide adds aosd
iterconrecting cells at the level of cell junctions. This kind of
thick and stable actin fibers have beeﬂ pravioushy desoribed as @
feature of noremotife oolls and o be different frony the stress
Gvers normally associated with highly sotie cells that are instead
thirmer, shorter snd structured Inte 3 mare chantic arganizatinn.™
We alse sashred sh aangement of Yool sdbestons upan
G silencing by assessing the phasphaviation status of FAK
argd the lv fzation af fes Fz\&: iphosphorylated PAKL Following
€6 stlercing, pFAK was o mes:ﬁ from the cofl memibwane and
vesvuitad s ong the actin ﬁs« s, i particular at the nuclestion
canter of the fibers (Figwe X snd o} Furthsrmove, the oversl
araourt of pFSK decreasad in aiC‘ HE calls Figure Jg, This effect
on the cellcoll jurwtion rgsvizstion wms canferned by the
ahsenvation that, upon CONS sfening, the focalisation of the ta;_:;%:*
sanctors grotein 01 changed Boae @ uniforrn cellsaface
distrihution W & focal localltion &t thwe level of the cedi-cell
sontants, i association with the avtle Bhers (Flgwe 28 I
protein bveli were not changed {(Piguee 38 iy :mfgi}f, & TRCEH
wark describes t%\a* CDHE s reguired for neural orest cells
migration and detachoent during hn..“;am developraent irs
»w-darsca with owr data, thaese authors show that sbistion o
6 vesults in altered smﬁ&t&m oeal d;namm a‘ F \th
flaments and I particdar in the oss of ap
sctin Slarpenty, which s a necessary event

J

xA
fc;\f ce\i Higrati

Onuagens (20171 687 ~&FF
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CES siencing sttomeastes BT pheoptype in Phym;d cancer cells
Revently, we duscribed COMS as a marker of EMT in thyroid
e and we showest here that its exprossion ¢ mr' o5 oalfoal
interaction, Thus, we invastigated whether miemiﬁgs aof TDHR
afferts epithelab-mesnchymal diferentistion. Fiest, s messuend
By westarm bt analysis *he sxprassion of Scacherin (SUALY and
MNcasthodn (NCADS, which @e ~<(ag,ﬁ\tx‘(e=§v rearkers of epithelist
el mesencinrml .iwse\m:gx‘ AT Flgure &g NCAD weatain
axpression was consistently aownreau?ated upon sifendng of
TS B oth ool Bines. By contrasd, TRCT and BCPAP nalls da rw
sxpresy BUAD and slancing of CDHE did nﬁi alter this <tate
Furthermore, we svaluatad the exprassion of Gadherio s LOHIG
hy gRT-PCR Figure 2h), COM1S &5 a well -N‘;\:h tshad spithelial
earker of ﬁ“yrmd cedly, which B strengly sopresses in tinroid
carcirnma® and & has bear described as marker of MET in renal
fibrosis where g expression is negatively sequlated by SNSRL™
COHIG mBNA expeassion was significantly induce upos sendng
of SIS, Un the contray, no offact was observed on the
RN lovebs of NCAD andd BCAD. This sugnests that the derreasad
proteln expression of NCAD observad in sEIMG cells g deter
dned by reduced wrotein stabdlins, AR t~ aather, these ohuerva-
gons indicate that, even ¥ not sufficent to fully revert EMY,
sifencing «f TRHE sttenuates BMT featwres in thyrold cancer calls.

CIRHE fevacts with GARARAP aost restraivs avtophagy

To further charactesize CIHS functien 8t the makecalsr leved, we
used & yeast membvaneg twohvbind screening to identife CDH-
Ftescing proteing, To this purpose, COHG feli-length proveln was
used S8 balt 1o sorean & CONA axpression Hbrary constructed from
fress Yiaman PR sarapdes. The Bhvary was novmadizet W subiaat
part of the most shundant oDNA&s, ingreasing the possibility to
ideraify lass-aburddant COHS Interactors, Twedve (OHSIateracting
proteing were dentificd, GABARAP was the mowt §reeqszem£¢
foltad (EH8 e io thiv aosivds  Supplemendary
Figure 3a). BNIP3L, GATEIS and BNIPY were sl dentifiad
GABARAP a?id GATEIS, bomologs of the yeast ATGE protein,
sve uhioguitin-fike modiBens that, duing aitophagy, see covalently

confugatad o memizz‘a*‘e lipids 1o induce forpation of té‘se
auly )'3?‘&:‘ 3 L}!”BG&

B’w,s and BRNEP2L are pwitifunctional mitochondasl protelns,
rwnbved o spoptosis and mitcchondrial dynamics™ Notimsably,
SARARAR/GRTETS are Known to form mi‘ictivi‘e\:i wmséezes
with RRIF/BNIPIL to mediate the autophagic degradation of
maliunctinning mitechandria® The direct intersctinn of COHS
with GABARAP, GATEDS, BNIPZ and BNIP3L was auessad by &5T
polbdows axperiments Figure 3a) vemsctineg with (IS wag
confirmad for DARARAPR, BMIF3 and BNIP3L, but not for GATELS,
Autopbagy 8 2 hasic catabolic mechanism that has bess
raplicated in cancer pr\;greszs:\ both with a tumey ;}ff\mmm
o furaaeasinioing Yo sion’® Thus, we sough o annlyre the
functional consequences of the interaction bemaen COMG and
SSARARAR in thyrold cancer cells, L3 & the most representative
marker of setephiagy that, together sith GABARAP, i lipidaten to
ndics the sutophagosome formation and & s degradad after the
fasion with hyscsorm, Western Mot suabests shwead that sBeacing
of COHS i TPCY colls induced a3 sign@cant dewsass of the
endogencus lewsts of 03 Figure 3t and 3 significant dedrease ia
the level of Flag-GABAHAP {Fgure 3¢k Chloroguineg s an
sutephagy iohibitoe tht Mocks the fusion of autnghagosomes
with fysosomes and the degradation of the autophagosame darga,
Choloroguine treatment blocked the siCDHS-induced deoraase of
£03 fovels Figure 3d), supgesting that this effect i determined by
L2 incressed sonsumption during the autophagosonie digestion
rathuy thiae othey autopbagrorvdated pocesses. To condive that

SIS arfecza autaghacy in thivold cancer calls, we analvzed the
antivation ety of L3 and GABARAY upon LORE slencing
Figure 39 and . in control calls, both protedns showsd a8 Aiffusse

£ 2GT7 Msomilen Rubdishers Umitad, part of Sgeinger Nstuse,
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Figues 1. SHencing of THHS intibits colf proliferation sng indixes profound changes in cell marphalogy. (& I Broliferation curves of TRC

&} and BUPAR (b} colls vansfected with TDHS o SUTRLs. Tureas represent the average number of ¢ per wetbe s §

ouints) for each transiaction at gach time poirg, The entire experimant was repestes threw times shiain sten resuits. {g, ) MY
2 eahue {5 repli

absprbance at 4506 rim after Black subtsaction and corection for atmorbanee at 82 nmaed, Th

oiralrdng coviseters esaits, i, £ Call ovade analysis i TPLT ) and {6 < asfectad with COHS o SICTRL. The hintograms epresent
the ave resgective proportion of GOAGT phase, S-phase and GIM ghase of sICDHE and nosto! groups & sd. oblained 0 theee different
aEper . g ) Light microscope imagining of and STDRHS TR and BOPAP cells 98 b after transfertion, Arvowhsads indinats calt

boundarias, Scale bars, 100 gy, Y0~ 088, M < 84, P < G000

and Bomogenenus Qaining avross the optoplasm By oonteass, in ceavfivns that W3 and GARARAP co-focalive in the same struciures
SCDHE colls both 103 and SARARAR were maindy localized inte upon silencing of CDHS Figure 3gi The inhibiton of the PIRK
choar dots ingdisating that slencing of TOHS Induweed L3 and ART/MTCR ads B ong of the leading mechanisms  driving

SABARAP Bipidation and activation, Inmunoflucrescance stairing swtephagy  activation.™®  Indesd, pAKT  levels  signiicanty
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slecraanad in sICDMS as compaed with contral calls (Figure 38 in
aecoviance with the incressed Hpidation of LT3 and GABRARAS, By
Lontrast, ondy margingl effects were observed on BRK phosphoe
vhation Figuee 38 vpos silering of TR Masshee activation of
astophagy affects mitochondrial dynandes and induces mitochon-
deal fusion” I turn, mitochopdniadd organizstion may affect
sytoskefeton and ol matifity™  Aonlysis of mitochondsa by
fuovescerd staining showed that sifendng of COHE ndhuced 3
massive re-organization of mitochondils Inte a highly structured
angd eercanvecied bdnday netecek Flgure 3 and K Thess
structival changes ware associated with a3 signifcand down
pgulatien of sxogenous BNIFS and of the endagencas DRPY,
which B the mamer  diver of mitcchordrial  Sesion™
Figre E and ob gRT-POR anslysis id not show significant
alterstions 0 the expression of othey mitochondral dynaming
rontradling geves, with the axception of BINNL, & Moass knea
target dysfurctions! mitechondiia fo the autophagic degradation,
weivich was upregubatad n SICOHG cells Gopplementary Figues 3B
Sven ¥ further expetmenis s nesded these svidences sugygest
that CDHE aypression increass DRPY and BNIPE protein stabiligy

Mok, we showssd thet overexpression of the cytoplasmic
doraain of CDHS s oot suffident to miror the phenotype
obuaread in the (O keseoffonciion experiments  Sopole-
mantary Fgore 8 fralicating that TEHE fellsrapth profein, and
Hkedy its meembrane locclization Suppismentary Figwre 3, 8
reguired for CONS finctien in the ortoskelnton srganiation and
for & avoghagyresyaining acihity, Unforfonatedy, v were rot
abie 1o obiuin overexprassion of COMHS fuildength protein in sither
of the teva thyeodd careey cell ines

44

25

Noe-radundant UR domains ave renoires T the bindiog of CONS
1o the autophagic machinery

The selection infenaction f protelns wih the agophagic
wmachingry fs madisted by 2 short near motf pamed UR
domsiv” (DHE ovtopdasrdn reghny  {oRoflOHE) sontaing 4
mastive LF domains R4 Figure 4al. We delefed sach of the
predictad LR domaing and used a3 G8T pulidown approach
defne thelr vl Figure 4B} In binding with (NS Interactors,
Delstions of URR abolished the binding of nlEHg with
GABARAP, it contrast, deletion of LIRS incressed the affinity of
DnCNS 1o GARARAP, seggesing stranteral nterference among
these sifes. irdriguingly, deletion of LIR3 impaived the binding of
LetoCUNS with BNIPY snd BNIP3L. Thess observatiors indicate
that 3% Jeawt tee of the fowr LR motis am necessary for the
intavacion of CDHB with the awtopbagic machinery and that they
are rot functonally redundant. Further analyses are needed
fully urederstand the stesciuee of these heactions, howsver,
these data seent to indicate that CUNS interacts with the
autophagic appavatus with a structural splfope rather than 2
single finear motl &y desoribed for the ret «f UR containing
proteing). Next, we sxplored the conservation of the fowr UR
doenains ammong the sthey casbedng. Bigbress of the 23 nadhering
rontain 3 ortoplasenic dormain. Proteln segueree aligorent of the
cytoplasmic vegions of these cadherirs showed 3@ suiling
consenation of LR 2 ared 3 aoraes the mensbers of the family
Figure 4 whovens LRE was presemt aoly i CDHE. Ths
abgarvation indicates that the binding o GARARAP, BNIP2 and
EMIPRL may be a comman fature of the cadbedn family. OF note,
the epithedial morker TONIS, which expression & irluced upon
sfencing of COHS I thwroid carcer cells, has & tuncated
oytaplasemic domnain thus lacking off the fowe UR domins. This
seRms 1o sugpest that the sa@tch between TIRHG snd (TS &
functiorally relavant o support EMT in thywold cancer and
ipdicate an additionsl mechanism  {eside the changes
extracefiular interactions) through which Cadherin switch may
madivte BMT during twmar prograssion,

© 617 Maomillan Puddishers Linitad, pat of Spvinger Natave
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CONE exprassion s oassoviate! with distant rmstestasis sagd
decreased supvival in FYC patiends
The clinfoal foatues mainly associaten with 3 nagative outcorms of
PTL patlents s the prosence of distant metastasls of the dme of
gdiagrosis. To covBon the hypothests that COMHS B buponant
defining the aggressive potential of P10, we evaluated CDH6
sxpression sved s assockation wdth the development of distant
metastasis In human wellslifferentiated PTOS by ipmunehdsto-
chemistry. Chidng to the low aggressdeansss of this type of turnos,
roetastatic spyeading 5 2 rare avent in PY0s, which takes place i
<0 5% of 3l nases.’ We spasched the thyoid enor svhive of ow
institution over the past 30 yesars {counting over 7080 cases), and
wesd etrtewad 3 very lenge coboet of 44 welfliferentiotes PYs that
develop distant metastasis EMPTGL To the best of ow
hewelndipe this reprasents one of the largest cohont of well
differentisted PTCs with distant mistastasis sver characterized &t
the molenular lovel™ As contrel, we selected 43 PTCS that did nat
devedop distant renastasis besad oo 3 mindmoers dlowap F 7
years {Supplementary Table 11 Noticeably, we observed 2 strlking
corvedation behwess (IS expression snd the presence of distarg
roetastasis (43.2% of DRPTLS 16.5% of condrnl BYCs; PO,
Table 1) As wall, we obseveed that I8 sxpression was
assosisted with a8 reduced diseasedree survival probability in the
overall cobwet Figwe Sak ] ot i8 the DMPRG group
fFiguve Sk, suggesting that TOMS may be relovant specifically in
the early phases of the metastatic spreading of thyrokd cancer.
Mone of the other morphological and ciinical varabls taken
N considemtinn showes dgniicant romelgtion with (OHG
wpression Gupplementary Table 1) The sxprassion of CDH6
was g homogeneaus within the tumey dssue bet confined to
restricted focl of calls focalized at the Invading front of the twrawr
{Ficusen So-ah Not ondy TREPTC showed & higher frequevey of
COHS positivity, but also Rad & pasch higher percentage of CDHS
axpressng cells 3s compares wdth covtet FRCs {Tabhs 13, 08 nedte,
in DRMPTES the CDMG-positive calls displayed @ mesenchynaiike
phanotype with an alovgated shape aod lesesrectumd cell-cell
intemaction @i compared  with the et f the mamor cefk
Bupplementary Figure SA-D}, resembling the peculiar mompholo-
gicad nhangss of ST, I all the analvead cases, SONSposities colls
forny smiall clusters embedded in the connective ssue survound-
fay the benor sred vedain BCADY exmpvession Figure Sc-e), Thig
organiation  strongly resemble & wellknowny  phenomenon
mamed “tollentive cell migraton” which has bese fficeted 8
nstrumental for epithelial cancer  Ivasion and  mstastatic
spreading. T Duriay collective coll migeation, colls wralergn
& pariigl BEMT, changing mowphology toward 2 spingdladke
phrenstvpe e setsining soms epitheliad featares inchatiogy BUAN
expression,  which is respirad o allow  cohesion  duving
reigration. ™M fn ooy anslvels BCAD wes stongly and hame-
genously expressed i the set of PTC ansheed snd s sxpression
gdid st opereiate with the prasence of distant metastasis oF with
sther parsheters taken it considerstion v this study
Supplerertary Tobdes 2 and 3 Loss of BOAD expeession hag
been shown o oo i the highly agoressive and poorly
differandated foovs of thyroid cancet™™% Rocause of the dvavse
nature of the cohat i analsl feedl-differentisted §TC, with or
witharsy distant metastasish, the bigh bwvels of BCAD expression
wenesr expected and do not sppesy W be e conflict with previoes
findings.

riguingly, when we ansheed the corrslation of CDH6
exprassing with the clinfoal Guatvome only wdthia the PTG
group, we alserved that TIHG axpressior was not associated with
& warse course of the dissase Figure 3b), suggesting that CDH6
sy ke refewnt spedhically in the carly stages of thyroid cancer
mstastatic spraading, I accordangs with s potensial wle in
the EMT process, indeed, oves femoe cells have weachad the
roetastatic site, the mesenchymal features acquirad through the
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ERT hanve 0 be revertes! Sthrough the opposi
wapithelial fransition processti i arder to alfow metasiatie cells
peofiferate and coknize the site”

mscusssm

acthering are ransmuembrane proteing, the majst hnction of
wmch i3t define afk&&ttij?i! and organizstion of the celf
inferactions with the surrounding micrenviranment. 2 Soveral
obmarestions nficate that this erecteral furetion B anly 3 fndted
ot of 3 move complex role that cadherios rave By the reguistion
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of salt blolagy, However, these addisionad functicns somain poorly
charasterized at the Jevel of mcdeadsr machandsms,

in this work we provide svidences for 3 previpgsly unkaown
sde of (M8 0 costrofing msophagy and  mbtechondriad
cnamies e theredd! Gaaeen

We showad thaty

. CDME axpression 5 8 mader of high retastatic potantid in
raxmran thyrold cancer
R TEHS conols celidar archis

thee eelbcel intavaction

sture angd dictastes the @ructure of
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Figwe 4. LUHS confains wrdtipde funet

regions of cadhevins farmily members,

nat LR domalns. {8} Repraventation of ryi’a\'f‘*{ﬂ LR domaing, B Q5T guli-coer snalisis of TDNG
UR mptanty with thy dentified interactorns. This I A roprasentative expetinent of these replicates. {€ LR consereation In the

oytopiasnds

Fgwes 3. (DME ressitts acthophagy
idartifed nteracto

and contols mitochonddal dynamics, 81 B5T goltdoem analyidy of
- & representative mperiment of four seplicates s showa. s, < W

eyiaCDHS hinding with the
ery bl ansiysis of andogenaas LT3 and exngeaous

Flag-GARARAR in “f’\‘, Suantification noicates the averaged pRrcentage of 13 w;i Flag-GARARAP novmalized on the jevels of actip in

UG calls as corapared with ®CTRL colls £ 54 dna of replicatess
Chivrosguine-treated TRCY. e, § mnwnsfioorasconae

of dotarcetix saa i)
Ws\to-‘n biot anahsls of PAKT, AKY {6} p-ERY and EBK {} In TPOY.
staining of maochy

lh

$yia

3% ) Westem big
anahysiz of localization *:(f {GF&-{ 3 and Flag-GARSRAR Quantification indficates mx mt«pr
ranunoluovessence Saining >haw W aa»im:ehz
§ d(mt*zcatmn
aef on e lavels of tofal AKT, 3K in 5ICDRS calls as compared wﬁh SICTRL oofis b sd. (ne of replicatss

in TRCE Westen blot analyss of exogenoss ¥

¢ analysis of 123 in sBITRL and sICDHE i unteaated o

PACT angd B BY-GARARAP upor sflencing of T0ME

$instes the v m-*d e '\pmasgz* of p-AKY snd oo P
% 4§ &) eunotlisorescence
Flag-8NIP3 B and sndogencus DRPT \m: iy TRCL Westem blot

nusntification representy the refative sveragad valoe of three independent experiments ¢ s Scade bars, 100 @
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gt features.
4, {IW6 restrains autephagy and promotes
mitnchandiad Sssion.

On the basis of these cbsenvatiens we popase the following
model (Figure 3 COHS axpression i tumad on by pro-meatastatic
signads ke TGFEL Expression of COHE slters the ooligler
architecture joosening the tightness of coli-call Interactions and
Savoring 3 ovfeebnieten orgaaizstion sudable o sustain ©
mechanical stress of ool hwasion, In paraliel CI#S restraing
autophagy promoting  DRPIdependent mitochondial Sssion
thronigh the rascion with GABARAP asred BNIPS sralfor BNIPRL
This generates prafound changes ip the structure of mitochondviad
vatpnoek incesasiong the avaiabifty of fixed mnchandsia, which in
T Sre NECessRryY T suwain and promate the re-ergardsation of
schin owoskefeton and the formation of structures of movement,
Ax a vesuslt of this ouisforetionsl acthvity, IS promotes
ERT, colinctive calf migration and mstastasization of thyrold
sanesy, Seave i Ruthey experimeats e neadad, this madel & I
actordance with the previoosly desoibed auivity of COHS In
T andd s supported by & consistend supaber of works
repeting an inhilditeey function of manphagy on the sctivation
of the EMT prograny™ and & relevant role of the DRP1-dependent
mitochondial Ssslon I promoting  cereer  igestion aod
aggressi 5.5598

BT and atophagy ave fioked Bt & controversial and @il
undefined  relatinnship.  Alktouegh BWY preenotes  ssophagy
o support visbility through induced msistance to anolkis and
fmene sunceflance ssoapet of potestially mstestatic cancer
celis, ¥ sutnphagy ks to negatively control BMT and
acthvation of the msophagic machinery has been shown
svearnine A revarsion of the BT phenotype, rajosdy by redwing
stability of key BMT proteins, &3 well, we observed that the
wioctons of agtophagy proroted by (S dlencing is assceiated

¥
RN

o
S
0

L
b

“':l

with a partisd reversion of the EMT phenotype and & Is assoclated
with a sacheced stehility of the meseachymal rarker NCAD

i thyvaid caacer cells. Owr data gost that the interaction
with GARARAPF is central for the restraining offect of CDHS on
saophagy. However, the tersctinn botween these twe graians
could have additional functional consequencas, DABARAP, which
for long tme has been sbudind for Re fanction i the cenwad
DENVERIS Systa as padnee of the GABA revsptars, bes been shows
o interact with both microtufndes and actin &laments snd,
heough this intraction, o contral sytoskeleton dmaraios™ and
merebrans proteins clusterization on the cell siwrface™ Thus &
fhely thay GARARAP dfrectly pastalns o the (DHS-dependern
ovtoskeletpn orgaointing and pdarisa

i ohas been shoan that & massive aotvation of atophagy
induces mitochnndtial Resion™ and that an highly intercoraected
mitochondiid  network inhibits ol mgration™ Wice versa,

¥
ke
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incrensed mitnchandrial Rssion and foss of mitockondsial network
fave heen desaribed as features of oncoganie transformation™
arad Incemased  cancer  aggressivenese ™Y Furttermore,  the
axpression of DR, the pwaster regulator of raitochondrial Bssion,
o uprepuinted i ometsstaic 88 cormpared with non-metaatic
cancer calls 3 On the Sasls of o results, we hypothesize that
CEHS nflusnrns mochandrial denamics blocking staphagy sng
sffmlating  mitorhonddal fssion theoough OEPT expeession,
The resuling fagmentation of the mitochondrial network would
i Wuen provide the cedls with & generous poat of fee mitochandria
across the oyvtoplasm, a preferred substiate for getoskeleton
re-crgariaation, hamallipodia foovation and cell migration.

Iy this wovk, we malnly focused on the interplay between (DHS
and GABARAS, but we provided peeliminany evitlences that alsa
the binding of CUHS with BRNIPI/BNIPAL could be a relevant part
of this roschaniany, sven i firther sxperiroents are neaded.

Kotimsably, 2 mcent wotk showsd that BRIP3  supports
malanoma coil migration by changing the ovtoskeleton ormanizs-
Ban and the ool interaction.™ {o pardoulsr, dencing of SNP3
in mebnoms cells detenmings inhibion of cell profiferation,
changes in cofl morphology and 3 profousst re-paganization
of actin oytoskeleton, charscterized by a m-localization of actin
flarments Fom the el edge and thelr orgasintion nto thick
fibers extending fror the el surfice through the togiasm, This
phepoiype strangly resembles the ope we obsarvad in thyroid
oy epov TENE silencioy st suggests that SONS or saothey
gasue-spacic cadhenin conporates with BNIPY in determininyg this
pherntype.

i & now welbaocepted that cadherins are ot just structursd
pretelns, but they Bnction s sensors of external sveelrorementat
stivenall and as sigraling corders for several celiular pathavays. The
high dagree of consarvation of the LR domadns across cadhering
suggest that other membars of this famihy beside COHE bave
sirsifar role i controliing autophagy and mitochondital dynamics.
Even if forther sxpodmnis are expdod, oue dats prowvicde a new
hiclogical function of cadherins and open new perspectives to
By wndentand the mechaabine of action of thase peatedns bath
during erabryonic developraent, and in the provesses leading
CRECH! PrOGRESSIaN,

I this work, we describad for the st time CHHS a3 3 potential
marker of distant metastasis In hursan well-differentiated PTCS,
Differently fraom the highdy aggressive pondy diffensatisted foarns
of thyroid cancer, the welbdiferantiated PTCs develop distant
restastasis anly i 3 very sl peocantage of cases {(3-%% after
0 years) Bacause of this fow frequency and the fong latency of
progression, wivy Ritle B currsntly bnown aboet the molecubar
maechanisng that drive aguressiveness and metastasization of
these Banars, iy this conted, we propose a goteatial moded for
PYC progressinn that rely on the gudd mle of CORS and on the
interplay betwean EMT and autophagy.

MATERIALY AKD BETRODSR

Patients selection and ivwranohistochandstny

Exgthvsix welldifferantinsted PTUs were retrieoved fam the archive of the
Patholoagy Unis of the Srcispadale & Maris Muowa, that comprises ovey 370K
tngoind cancers collected n the past 3¢ yaams, inchading ovey 1860 FIC,
Tuvney shides wow stweened by 7 acthors {SF and MR and classifiand
sevording o the o suamasendend by the Woeld Health Crganization
Classification of Yumoes W sxdlude high-grade carcinumas, and staged
serording to the dneron otrd Commitiee on Canner Staging Manual,
ssvantl edition. Amony the overall FIGS, 44 ¥ that develogend
mistastases outside the neck wore identifed In 35% of the DWPY
dimtant redaniazes were pemzent &t the tae of Seguosts yacbromxst,
wheress It &80% of OMPTG, distant mstastases asse latey {metaches-
nonsh, Sie of dista metastases 5 repovted i Supplementary Table 1 &3
contrad saruple, we selected 43 FYCx that did oot devslop distas
matastases, bazed on 3 follbveup of 7 yvears, matched by age with 8-
P casex, Al the patients unsderwant iotal thyroidectomy, and i 80% of

£ 2GT7 Msomilen Rubdishers Umitad, part of Sgeinger Nstuse,
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Figwre 8. CDHE sxpression i ssmociated with distant metastasis in PTUs. (s, bY Kaplan-Meler vurves of disease-free sunvival probability by
COHS statis in the overall PTC poprdation (v =88, {8} of i the DRMPTT gopdation {24, b fo-uf Rapresentative ivvnunchistochemisey
anabysiz of COHE ared BCAD i theae differant IREPTUS, (o8} represent higher magndficatior of inserts in o2, Scale bays W0 . 8§ Mode! of
TS function in thyeid cancer calls,
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the ases, they also underwent ipsilateral cordral necl dissoction
Follmeeup for al cazes nped frove 12 10 372 maorths, imemsanaistochens
fstry was performed as previeusly desaitad™ wing @ mosodonal anti-
COME antibody (HRAONTHATY fovn Stene Sldrich $eh, and the
manodons antt-ECAD antibody (done 38 FHQ7 fom Ventana-Rache
Monza, eyl For imnunohistochemistry on TPCT, BUPAR and SICE7
Sfupplementary Figuees 1 and 3} celts wers hanvested ans fived in forralin
for 10 min, Stey ventrfugation the cells ware rmsuspended i 0.6 agasy i
phosphate-bulforsd salior 1x W be iheded in paralling Five mitros
sevlions were stained as tissse ssmples. Supplementiey Figures W anad 13
S and 7A-{ show the specificity conteol for the staining,

This groject has beer spproved by the Ardispedale S Marla Nuows of
Regio Brailis oduos cormmittes andg informad consent was ahtaived fom
the patisnts,

Ol caddtves sved fesvudection,
BCPAP and T colt Hrves were abtained fom D Santon, Unteersity
of Maples {Naples, Ralyh BOPAF that sveraapress IdT were chonally dertved
frots BOPAF upon pansfection wdth an kY ouerexpressing vectar as
swvasricaasdy sdessibed Hoth cel} linay ware growr &t 37 °Candt 3% 00,
i DMVER supplemented with T0% faal tovine senay, AR oall Bres were
authentivated by SNP pofiling af Stuitpisdon Gl fiwmrenstaad,
Garawanyh datns of fust authentization regorts are ¥ Decernber 2014, and
13 November 2014, Stealth RNA interference ofigos agsins TOME and
controd aligos wers prechissed fom Thenme Fleher Scke Ronga, Balel,
yof sither argbClHE o contral ofigns wers wansiected wing
the RMAMER Upefactaming mggerd {Thewne Fisher S ey using the
reverse-transfaction  pratocol. Witk the ol marphology
anshests Figure 19 and b iy whish the wells were enalyzed alter 86 h, 8
rext of functions! exparbrents ween porformed 48 F oftay sIBNK tray
dor, T vaininize possitde blases owing to Offererd cell demiiy, we
wransfecred the calls with SIENA at dhy It 3 reguiae plate, After 32 h the
celfs were harvested and seaded at the same coll dersity (SR and
SICTRL calls sBber in 24 walb-plates Tor woeztam Mot amnd BRA arsadysist or
o slide chambers foo waunoflarsscence experimesss. Tslls were
anslyred the rwening after {abot 12 b alter sceding amd 48 & sfter 2884
ransfection),

For otrandavtons of sINA ot

3

o and plasmids, 48 & after SRNA
wansincrion, SO o a8y wdicated
plasmitds ssing Upafactaming £ ansfo
howrs after plasmid ansfection, celis we processed for Wastan ot or
reennesiiacsesnanis,

Yoast Two-bybid screening

The yesst deohybeid soeeen waz done by Dualhystemz Blodech AG
{SchBergn, Seitomdend), wsing the splitaliquin syetem o membrane
proseins, This appreach reqguires the construction of 3 bait by Rasing 2
mernheane protein of intenest 1o the Ctarminat half of ubiquitin (Cul) and
A panseripdon facton The prey i1 constructed by fusing a <N Bbrawy
finciuding bodhy membrang proeins and ovtosolic proteinst t the
Neterniaal half of ublipdtin MEGh Ay inteation between balt snd peay
resuls I assembly of xplitabiquitin From Jub and NabGo Proteases
FECOY the splitublquitih and ceave the wansoriplion faotor from
the hait. The wramsaription factor moves t the nudeus and scthvstes the
reparter genss in the vessy gesome, converting the interaction 2t the
mevnivans Dt o reporter readont. Rddeagth sDNS sovading husan
COHE was dloned inte the pBTS-SUL vecdy and used os bait Fov
generation of the proy. total BNA i extracted from § FIC ssmples
sefected from the Read and Meck Turnars Binhard of our nstitution. The
BNA fom thase samples weas povled snd wed fo genamste & novalized
cERA flvary B the PPRIN wectar, Litssyy novmabisaion consists of
rarpoval of high-sbundance transoapts, snnying good representaion of
ow-shemdance tanscripts in the fibrary and reduding the vate of false
pasitives. The complexity of the <N Bbray wes 38X 18" independent
slones with an sverags size of 1.5 kb, The balt was trensformed togeth
seith the cOM& Hbrary to yeast host sirate NMYIX A totad of 3.8x1
wransforrannts were soreenad, wiich yielded 33 posithee clones, The ibracy
plasids were Bolsted fom positive dones, and the identity of posidve
interactors was  determined by sequencing. DN sequences wers
transiated and seanhad againg the Sedsuprot Satabsss using the BLASTY
slgoaitiun,
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GST puli-dowen

For G577 angd 88T Rsion poteins puriicaion, BL2T £ coff (New Englard
Fiolabs,  ipewich, S8, were  transformed  witdy  pGEX-SP1,
POER-GF-T_GyelDNG o pGEXSF-T_QolORE-LIRT-S and wens: graown
overpighg. The day after they were (luted 3300 i3 50wl of L8 with
chy, Hitan, el and grows wotll opticsd
e wnprassian of renombinant proteing
Shgrea ARl for 2k Telly wers
pelicted and fsad In phosphate-buffersd sfine Tx pluz % Triton
X100 {Sigma Aldrich} and sonivated, Supematants weane innubated with
S0 ud of 509 shursy Glutathiong Sepharose 48 (GE Healthoarg, Milan, fada,
Sfter thves washes in phusghste buffered sallng 1 X, the bound protaing
wers olutesd i Proteln Sample Buffer {Biorad, Segrate, Raly) snd the
gxpression of GFY oy G5V fusdon weotains w i3 by SOS-PRGE wsing
Stalr Free gels (Bisracdh GABARSF, GATELS, BNIP2Z and BNIPIL were
reansonibed and ansiated B vive, by fusion with the FLAG epftops, using
e T 17 Coupled Retfculnuptes Lysste Systern {Promega, Rilan, iy
folinwing the manufachesrs protocol. Protein expesssion was cinched by
RS-PAGE and wasters blot wsing the anttFLAG antbody (Sigma &ldnichy.
For the intarsction, Glutathione Sepharose besds bourd 10 T pg of 68T,
GAT-ovtolDHS oy GAT-oytolDHS_UR-rauls -4 recomiingnt protains were
incubaten with sach COMG interactor exprazsed i wite for Zh 31 4°Cin
Intersction Roffer {20 v Hepes, 13 me RO G026 NOEE DOT smgimi
BEA, I BOTA, 2 pws T phes Comnplete Protoase Inh ki
Roche, Monza, Halvl Beads wers washed iy intersction Buffer and bound
protaing wers ehaad in Peoteln Sornple Buffer (Blovedt fue STS-PAGE and
Western bint anshais gsing ant-Fag andtody,

Py

35 Q00 M

Statisdica aralysis

Statistfcal anafyses wave parfornad wsing R Statisdeal Software pecksge
R Poundation for Satistiosd Computing, Wenne, Aty hitpdifsw,
R-profectong. Progues 3

palients were reported s Pequencies or 3z mesnaad, and were
compared between immunchiztological staining ciasses by v test and
et Seedvat cunves wees plaited by the Keplave-Reler method with the
togprand satstics.

Far off the I vire nyperiments, readls am reported 35 mearct sad wdsss
oxheraise S . Number of techinical repdivates within each ay
mard and nuvher of experiments conducted for sach analysi b indizat
i the comespovuding fgure Caption, Assumptions of sach statistical
tegt were verifed, Pyalues < G088 were conshiered as thesshold for
sigaificanne,
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Abstract——Antibody drug conjugates (ADCs) con-
stitute a family of cancer therspentics designed fo
preferentially direct a eytotoxic drug to cells express-

upon internalization and digestion of the ADC by the

cell, Over 40 distinct ADCs, targeting an array of
antigens and utilizing a variety of drugs and linkers,
are nndergoing clindcal evaluation. This review primarily

\\Q\ ing a cell-surface antigen recognized by an antibody, covers ADCs that have advanced te clinical invesiigation
E\‘\ & The antibody and drug are linked through chemistries  with a particular eanphasis on how the individual {argets,
§ W that enable release of the eyiotoxic drug or drug adduet  linker chemistries, and sppended drugs influence their

behavior.
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I, Introduction

Most reviews on antibody drug conjugates {ADCs)
begin by citing Paul Ebrlich’s prophetic "magic bullet"
proposal from 1908 {Strebhardt and Ullrich, 2008). In
actuality, though, magic is an llusion, whereas the
ragged, convoluted path that has led to the sl in-
cremental success of antibody drog conjugates today is
painfully real. If one could administer a therapeutically
effective dose of 3 highly pan-cyictexic compound to a
living organism without evoking texicity, that would
indeed be magic. So far, one cannot. Tt is fanciful to expect
ths pan-toxic compound to enter a cell of one typs, in this
case cancer, and kill it, but enter a cell of another type,
such ag liver, skin, or intesting, and remain benign. The
idea that appending such s compound to a vehicle
specifving its delivery would amehiorate said toxicity is
highly intriguing, yet equally specious. The fact remains
that only & very small portion of the ADC actually enters
the intended target cell while the remainder goes
elgewhere. That elsewhere includes normal tissues that
catabolize the conjugats, releasing the active compound
to wreak havoe on the catabolizing cell, as well as
neighboring eells, The liberated drug can also diffuse
inte general circulation, resulting in systemic exposure
to distant tissues.

That normal tissues lacking target are impacted by
ADCx should not be too surprising. Antibodies exhibit
extensive half-lives in vive, but they de not last forever,
Nor do they specifically bome to their intended targets
after systemic administration. The distribution and
ultimate catabolic fate of antibodies has besn shown
to occur throughout the body in a variety of tissues
(Henderson eb al,, 1982; Wright et al., 2000; Garg and
Balthasar, 2007}, The nonspecific pinocytotic uptake of
ADCs into normal cells residing in these tissues may
differ from target-dependent uptake, but in either case
they are ultimately routed to the lysosome for degrada-
tion, whereupon the drug is unleashed. Although a
monumental effort has been righifelly sllotied to the
identification of tumor-specific targets and the develop-
ment of stable drug linkers, target-independent toxicity
resulting from normal turnover of the antibody con-
tinues to vex the advancement of ADCs,

Although a forthrighi discussion regarding the cur-
rent limitations of ADCs is warranted, significant ad-
vances have ocowrred, and with more on the horizon,
there remains greai cause for optimism. Two ADCs,
Badeyla Grastuzumab emtansine; Genentech, Seuth San
Pranciseo, CA) and Adestrin (brentuzimab vedoting Seat-
tle Genetics, Seattle, WA), have been Food and Drug
Administration approved and enjoy widespread use in

the oncology clinic {Jackson and Stover, 2015). These
ADCs prove that the therapeutic index of an stherwise
unienable cytofoxin can be elevated to a therapeutically
heneficial lovel by affixing it to an antihody. Kadcyla and
Adeetris are not without side effects, though, as throm-
bocytopenia and neuropathy, respectively, can limit their
desing, thus underscoring the need for further improve-
ments. Because the therapeutic index of an ADC is a
function of several components, thers exist severad entry
points for potential improvements (Fig. 1), The chaoice of
targed, the antibody, the chomistry and site of drug
attachment, and the natwre of released drug all influ-
ence the risk benefit ratic of ADCs. Here I will attempt
te address each of these components by outlining exam-
ples of their implementation and how they impact the
behavior of ADCs.

1L, The Drugs Conjoined With Antibodies

A, Doxorubicin

Some of the earlier iterations of ADCs fested in the
clinic included the incorporation of antimitotics and
antimetabolites approved for use in chemotherapy as
unconjugated cytotoxins (Ford et al., 1983; Oldbham
et al., 1988; Eligs et al., 1890; Petersen et al., 1991;
Krauer et al., 1992; Takahasbi et al., 1993), These early
clinical ADCs suffered from a panoply of issues, not the
least of which was a drug likely too impotent for targeted
delivery. These stadies slsn preceded the broad spplica-
tion of humanized or human therapeutic antibodies and
reported freguent hypersensitivity reactions to the ad-
ministered mouse monoclonal antibodies, Premature re-
lease of drug from the antibody also contributed to a loss of
efficacy and, in some cases, toxicity. A subseqguent itera-
tion, again using a standard chematherapeutic, doxorhi-
cin, largely croumvented the hypersensitivity reactions
with a human/mouse chimeric antibody, This immuno-
conjugate, referred to as BR9G6-doxorubicin, targeted the
Lewis Y antigen and carried up to cight doxorubicin
molecules per antibody conjugated through an acid labile
tinker (Hellstrom et al, 2001}, Because of 8 lack of efficacy,
BRO98-doxorubicin failed to progresa beyond a phase 11
metastatic breast cancer trial {Tolcher et al, 1899) A
teachable slement here was the significant difference in
the nature of the {oxicities—hematopeietic toxicity with
free doxorubicin and gastrointestinal toxicity with the
ADC, It was surmised that Lewis Y expressed in the gut
was responsible for the conirasting toxicities, However, as
discussed later in this review, texicities not tvpically
assocdated with a free drug can arise when it is conjugaied
te an antibody, irrespective of the antibody target.

ABBREVIATIONS:

ADQ, antibody drug conjugates; AML, acute myeloid feukemin; Candg, cwituzumab mertansios; DAR, drug-to-

antibody ratie; EphAZ, Eph fumily receptor tyrosing kinase A2; HER2, human epidermal growth factor receptor I HI,, Hodghkin's Iymphoma;
MO, maleimidocaproyl; MMAEYF, mopnmethvianristatin B MBLN, mesothelin; 16, microbial transglotaminase; NHL, non-Hodgkin's
ivmphoma; PBD, pyrrolobenzodasepine; 8MOC, succinimidyl (N -maleimidomethyl) evelohexane-t-carboxylate; SPDR, Nesuecinimidyl 442-
pyridvidithiohutyrate; SPF, Nsuerinimidyl 4-{3-prridyidithicipentanoate; 88, disulfide; VO, valine-ritrulline.
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B. Calichegmicin

The requirement for increased potency was met head
on by conjugating the highly cytotoxic compound eali-
cheamicin to & humanized antibody recognizing CD33
(Hinmean et al., 1993), Calicheamicin is a bacterially
derived antibiotic that binds somewhat specifically to
oligopyrimidins-oligopurine sequences in the minor
groove of DNA, leading to double strand scission.
Calicheamicin exchibits cell killing potency that can
exesed that of standard of care antimitotics by 1000-
fold {Lee st al., 1987; Zein ot al.,, 1988} A slightly less
potent, but more stable, dertvative of calicheamicein,
N-acetyl-y-calicheamicin dimethyl hydrazide, was used
for incorporation into ADCs {(Fig, 2). A calicheamicin
ADC, gemtuzumab ozogamicin, targeted CD33 and
was investigated for the treatment of relapsed and
newly disgnosed acute myelocytic leukemia (AML}Y in
a variety of single agent and combination clinical
trials. Initial response rates appeared encouraging
and led to market approval, but sebsequent studies
revealing excessive toxicity and a lack of improved
overall survival when used in combination with stan-
dard of care therapy resulfed in withdrawal from the
market (Jurcic, 2012}, Nevertheless, a retrospective
meta-analysis uncovered an overall survival benefitin
AMI patients with favorable cytogenetics prompiing
an svaluation of gemturumab ozogamicin in that
setting (Loke st al,, 2015} A second ADC containing
calicheamicin, inotuzamab czogamicin, snd targeting
CI22, has been investigated in hematologic malignan-
vigs, Although a Phase IIT trial in relapsedfrefractory
non-Hedgkin lvmphoma f{ailed to reach its endpoint,
encouraging activity has been observed in earlier
stage trials of relapsedfrefractory acute lymphoblastic
leukemis (Shor et gl., 20153

O Auristatins ond Moytansinoids

Currently, the most widsly implemented eytotoxing in
the development of ADCs in the clinic are derived from

cyvanchacteria ingested by it (Petiit ef al., 1987; Luesch
et al., 23002), Comprised of & 4-mmer peptide of unconven-
tional amine acids capped with a C-terminal dolaphenine
(Fig. 2), dolastatin 10 disrupts microtubules and kills
cells with a potency 20-50 times greater than that of
vinblastine {Bai ot al., 1890). Several clinical trials
investigating the antincoplastic activity of dolastatin
10, and a synthetic derivative TZT-1027, were performed
but objective responses were not achieved {(Singh &t al.,
2008g), Further derivatives of delastain 10, containing
substitutions at the CHerminal dolaphenine with nor-
ephedrine or phenylalanine, vielded awristatins K and ¥,
respectively (Maderna et al,, 2014). Omission of a methyl
group from the N terminus afforded the respective
monomethyl analegs monomethylawristatio B (MMAE
and MMAF, respectivelyl, containing a secondary amine
amenable to chemical derivatization with linkers for
conjugation to antibodies (Doronina et al,, 2003). These
two compounds, predominantly MMAE, are the most
comman cytetoxic agents emploved in ADCs currently
under clinical investigation (Table 1), Ons of the MMAE
conjugates, Adcetris (brentuximab vedotin), received
approval by the Food and Drug Administration in 2011
for the treatment of Hodghin lymphoma and anaplastic
large cell lymphoma (Younes, 20143,

Like dolastatin 10, maytansine was originally isolat-
ed as a natural product that displayed highly potent
eytotoxic asctivily resulting from its ability to disrupt
nyierotubnide polymerization (Kapchan et al,, 1972; Lopus
et al, 2010} (Fig. 2). However, a paucity of objective
responses in the cancer clinic hampered further devel-
opment of maytansine as a chemotherapestic {Ravry
et al, 1985; Cassady of al., 2004). Interest in its anti-
neoplastic activity was reinvigorated by the incorpora-
tion of mayvtansineid thiol dertvatives into antibody drug
conjugaies (reviewad by Lambert, 2013} Two maytansine
derivatives, termed DM and DMJ, differing primarily
by the degree of methylation on the carbon atom adja-
cent to the disulfide bond (Kellogg et al., 2011}, are
undergoing clindeal investigation as ADC warheads
attached to various antibodizs (Table 1} One of the
DM1 ADCs, ado-trastuzumab emtansine {Kadeyla), tar-
geting the human epidermal growth factor receptor 11
(HER2} showed remarkable activity in HER2-positive
metastatic breast cancer in a Phase 11 clinical trial and
was approved for use in thix indication (Verma et al,,
20123, The HER2 homolog HERI, commeonly referred o
as EGFR, has alzo besn targeted by an ADC incorporat-
ing DM1 and is in early stage clinical testing.

I Pyrrolobenzodiazepine

Although maytansines and auristating, both of which
disrupt microtubule dynamics, dominate the ADC
clinical landscape, additional early stage clinical stud-
ies have been initiated with ADCs containing highly
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potent DNA damaging agents. In particular, a synthetic
dimerized derivative of pyrrolohenzodiazepine (PBIN,
an anthramycin class of antibiotic conjugaied to an
antibody targeting CD33 (Koeng Sutherland et al.,
20113}, has recently advanced inte the clinic for testing

against acute myeloid leukemia (Stein st al, 2014 (Fig.
2, Tabde 1}, As a fres drug, PBI} dimers are among the
most potent eytotoxic compounds ever identified, exhib-
tting potency in cell killing assavs reaching Gl values
in the low to even subpicomolar range (Hartley, 2011)
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PED dimers hind in a semisequence selective manner
to the minor groove of duplex DNA. Their cytotoxicities
are attributed to the formation of adducts to guaning
residues on opposing strands of DNA, resulting in
interstrand crosshinks (Gregson et al, 2001; Hartley
et al,, 2004). One of the PBD dimers, SG2000 (8JG-

136), entered clinical investigation for the treatment of

epitheliad ovarian, primary peritonesl, or fallopian tube

cancer, and although some of these studies wers termd-
nated, its assessment in advanced chronic lymphoeytic
legkemia and acete myeloid leukemis corrently remain
open {Clinical Trials gov Identifier: NCT0O2034227).

E. SN-38

As discussed above, meost of the drug components so
far emploved in the ADCs that have advanced fo the
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Clinisn! investipations of antibody drag conjugates

ADC Targed Drug Linker Indication Dlinteal Staves Tlpdaed)
Adentris CHaG MMAR ¥C L, ALCL Approved
DMUICETH4A MUCIS MMAE RN searian, pancreatic Fhase 1: coan ;ﬂ@h\d {Q2015)
DNIBOGONA NaPilh MMAR NC ovariag, By Phases Y reeruiiing (32015}
DETPankes FRaAPy MMAE Ve proviate Phage I: recpuiting (852015}
BOIFF2eROS {2 MMAR V¢ KHL, DLRECL Phase T seoeuiitng (520153
BUDS4s01A £1¥7gh MMAE RN NHIL, DLBCL Fhase 141 recrniting (0/2015)
DRDBNGS26A EDNHB MMAR NG welanoma Phase It ongotng \94 2015}
DBMOTERIsA MSLN MMAE NG Panreatic Phase L engobng (053615
MLNO26¢ suanyivl opelase MMAR W i3 Phase D recraiting 1652015
SGNLIVIA LiV1 MMAR ¥C breast phase I recrulting (0520153
ASG-220E NECTING MMAR Ve solid buowas Phaae 1: ongoing (42015)
AGBIAE SLITEES MMAE NC wrothelial Phase §: recruiting (0202015}
Clembatummumab swdntin GENMB MMAE VE TN bresst Phase I recruiting (0678015
PAMA ADC PEMA MMa® V¢ proatate Phase T completed <03/2015)
HuMaxTHF-AD fissue faefor MMAE A% solid fuemsos Phase I: recpaiting (112014}
BGN-TS ChTa MMAR NC NHL, rensl Phase ©b eompleted (1220314}
ASG-HME SLO44A4 MMAE RN pancreatic, gastrie FPhase I: completed {08/2013)
Bay TH-3620 AR MMaR ¥ sodid tumors Phasses 1: torminated (09820143
SER-CDIZA £1¥e MBIAF MO NHL Fhase I: recruiting (052015)
SGN-CDT0A ChTa MMAF MO NHL, renst Phase 1 reoruiting (06/2015)
AGS-16M8F ENPPS MMAF ML praxal Phase L complebad 1320121
PR-O828350 574 MMAR ME solid twmwrs Phase It rerruiting (2015
ABT-414 BOFRLE MMAF M palid bummors Phase §: recruiting (0802015}
TMGN2B9 BGFR PM1 BMEC solid tunwas Phase It terminated (6672015
AMUG 595 BOFRIE DM1 SMOC glioma Phase L sngoeing (B13¢15:
AMEG 173 CHR7L DML MO0 renid Phase 1. ongoing (862015
Lorvoiuganb mertansing NCAM {{UD56) DMy SPP hesne malignancies Phases Th recruiting ({01/2015)
TMGN3SE av integris Dd &PbB solid fumors Fhage I completed (09/2013)
IMGNERS FOLRL D4 SPDB VRIS Phase I recruiting (06/2015)
SAKRL19 £11g Phid SEDRB ALL phaze H ferminated Q82014
BARSEHERS CAS D4 SPED sodid tumors phase I rocruiting {032015)
BT-062 (SRR Dd &PbB muditple myelomas Fhase I: recpuiting (052015}
BAY-04.-9343 msothelin D4 EPDB solid twmies Phuse It moraiting (062015)
BIiRo1s Cripto DM SPER salid tumors Phase I complebad (RRR0131
IMGN529 Coav Dh4 &PDB NHE Phase 1 roxruiting 62015
IMOGREE3 FOLRL DM SPRR avarian Phase §t recrniting (08020415}
Inotuzrnal oxgenmdein CH22 calich-DME EShydrasone ALL Phase D recrniting 1662015
Gempuzumal mugeamisis CHaa calich-DME Shydrazons AMLPML Comp, User recruiting (080201 4)
SYDESS HER2 seon-IUBA Ve Hur2+ BOC phase I reeruiting (OG3G15)
SGN-CD33A CHEa PFBD VA AML phase L rocruiting {05/2015)
SCI8LIE.S fyn& DE5 undiselosed SCLG Fhase 1 recrniting{0422015;
Stiteburamabedox ChTd doxorubizin hydramone osdibple myelona Phase I compledad (0120148
IMMEE-130 CRACAMS &N-38 eRrdrssie colirectal Fhase L recraiting (01/2015)
IMBTA22 TROP2 SN-2R eprhonate apithedial Phasses VT repruiling (012015}

sen-DUBA, seco-duocarsmin-hydmxyhs i tdole; ¥, 3 ¢ ALOL, ssnplasiie Inege-nell frsuphorna, DERCL, dilftuse Yavge B oelf Lrsupioma; TN, {viple

segative; BC, brasst canver; SCLA, sonadl ooll Iung cancey; ALL, aoute 3mphublasm Tenkemiz; PML, promyaiooytic Jenkemiy; COME, Goonic myelogenous leukemia,

clinic are not drugs commonly administered as fres
chemotherapeutic agenis, The only excepiion ix an anti-
CI74 antibedy conjugated to dosorubicin, A second
rather atypical example Involves the use of 8N-38, a
derivative of camptothecin, a naturally cccurring quin-
oling alkaloid originally isolated from Camptotheca, the
Happy Tree (Chazin et al., 20141 {Fig. 2}, Although SN-
38 is not itself administered as a chemotherapeutic, the
prodrug analog, referred to ax CPT-11 or irinotecan, is
considered standard of care in the ifreatment of co-
lorectal cancer, Systemic irinotecan is readily converted
by human carboxylesterase to SN-38, enhancing its
topoisomerase inhibitory activity by over 100-fold rela-
tive to irinofecan {Kawate et al, 1881). Two ADCs
vontaining 8N-38 and targeting the epithelial cell
surface antigens CBACAM-5 and TROP-2, are in Phase
VI clinical studies for the ifreatment colorectal and
triple negative breast cancer, respectively {Govindan
et al., 2015; Starodub et al,, 2018 (Table 1), Although

the camptothecin analogs promote DNA strand breaks,
their mechanism of action differs from calicheamicin
and the PBDs, which intersct directly with the DNA
duplex, Camptothecin analogs, by contrast, cannot bind
to DNA alone, but interact with the topoisomerase-DNA
complex (Redinbo of al., 1998; Liu st al., 2000} resulting
in stalled DNA replication forks,

F. Duocarmycins

An additional class of DNA damaging agents, CC-
1065 and the related duccarmycins, has also been
applied in ADC technology (Shar et al., 2015) (Fig. 2).
These agents interact with the miner groove of duplex
DNA and alkylate adening residues, consequently pro-
moting strand breaks (Boger and Johnson, 1995} A first
in human Phase I clinical study of SYIYS85 was recently
opened in which an anti-HER2 antibody conjugated toa
duccarmyein is heing investigated in HERZ-positive
breast cancer (CliniealTrials gov # NCTO2277717). It is
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anticipated that this ADC might impact HER2-positive
tumors expressing lower levels of HER2 than that
associated with the diagnostically positive 3+ tumors
targeted by Kadevla {van der Lee ot al., 2015}, An addi-
tional ADC, MDX-1203, contained an analog of £C-1065
woupled to an antibody targeting CD70 (Thevanayagam
et al.,, 2013 A Phase I clinical investigation of its po-
tential utility in renal cell carcinoma and non-Hodgkin’s
Iymphoma was recently completed {ClinicalTrials.gov #
NCTO0944905) In this dose escalation study, a rels-
tively high dose of 15 mgfkg was reached, whersupon
g dose-limiting tosicity of hypersensitivity in 2 of 16
patients was encountered, but an Meximum Tolerated
Dose was not defined (Owonikoko et al., 28014} Addi-
tional adverse events inchuded fatigue (85%) and nausea
{54%), as well as other common constitutional symp-
toms, wheress delayed toxicities, deseribed as facial
edema andfor pleural or pericardial effusions, were ob-
served in 6/16 (38%) subjects treated st the 15 mghky
dose. Best reaponsze of stable disease was reported for 18
of 26 patients, although it did not correlate with dose
Javell

7. Other Chemotypes

Preclinical studiss describing additional microtubule
disrupting agents, such as novel faxeids and tubnlysins,
that have heen conjugated to antibodies also appear
interesting {Ojima, 2008; Cohen ot al,, 2014} Particu-
larly noteworthy is the preclinical assessment of the
gytotoxin amanitin as an ADC payload (Fig. 2}, Amani-
tin represents a significant deviation from the micro-
tubule disrupting and DNA damaging agents most
vommanly used in ADCs. Derived from poisunous niush-
rooms, amanitin is an octomer of eyelized amine acids
that binds to mammalian RNA polymerase II with high
affinity, thereby disrupting DNA transcription and
causing cell death {Cochet-Meilhac and Chambon,
1974}, Free amanitin is only poorly diffusible across
cell plasma membranes and requires specific organic
anion transporters, with restricted tissue expression, to
facilitate its transport into cells (Latschert ot al,, 2006},
Thus conjugating amanitin to an antibody results in
highly specific toxicity to cells bearing the antibody
target antigen. A comparison of free amanitin tosieity to
that of an amanitin ADC {argeting Epithelial Cedl
Adbesion Molecals (BpUAM), resulted in 05, values
that wers wp to 10,000-fold lower on EpCAM-pesitive
cell lines relative to fres amanitin (Moldenhauer et al,,
20123 In vivo antitumor activity was alse apparent at
doses considerably lower than that which induced
toxicity in mics.

In closing this section, it should be nofted that a
primary distinction between microtubule disrupting
drogs, such as the suristating and maytansines, and
some of the aforsmentioned DNA damaging agents, is
the increased propensity of the latter drugs to kill
nonproliferating cells (Shor et al., 2018), This may he

viewed ms an advantage in the context of treating
indolent cancers or exterminating so-called cancer stem
cells that may undergo slow rates of cell division.
However, the destruction of normal stem cells, as well
a8 any nonregenerating cell tvpes, particularly endo-
thaelial cells, could yvield unacceptable todeities.

1. Antibody-Drug Linkers
A, Stability and Drug Release

The term "stability” is frequentdy bandied about when
diseussing ADCs, where it typically refers to retention
of drug by the antibody either ex vive in buffers, plasma,
or hlood or in vive after administration. However, the
antibody itself can be destabilized by drug conjugation,
resulting in faster clearance of total antibody postdos-
ing (Fig. 3A). Finally, the term “stability” can also apply
to the ultimate liheration of drug upon cellular uptake
and catabolism of the ADC. For the sections hers on
drag linkers and their sites of attachment, discussions
on stability will primarily refer to extracelludar release
of drug from antibedy.
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The rapid release of drug after administration of the
ADC scems counterintuitive with respect to fdfdling
the "magic bullet” prophecy. Accordingly, the svolution
of antibody-drug Hnker chemistry was largely gurded by
the desire to maintain stebility during systemic cir-
culation followed by release upon internalization of
the ADC into cancer cells, In many respects, the ADC
linker {enets echo the general ambitions of predrug ther-
apy, aptly described by Singh st al. (2008b), “Thus, the
major oljective of prodrug design is to temporarily alter
the physicochemical properties of drugs to accomplish
madification of drug pharmacokinetics, prolongation of
action, reduce toxicities and side effects, increased
selectivity, and resolve formulation challenges.” Upon
internalization, the ADC is routed fo the lysosome,
wherg in contrast to plasma, the highly hydrolytic
envircnment is acidic and replete with proteases.
Accordingly, acid labile and protease susceptible linkers
were implemented (Hamann et al, 2002; Doronina
st al., 2003). The high levels of reducing squivalents in
the cell cytoplasm, relative to that in plasma, have also
been exploited by using linkers with reducible disulfide
bhonds (Chari et al., 19923 These three modalities of
drug release—proteolysis, reduction, and pH-catalyzed
hydrolysis—account for all of the ADCs in clinical
testing in which cleavable linker technology is employed
{Table 1),

B. Noncleavable Linkers

Quite surprisingly, it is not always necessary to release
the drug from the amine acid it is appended to in the
antibody. Kadevla, approved for use in human canesr, is
prepared using the crosslinking agent succinimidy! 4-4(N-
maleimidomethyl) cyclohexane-1-carboxylate (SMCC),
leaving the nonreducitde thiosther MCC linker posi-
tioned between antibody lvsine residues and DMI (Fig,
23 With this linker, the resulting drug remains attached
to & lysine residue upon internalization and digestion of
the antibody in the lysosome vet retains its ability to kill
vells {Brickson et =i, 2010). In the case of Kadeyla,
preclinical efficacy was comparable to that ebserved with
the anti-HER2 ADC containing maytansincids coupled
through reducible linkers (Lewis Phillips et al., 2008 A
noncleavable Hoker, maleimidecaproyl (MC), s also vsed
with the auristatin ADCs in which MMAF ig the in-
dicated cytotoxin (Table 1). Here, the resulting drug
retains the Hnker plus a cysteine residue derived from
the antibody (Doronina ef al., 20086). It should be noted
that although the MCC and MC linkers described heredo
not contain a cleavable bond, a retro-Michael reaction
invelving the malemide moisty is possible and can resudt
in deconjugation of drug from antibedy in vivo or in other
matrices {Alley of al,, 2008; Pillow et al., 2014).

A common featore of the noncleavable linkers used for
DM1 and MMAF is that the released drug derivatives
are hydrophilic and thus not very potent when added to
intact cells (Doronina et al., 2006; Erickson st al., 20103,

This suggests that the free drug released from cells
expressing antibody targst may be less impactful to
neighboring cells net expressing the target. This “by-
stander effect,” or lack thersof, could have tmplications
for treating tumors heterogensously expressing the
target, This was borne out in preclinical studies using
xenograft tumors that homogenously or heteroge-
neously expressed the target of maytansinoid ADCs con-
taining the deavable or noncleavable linkers (Kovtun
et al., 2006). Tumors with hemogenous expression could
be eradicated with sither ADC, whereas only the ADC
with the cleavable {reducible} inker was effective against
heterogeneous fumors, This implies that Kadeyla, which
contains the noncleavable linker, does not require by-
stander killing, perhaps owing to the sxceptionally highly
evel of amplified HERR expression on the selected breast
cancers for which it is indicated.

C. The Impact of Linker on Toxicity

The impaet of relessed drug substance on cells
lacking ADC target also has obvious safety implica-
tions. Despite having comparable efficacy, ADCs with
maytansinoids hnked through reducible linkers pro-
duced greater weight loss in rats than an ADC cenju-
gated via the noncleavable thioether hond (Lewis
Phillips et al., 2008). Moreover, in clinical testing, some
of the adverse events associated with masytansinoid
ADCs appear to be a function of the Hnker used for drug
attachment. For sxample, thrombocyopenis is a com-
mon dose-limiting foxicily associated with Kadeyla,
containing a nonreducible bond to DM1 (Krop and
Winer, 2014). By contrast, hematologic toxicities were
unremarkable with lmrvotuzomalb mestansine thuB01DM1),
containing the highly reducible N-succinimidyl 4-(2-
pyridyldithio)pentancate (8PP} linkage to DM1 and
targeting CD58. Instead, peripheral neuropathy, unre-
markable with Kadeyla, was a common adverse event
with lorvotuzumeb mertansine (Berdega, 2014). SAR3419,
containing DM4 conjugsted through the hindered re-
ducible SPDRB linker, also did not evoke serious hama-
tologic tosicity, but instead ocular toxicity was frequently
noted (Younes et al., 2012a).

Although these maytansineid ADCs target different
antigens, the target is not lkely responsible for the
distinet, linker-related, aforementioned toxicities.
Other ADUs, sharing the same drug and Hoker but
targeting divergent antigens, exhibit overlapping ad-
vaerse events. Neuropathy was again a frequent side
effect with MLNM2704, containing SPP-DM1 and
targeting Prostate Specific Membrane Antigen (PSMA}
{Galsky et al, 2008), vet the expression patferns of
PSMA and CDS6 differ significantly. The neuropathy
occurring in response to a cell-permeabls tubulin bind-
ing agent is not swrprising because this is commonly
aasociated with standard of care chemotherapeutic
taxanes and vinea alkaloids. Accordingly, ene might
anticipate periphsral neuropathy with MMAE ADCs



1146 of 14295

OnCusp
Ex. 1002

Antibody Hrrug Donjugaes 11

containing cleavable peptide linkers that relesse cell-
permeable free MMAE. This is indeed a common
toxicity with the VO-MMAFR conjugates, but not fre-
quently noted with the nonclegvable MC-MMAF auri-
statin ADCy, which release a free drug substance with
reduced potency on intact cells. Together, this implies
that the peripheral neuropathy associated with may-
tansinoid and auristatin-based ADCs containing cleay-
able linkers may be g bystander effect resulting from
the release of cell-permeable drug products originating
from the catabelized ADC.

The ocular toxicity asseciated SAR3419 is again
inconaistent with the expression pattern of the target
CIH®, which is largely restricted to bloed cells but is
common to the SPDR-DM¢ linker-drug configuration.
Similar ocular toxdcities, variably desceribed as epitheli-
opathy, keratitis, dry eye, and blurred vision, have been
chserved with IMGN-853 and BTO62, targeting the
folate receptor and CD138, respectively {Jagannath
st al., 2011; Kurkjian et al., 2013). Although cleavable
through reduction, the SPDB Hnker is highly stabilized
relative to 8PP, therehy prolonging retention of drug by
the antibody during efreulation. Thus, the resulting
enhancement to overall exposure of normal tissues,
such as ey, to intact ADC could contribute fo toxicities
not observed with more labile linkers. Grades 1 and 2
eve disorders were also noted for Kadeyla, containing
the highly stable SMOCC linkage to DM1 {Burris st al.,
2011an

Adverse ocular svents are not typically associated
with cleavable VO-MMAE ADCs but are noted with
auristatin ADCs emploving the stable MC-MMAF
linker drug configuration {Ferero-Torres et al., 2014,
Tannir et al., 2014}, In the case of the auristatin ADCs,
it is more difficult to ascribe the ocular toxicity simply
to increased stability of the intact ADC. Despite the
fack of a cleavable bond, the MC-MMAF conjugatss
liberate their drugs in vive at a rate comparable to
their VO-MMAE counterparts (Alley et al., 2008}, This is
because pharmacological deconjugation ovcurs through
maleimide/thioether fragmentation, resulting in loss
of the entire Muker-drug structure, 8 mechanism com-
mon to both the cleavable V- and noncleavable MC-
linker auristatin conjugates. Nevertheless, increased
overall exposure of the MC-MMAF ADCs may still
account for ocular toxicity, becanse they are typically
more tolerable and thus dosed at higher levels than VC-
MMAE ADCs. Finally, the enhanced exposure argu-
ment may alse be consistent with side effects assediated
with Abraxane (nab-paclitaxel; Celgene, Summit, NJd), a
protein-bound form of paclitaxel, relative to free pacli-
taxel, Interestingly, although ocular foxicities are not
characteristic of free paclitaxel, ocular and visual dis-
turbances cecurred in 13% (n = 366) of patients treated
with Abraxane (Package Insert, 12/2014). Overall, this
suggests that the ecular events associated with stable
ADC linkers are, in part, sn outcoms of increased

sxposures unattainable with less stable linkers that
may be Hmited by other toxicities oceourring at lower
exposures.

D. Limitations of Linker Stability

The menans to achisve near complete stability of the
antibody drug bond exist, but whether this is even
heneficial remaing unclear. As a proof of concept, Alley
et al. (2008} incorporated a bromoacetamidecaprovl
linker to obtain suristatin-hased ADCs that uvnderwent
ne measurable systemic loss of drug for 2 weeks,
However, despite a 25% incresse in exposure, relative
to the reference ADC containing the malsimidocaproyl
linker, no appreciable gain in efficacy was observed,
Thizinplies an upper Himit to the advantages of inersased
linker stabilitv. Conversely, a measure of instability may
be advaniageous in some cases. A reguirement for an
unstable linker was recently described for IMMU-130,
an ADC targeting CEACAM-5 and containing a pH-
sensitive carbonate bond to SN-38 (Govindan =t al,
2015} {Fig. 21 Nearly half of the eight drags appended
to the antibody were liberated within 20 howrs in hwnan
serum. Neverthedess, preclinical antitumor acivity was
demenstrated, albeit with a relatively generous dosing
schedule of 25 mghkg of protein, twice weekly. The
requirement for an unstable Hnker was made evident
by testing a similar conjugate containing a systemically
stable probease cleavable linker, which proved to he
ineffective, This strategy, which results in considersble
systemic release of free drug, may be particalarly ame-
nable to ADCs containing drugs, like SN-38, that have
reduced potencies relative to those used in most ADCs.

IV, Sites of Conjugation
A, Stechastic Conjugntion

The vast majority of the ADCs currently under
clinical inveatigation are comprised of linker-drug moi-
eties that are conjugated to either lysine or cysteine
residues resident to the native composition of the
antibody. The maytansinoids are derivatized with a
succinimide ester and reacted with antibody in a
specified molar ratip, randomly derivatizing up to 20
different lysines in the heavy and light chain subunits
{Wang et al,, 20053, The resulting ADC may have an
average drug-to-antibody ratio {DAR) of approsimately
four, whersas any individual molecule may have a DAR
ranging from zero to eight (Dere et al, 20131 The
auristatins are derivatized with maleimide, which
enables a reaction with free thiols, made available by
reduction of the cystine disulfide bonds that normally
link together the antibody subunits (Dorendna et al,
2003). An Ig(G1 contains four such disulfides, two
between heavy-heavy chain and one each for heavy-
light chain eonnections, yielding eight possible free
eysteine residues for drog conjugstion. Although max-
imizing the DAR is inteitively tempting, if overloaded
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the hydrophobic nature of maytansinoids and aurista-
tiny can drive antibody aggregation snd negatively
impact pharmacokinetics {Hamblett ot al., 2004; Chari,
2008), Desgpite derivatization of all sight interchsain
cysteine residuss with MMAE, these purified ADCs
appear identicsl in size to underivatized native IzG,
bind target, and kill cells in vitro with polency com-
mensurate with their high drug load (Hamblett st al.,
2004; Adem et al., 20145, However, ionic or thermal
stress revealed a disproporiionate tendency for the high
DAR species to aggregate and fragment {Adem et al.,
2014, Importantly, potency in vive was severely com-
promised by rapid dearance of the DARS ADC, whereas
DAR4Y appeared more optimal (Hamblett ef al,, 2004,
The implied relationship betwesn DAR, clearance, and
sfficacy iz illustrated in Fig. 3B.

R, Uniform Site-specific Conjugation

To circumvent some of the issues associsted with
nonuniform drug loading, site-directed conjugation was
developed. The prototypical version involved substitu-
tion of a specified smino acid in the IgG1 heavy or light
chain with a cysteine, resulting in two exclusive sites of
conjugation per antibody tetramer (Junutula et al,
2008} The resuliing THIOMAB-MMAE conjugate sur-
prisingly exhibited efficacy comparabls to a stochasti-
cally drugged ADC containing nearly twice as much
MMAE after dosing of equimolar amounts of antibody
protein, Improvements in safety were alse noted,
culminating in an enhaneed apparent therapeutic in-
dex. A comparison of THIOMABs containing MMAE
appended to distinet sites, revealed a pronounced
impact of conjugation sile on linker-drug stabilify,
which in turn, dramatically impacted efficacy (Shen
et al, 2012), Thus proper conjugation site sslection
offers an alternative approach to chemical modification
as a means to achieve enbanced stability. Cysteines
may algo be engineered into the carboxy- or amine-
termini of [gG polypeptides whers they can he reacted
with drugs derivatized with a sulfhydryl or aldehyde
group (Bernardes ot al,, 2013},

Several alternatives to the THIOMAB technology,
facilitating conjugation of drugs ai specific sites, have
recently emerged (reviewed by Panowksi et al,, 2014).
One of them involves the use of the anther suppressor
tRNA/aminoacyHBNA synthetase pair that enables
coded transiation of an wnnateral amine acid into a
specified position in the antibody. Incorporation of
p-acetyiphenviaianine provides a keto group as a reae-
tive site for formation of a stable oxime with an alkoxy-
amine derivatized drug (Axup of al., 2012}, Tested as
an anti-HERZ-p-scetylphenylalanine-auristatin conju-
gate, the ADC inhibited xenograft tumor growth. The
clearance and exposure parameters of the ADU were
very similar to the eorresponding naked antibody. An
additional embodiment in which an orthogonal reactive
group is indroduced invelves the incorperstion of a

selenocysieine amino acid at the C terminus of the
¥gG polypeptide chain (Hofer et al., 2009). This was
accomplished by enginesring a 3° TGA codon along with
g proximel selenocysteing insertion sequence element
derived from the thioredoxin reductase 1 ¢cDNA. The
TGA then codes for incorporation of the naturally
occurring amino scid selenogystene at the € termines
of the modified IgGG chain. The selenc group offers a
umique site on the antibody for electrophilic attack,
resulting in covalent conjugation of appropriately deriv-
atized compounds,

Additional metheds for site-specific conjugation in-
clude aldehyde tagging, wherein s short consensus
sequenece, CXPXE, is cngineered inte sight different
regions of the IgG heavy and light chain polypeptides
{(Drake et al, 2014) The sequence is recognized by
formpy] glveine generating enzyme, resulting in the
conversion of the consensus eysieine to a formyl glycine
containing s reactive aldehve group. Hydrazine-iso-
Pictet-Spengler chemistry was then used to generats a
stable bond to the reactive aldehyde group. An example
conjugate contsining mayiansine sppended to andi-
HERE was found {p be stable and efficacions in vivo.
Thres independent insertion sites were evaluated, and
similar to the THIOMAB, the site of conjugaiion
imapacted the stability and corresponding efficacy of
the ADCs. In another approach using a transposable
consensus sequence, Strop et al. {2013} exploited micro-
bial transglutaminase (mTG), which catalyzes cross-
linking of glutamine side chains to primary amines
Hence, a primary amine acyl scceptor can be covalently
coupled to the glutaming in the presence of mTG. The
glatamine tag, LLQG, was inserfed into a variety of
positions in the {g@G chains, and a number of highly
reactive sites were identified. One of the reactanis
tested was acvi-Hysine-monomethyl dolastatin 10 (MMAD),
resulting in a potent ADC with an approximate DAR of
twa. Preclinical efficacy of an acyl-lysine-MMAD ADC
targsting the antigen MI1S1 was impressive and com-
parable to that of 2 stochastically drugged ADC con-
taining nearly twice as much MMAD. Site-dependent
differences in pharmacokinetics, particalarly in rat,
were again noted.

Dennler et al. (2014) demonsirated an additional
method invelving mTG catalyzed crosslinking, but
lacking the requirement for any engineering of the
antibody ¢DNA sequence, The approach takes advan-
tage of conserved heavy chain residue glutamine-205,
which is the only site recognized by mTG in deglyeosy-
Iated IgG. Although direct conjugation of auristatins
prederivatized with linker containing the amine donor
was demonsirated, the yields were poor and required a
40-fold excess of linker-drug per GLN-295 site. Betier
vields were realized, at much Jower linker-drug to GLN-
285 sibe ratios, when bifunctional linkers containing the
amine donor at one end, and either an S-protected thiol
or azide at the other, were first coupled to GLN-295.
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This was followed by reacting the appropriately
derivatized auristatin linker-drug construct with
the pre-existing GLN-285 adduct. Omne potential
Biability is the lack of carbohydrate on the antibody,
although it remains unclear whether this would
affect the pharmacokinetics or activity of an ADC in
humans.

Direct chemical modification of antibody carbohy-
drate to a sile reactive for conjugation was described
by Zuberbuhler et al. (2012). Here, sodium periodate
was used o selectively oxidize the fucose metety in the
N-linked glycan te an aldehyde, thereby making it
reactive with a hydrazide derivative of a dolastatin,
The resulting hydrazone trigger in the ADC is not
particularly stable, though, exhibiting & half-life of
about 18 hours at physiclogic pH in phoaphate-
buffered saline, Carbohydrate as a site of antibedy
conjugation was alsoe described by Qkeley et al, {2013},
but in this scheme the reactive site was generated by
metabolic incorperation of derivatized fucose into the
N-linked glyean. The antibody is produced by Chinese
hamster ovary cells in media containing 1 mM of a
fucose analog subatituting for native fucose ag a sub-
strate for fucosyltranseferase VIII, Thus, incorpors-
tion of 6-thiofucese into the glyean presented a unigue
free thiol that facilitated conjugation by Michael
addition with a maleimide containing linker drug.
The ADC drugged with MMAR in this fashion was
quite stable, losing only 15% of its dreg over 4 days in
plasma. The average DAR was only 1.3, largely owing
to incomplets incorporation of the fucose anslog inte
the glyean.

V. Targets

Assessing both the relative expression level of a
target on tumor and normal tissues and its representa-
tion across 8 large paned of tumors is a critical frst step
in selecting a target for ADC therapy. This was fa-
cilitated markedly by the advent of high-throughput
technologiss enabling the measurement of thousands of
mRNA transcripts across thousands of Hssue samples.
One could readily identify putative cell surface proteins
overexpressed in a significant portion of tumors while
lacking expression in particularly vital or regenerative
normal tissues. Subsequent validation steps included
verifying the abundance and cell surface lpealization of
the target protein as well as #ts ability to internadize a
bound antibody. However, the paradigmatic target—
highly expressed on cancer cells and altogether absent
on normal cells—is extremely rare, i not nonexistent,
As some clinical faitures atbest, the target does matier,
both for efficacy and safety. It is far too expansive to
cover all targets entertained for ADC therapy, but some
select examples can help convey lessons learned from
the clinical experience.
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A. Huwman Epidermal Growth Factor Recepior H—Is
Lovel of BExpression Important?

It is tempting to trumpei the success of Kadeyla
{Trastuzumab-SMCC-DM1) as 8 harbinger of future
trinmphs of ADCs in solid cancers. However, with #s
multimillion copies of oncogenic receptor per tumor cell
driven hy DNA amplification and a drug conjugated to
an already functionally neutralizing antibedy, HER2
iz hardly & representative ADC target {(Kallioniemi
et al., 1992; Burris ef al,, 2011} Therefore it is difficult
to gauge the general spplicability of the SMCC-DM1
linker-drug vsed in Kadcyla based solely on the HER2
experience. The SMUC linker yields a released may-
tanzinoid drug with little bystander cell killing
{Erickeon et al,, 2010}, vet performs guite well in the
context of Kadeyla, One could conclude that the excep-
tionally high and relatively homogenous target expres-
sion of HER2 may enable use of the SMCC linker,
Howsver, the results of additional clinical investiga-
tions with SMCC-DM1 ADCs, such as AMG 172 and
AMG 595, targeting CDV0 and EGFR (Table 1), re-
spectively, should help determine whether this Enker-
drug configuration has hroad utility. We have learned
from Kadeyla that the level of target espression may
correlate with outcome, For patients with twmors di-
agnostically HERE positive by fluorescent in situ hy-
bridization, the overall response rate was 40%
compared with 20% for those scored as HER2 normal
{Kropetal, 2012}, In this sbody, anexploratory analysis
iz which only HERZ2-posttive twmors were further
ranked by reverse-franscription polymerase chain re-
action or fluorescent in situ hyhridization revealed a
trend for improved outcome for patients whose tumor
hiopsy samples scored above the median, Additional
positive correlations between HERZ mRNA transcript
levels, as measured by reverse-transcription polymer-
gse chain reaction, and patient cutcomes have been
reported in other studies (Burris &t al, 2011a; Perez
et al., 2014},

B. UD30—Does Antibody Effector Function Contribute
to Efficocy?

To what extent does the recruitment of effector cells
by the antibody portion of the ADC contfribute to is
activity? To address this, Adestris (brentuximab vedo-
tin}, which targets CD30 and produces excellent re-
sponse rates in refractory Hodgkin's lymphoma (Younes,
2114), provides an example less encumbered than
Kadeyla, because unlike HER2, # is not sxpressed at
unusually high levels nor is it oncogenic. It is a member
of the tumor necrosis factor receptor family, and
although its function remains unclear, a variety of
mouse models implicats it in the regulation of autoim-
nne responses, Normal fissue sxpression of CD30 i
primarily restricted to activated immnms cells, whereas
posifive lymphoid cancers sxpress considerably higher
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levels, Alse dissimilar to HERZ, naked antibodies to
CD30, meluding SGN-30 used in Adcetris, have nol
generated compelling responses in the clinde, particu-
larly in Hedgkin's lymphoma {reviewed by Kumar and
Younes, 2014). Moreover, a variety of clinieal investiga-
tions were initiated, including radicactive and proteina-
cious toxins appended fo anti-CD30, as well as bispecific
antibodies, but none have progressed beyond early
stage clinical testing (Kumar and Younss, 2014), To-
gether, these clinical fatlures, especially that of SGN-30,
contrasted with the remarkable sucesss of Adcetris,
sugpest that anti-CD30 itself contributes Little in the
way of effector function but rather acts primarily ag a
means for specifying the delivery of MMAE. Neverthe-
less, one could credit soms of the success of Adcetris to
its application in hematelogic cancers, whers approved
antihody therapeutics are disproportionately repre-
sented (Niwa and Satch, 2015). Numerous disparate
clintcal ADQC trials {Table 1), whersin the same V(-
MMAE linker-drug confliguration in Adcetriz iz aimed
at other targets, will help define the specific attributes
that contribute {0 success.

C, CD7Y versus CD22—Haow Inportant Is the
Specific Target?

It also remainy possible that CD30 is simply a
spectacular target for ADC therapy. Although we have
leamed from clinieal correlations with Kadeyla that
high target expression is benseficial, the rules that
determine the utility of a potential ADC target remain
murky. The degree to which the specific target per se
influences safety and efficacy of an ADC can be glimpesd
from a recent Phase 11 trial in which antibodies to CD22
and CI79b, both conjugated to VO-MMAE, were tested
side by side in relapsedfirefractory non-Hodgkin's lym-
phoma {Morschhauser et al., 2014}, CD79b is a positive
signaling component of the B-cell receptor, whereas
D22 is a B-eell specific transmembrane glycoprotein
that negatively regulates antigen receptor signaling
{Chu and Arber, 2001; Sullivan-Chang et al,, 20135
Both targets are detected on normal adult B-cells and
amply expressed on the vast majority of NHL. The two
corresponding ADCs squipped with VC-MMAE pro-
duced similar findings in preclinical efficacy and safety
studies, including the targsi-dependeni killing of
normal B-cells in nonhuman primates (Dornan ef al,,
2009, 14 et al., 2013), In the Phase II trial, the two
ADCs, combined with Rituxan jointly by Biogen-Idec
{Cambridge, Mass} and Genentech (South San Franciseo,
CA), were wedl-tolerated with similar primary toxdeitics,
consisting of neutropenis, peripheral neuropathy, and
diarrhes, and very eomparable overall response rates in
diffuse large B-cell lymphoma- 22/39 (6 CR+16 PR} and
24/42 (10 CR+14 PR) for CD79b and CD32, respectively.
8o, despite their different siructures and opposing func-
tions, the two targets are nearly indistinguishable with
respect to MMAE ADC therapy. This is not o say that
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target selection is irrelevant—CD22 and CD79b satisfied
a battery of preclinical qualifications, including efficacy
and safety, before consideration for further development
in the first place. But, having qualified, they seem equally
competent despite their differing functional and bio-
chemical backgrounds.

D, gpNMB and CD¢d—Is There Dose Limiting
Target-dependent Toxicity?

These two targets have very Hitle in common bi-
ologically, structurally or otherwise, and the dinical
studies targeling them with ADCs used different anti-
mitotic drugs. Nevertheless, they share a common side
effect not common to other ADCs containing their
respective antimitotic drugs. Glycoprotein nonmsta-
static melanoma protein B (gpNMB), the melanoma-
related glycoprotein homelog of the pigment forming
protein premelsnosoms protein 17 (PMEL-17), 18
expressed on the surface of epidermal melanocytes in
situ {Tomihari et al., 2009; Naumovski and Junutula,
201, Glembatumumab  vedotin (anti-gpNMB-VC-
MMAEY has heen investigated in advanced melanoma,
where skin rash was identified as the most common
adverse event (Ottet al, 2014}, At the MTD of 1.88 mypfke
administered every 3 weeks, 30% of patisnts experienced
grade 3 or higher skin rash. Nevertheless, partial
responses were observed i 13% (5/40) of this cohert,
and the MTD, although attained for different reasons, is
similar to that reached for the approved VO-MMAE ADC
Adcetris (Younes et al., 2012h). A separate study in-
volving anti-CD44v8 conjugated to DM1 also evoked skin
toxieities, again not typically observed with maytansi-
noid conjugates. In this Phase I study of bivatuzamab
mertansine, 24/31 patients experienced dose-dependent
skin svents involving rash, blister formation, skin des-
quamstion, which included a fatal case of tosic epider-
molysis, wtimately prompiing discontinuation of the
investigation, The expressivn of CD44vE8 on normal
keratinocytes lkely accounted for the skin toxicities. It
seems that the lesson learned from these two ADC
studies i3 to avoid tarpets expressed in normal skin
tissue,

E. NaPi2b and Mesothelin—Witl Expression
on Normal Tissue Always Result in
Target-dependent Toxicities?

Although it is clear that high normal tissue expres-
gion can present a Hability, it is not universally the case,
The target sodivum phosphate transperter 2b (NaPi2b),
g sodium phosphaie transporter and product of the
SLEC34A2 gene, is well expressed in normal lung tissue
and is clearly critieal for normal function thers, as
evidenced by the linkage of SLL34A2 germ Hine muta-
tions to heritahle pulmonary alveolar microlithiasis
{Traebert et al., 1999; Corut et al,, 2008}, Yot in a Phase
§ study in which anti-NaPi2b-VC-MMAE was adminis-
tered to 30 ovarian cancer patisents, including 18 {reated
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at 1.8-2.8 mgkg, pulmonary toxicity was not reparted
{Gordon et al,, 2013). Most togicities were constifu-
tional, whereas those resuliing in dose Hmitations, such
as peripheral neuropathy, were generally consistent
with VO-MMAE ADCs aimed ai orthogonal targets.
Thus the propensity for targst-dependent toxicity may
depend on the particelar normal tissue expressing the
target. The reasons for this remain unclear, but could
relate to the selectivity of antimitotic drugs, including
MMAE and DM, for proliferating or regenerative
tizsues, such as skin and bone marrew. By contrast,
lung tissue, in the sbsence of imjury, is not highly
regenerative. Secondly, NaPi2b expression is confined
to the apical surface of large cubeidal type I poeumo-
cytes (Traebert et al., 1998, which could potentially
hindsa the aceess of the ADUC to the target in normal
tissue,

Menothelin {MSLN}, 2 40-kDa glyeophosphatidylinositol-
anchored protein, is expressed normally on the swrface
of mesothelial cells Hning the pleura, perifoneum, and
pericardivm and s overexpressed on & variety of solid
tumors {(Hassan and He, 2008} An ADC targeting
MSLN and armed with VO-MMAE was evaluated in a
Phase I clinical {rial for the treatment of pancreatic
cancer {Weekes et al,, 2014}, Some grade 8/4 toxicities,
including nevtropenia, AST/ALT elevation, and fatigus
were reported but were not consistent with disruption of
mesothehial Hnings. By contrast, the targeting of MSLN
with the recombinant immunotoxin 881P [B81{dsFv)
PE38] provoked a dose-limiting toxieity of grade 3
pleuritis, characterized by fever, hypoxia, plearal effu-
sion, and pain (Hassan et al,, 20075, Grade 1/2 peri-
cardial effusion was also noted. These are quite likely
target-dependent events but were nof observed with
anti-MSLN-VO-MMAE. A critical distinction here is
the payload in 5S1P, Psendomanas sxetoxin A, which
kills cells by inhibiting protein synthesis, as opposed to
the antimitetic MMAE. This implies that target-
dependent toxicity might also depend on the mechanism
of action of the cytoboxin, Additionally, S81P is some-
what smaller than an ADC, consisting of an IghG Fy
fragment fused to a 38-kDs portion of the Pseudomonas
exotoxin A, which could facilitate better accsss to the
mesothaliom.

F. Eph Family Receptor Thyrosine Kinase AZIg
Target-dependent Toxicity Predictable?

EphA2 is an Eph family receptor tyrosine kinase
expressed in a variety of cancers that was recently
targeted with MEDI-547, an anti-ephA2 antibody con-
jugated to MMAF using the noncleavable MO linker
{Annunziata et al,, 2013}, The clinical experience here
helps exemplify the difficultiss of target evaluation,
Clinteal studies evalusting SGN-75 and SGN-CD19a,
both of which alse contain MC-MMAF but target CD70
and CD19, reapectively, provide a background for
evaluating adverse events driven specifically by the

antibody portion of MEDI-B47 (Borate et al, 2013
Tannir et al.,, 2014}, In striking contrast to SGN-75
and SGN-CD19a, which were tolerated at doses as high
as 3 and 6 mg'kg, respectively, MEDI-547 was discon-
tinued because of drug-related adverse events affer
dosing the first cohort at 0.08 mg/kg (Annunziata et al.,
2013}, Bleeding and coagulation eventa reported for five
of the six patients, thyee of which were recorded as
severe adverse events, were responsible for termination
of the study. These pathologies were not entirsly
surprising because they were shssrved predlinically in
cross-reactive rats snd primates, albeit st much higher
doses than that attained in humans. The toxicities are
probably target dependent, but the specific tissuels)
invelved in eliciting the adverse events wers not
identified. Although GLP comphiant tissue cross reac-
tivity studies were performed, this practice involves
the immunochistochemical application of the drug itself,
in this case MEDI-547, to frozen tissue sections as a
mesns of detecting potential sites of reactivity {Leach
et al,, 2010} Accordingly, some weak staining restricted
to tonsilar and esophageal epithelivmm was noted for
MEDI-547. However, & more rigorous analysis using an
antibody exhibiting demonstrable attributes as an
immunchistological reagent would be more compelling,
The authors concluded that a resssessment of tissue
cross reactivity was warranted. It alse remains possible
that the specific antibody per sg, either on or off target,
was the driver of toxicity,

G, MUCT and MUC16—What are Consegquences of
Shed Target Antigen?

These two examples address the consequences of
circulating shed target antigen on the performance of
the ADC., Mucl6 is an extremely large cell surface
antigen containing multiple tendem mucin domaing,
which bind the antibedy in DMUCHKTS4A, an ADC
containing the VO-MMAE linker-drug {Chen et al.,
2007}, Preclinteally, tave distinet antibedies were tested
as ADCs against Mucl6-11D10, whichk bound & non-
repeating epitops, and 345, which recognized multiple
mucin repeats. Despite having lower average affinity,
the 3A5 ADC was vastly superior to that of 11D10,
supporting the notion that higher antihody target
density correlates with greater efficacy. However, the
presence of these multiple mucin repeats on CAI1R5—
the extracellular portion of Muclé that is shed into
circulation—evoked fear of toxic ADC immune com-
plesss as well as pharmacokinetic interforence. Nong of
this eame fo bear in the clinie, though, because there
was no impact on efficacy, safety, or pharmacokinstic
parameters that could be attributed to CAL25 levels,
ranging from very low (100 Ulml o very high (7177 U/mi),
in paticots administered the recominended Phase H dose
of 2.4 mgfkg (Liu ot al,, 2013}

Cantozumab mertansine, an early iteration of s
maytansinmd ADC targeting Mucl, or CanAg, was
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investigated in cancer patients ranging widely in
plasma levels of shed Candg (Tolcher of al, 20603), Of
the 30 patients with detectable plasma CanAg levels, 25
experienced rapid reductions o undefectable lsvels
after the fivat dose of the ADC, which was maintained
for up to 21 days in the majority of the patients. Again,
shed antigen levels did not impact pharmocokinstics
nor exhibit any relation fo toxicity. However, an impact
of shed Candg was called owt 1 a Phase II study of
huC242-DM4, a subsequent iteration of & mayiasinoid
ADC targeting Mucel (Goff ef al,, 2009), In this study,
exposure of huC242-DM4 in patients with gastric
zancer was inversely correlated to plasma CanAg levels,
fnterestingly, those with low levels of CanAg, and thus
higher circulating levels of huC242-DM4, appeared
more susceptible to the ocular toxicity asseciated with
this class of ADC than those with high CanAg. Accerd-
ingly, the study was amended to administer a higher
dose of hu(2423-DM4 to patients with high plasma
Candg. Although it was apparent from thiz study that
shed antigen was likely binding to and promoting the
clearance of ADC, the presumed formation of ADC-
targst immune complexes did not exacerbate toxicity.

V1. Conclusions and Perspectives

The expanding register of ADCs vader clinical in-
veatigation certainly atiests to the interests and hopes
we harbor for ADC therapeutics in the oneplogy dinie.
Howaever, there have been a fair nwmber of failures,
many of which have occurred quite recently. Although

Rebsase of frse dug by
desaniugation of srcudatng SO0

Tavget-dspen spbaks
and catauoitsrs of AT

Target-dnsenendsnt uptske i
and vetebaliow o ARG it ARG {hestendasy

Figg 4. Poscible mechanisms of ADC toxicity. Normal cells exprossing
target updaks the ADD {upper leltly fee deog relessed from ADC in
circulation diffuses into normal cells (npper righty nonspecific uptake of
ADC by normal redls tlower lel) free drug released froos oalls that uptake
ADC, apeciieally wo nonspecifioally, diffuses into normal zells,

some were grounded by insufficient aclivity, it is
apparent that even 3 marginal gain in tolerahility could
have prevented their failure. Such untoward safety
signals can arise from at least four potential sources
{Fig. 4}, Normal cells expressing target are a proven
Hability, although not & common ong, o far, Systemic
deconjugation of ADCs certainly ocours and can be
mwonitored, but the consequences for safedy depend on
the natore and amount of released drug or drug adduct.
Nevertheless, toxicity abounds even when highly stable
linkers are used or when the released free drug is
relatively impotent,

On balange, toxicity unrelated to target expression is
probably the most significant obstacle hampering the
progression of ADCs. The catabolism of ADCs resulting
from their pharmacological clearance yields intraceliu-
lar amounts of the very drug intended to kill the cancer
cell, Furthermore, once liberated, the drug can diffuse
into neighboring tissues or gscape into circulation and,
depending on its nature, kill additional cells through
the bystander effect. Even the successes, of which
formally there are just two, would provide better benefit
if not for this target-independent toxicity, HER2 iz not
expressed on megakaryoeytes nor is C30 on peripheral
neurons, veb therein lie the reasons for dose limitationa
and reductions of Kadeyla and Adgetris, respectively,
Thus it is likely that these texicitics emanate, either
directly or indirvectly, from uptaks and conversion of the
prodrug, i.¢., the ADC, to the active small molecule drag
by cells lacking target. This underscores the need to
exploit the differences between nonspecific, pinogytatic
uptake and target driven uptake of the ADC, as well any
differences by which normal and cancer cells process the
prodrug to drug.

Altering the antibody in ways that reduse eithsr the
amount or rate of uptake by cells lacking target might
ephance the safety margin of ADCs. Glwiously, append-
ing drugs that exhibit greater selectivity toward cancer
cells would also be bensficial. In principal, highly potent
"targeted” therapies that exploit dearly defined genetic
differences in cancer cells could be made more effective
and safer if conjugated to antibodies. Similarly, drugs
designed to take advantage of more generalized attri-
butes of cancer that distinguish them from nermal eells,
such as hypoxia or endoplasmic reticulum (ER) stress,
could bensfit from conjugstion to antibodies. Although
such drugs are designed to be more sedective to cancer,
conjugating them to antibodies could further reduce
toxicities, improve pharmacokinetic exposure, and fa-
cilitate enfry of impermsable molecules info targeted
cells. Some of these efforts, and other potential im-
provements, are underway.
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Synopsis

Qver the past couple of decades, antibody-drug conjugates {ADCs) have revolitionized the field of cancer chemo-
therapy. Unlike conventional treatments that damage healthy tissues upon dose escalation, ADCs utilize monoclonat
antibedias {mADbs) 1o specifinally bind tumourassociated target antigens and deliver a highly polert cytotoxio agent.
The synergistio combination of mabs conjugated to smallmolecule chemotherapoutins, via a stable linker, has ghven
rise 1o an extrenmely efficacious class of anticanner drugs with an already large and rapidly growing clinical pipeline.
The primary objective of this paper is to review current knowledge and latest developments in the field of ADCs.
Upon intravenous administration, ADTCs bind Yo thelr target antigens and are internalized through receptormediated
endocytosis. This facilRates the subsequent release of the cytotonin, which eventually leads to apoptotic cell death
of the cancer cell. The three components of ADCs (mab, linker and oytotoxin} affect the efficacy and toxioity of the
conjugate. Optimizing cach oneg, while enhansing the functionality of the ADC as a whole, has been one of the major
considerations of ADC design and development, in addition to these, the choioe of clinically relevant targets and
the position and rmumber of linkages have also been the key determinants of ADC efficacy. The only marketed ADCs,
brentuxinish vedotin and trastuzumal emtansine {T-DM1}, have demonsirated thelr use against both hasmatologicat
and solid malignancies respectively, The success of fture ADCs relies on improving target sslection, increasing
cytotoxin potenay, developing innovative linkers and overcoming drug resistance. As more research is conducted to
tackle these issues, ADUs are ikely to beconwe pant of the future of targeted cancer therapeutics.

Key words: antibody-drug corjugates, brentuximab vedotin,d canper, chematherapy, monocionsl antibodiss,
tragtuzumab emtansine.

Cite this griicle as: Blosolence Reports {2015; 38, 200225, dot10, 4043 ABSR2045008%
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continue 18 be plagued with the problems of apn-specific toxteity
{as a resplt of tarpeting all rapidly dividing cells), murrow thera-
peviic windows 3] and increasing resistance wutes {3}, These

The adverg of modenvday cancer chematherpy dates baek to
the axd-1900s when 2 chemicad warfare agent knovwn a3 sitro-
gon axnsinrd was seen to destroy the bone marrow and lymph
tissne of exposad individuals {11, Inithe following vears, nitrogen
sastard, dlong with sumerons other alkyisting agenss {21 ok
centre Qage in the weatment of various hasywinlogical malig-
sancies inchading levkasmia, lymphoma, Hodgkin's disease snd
andiiple myeloms, Severat other sevendipitons observations {3}
iead to the development of the first primitive classes of eviotoxins
{Figure §) Despiie vasi progress in the ficld of cancer chemo-
herapy, smalt-molecale oamcer dragy falthough highly potenty

concerns emphasize the need to move sway from conventional
cancer ireatments and explore new ways to twchle the ever-present
dizease.

In recent vears, enbumeed anderstanding of cancer binlogy has
shifted the focus of cancer treatment from fraditional chemother-
apy to targeted cancer therapies that take wivantage of the dif-
ferentiating features of tumour cells w provide a2 famework for
drug development. These distinctive features, collectively honown
as the “hallmarks of cancer” {7.8] enable fumoer cells fo sur-
vive, mupltiply and metastasize nsing 2 varety of mechunisms
wcluding activation of self-safficient growth signals, evasion of

KO0, antibody-drug ADCC, v GRrateinity; AML, adute mpeiid 3 DR ohaster dostg 08, ; X 3
= iy CDOC, sump N ! 35 8 X Bty t yunic antigen: DR, oonstant eavy shsde DR, drog e satta; DR, ey iy SGRN,
Epripmat growth hacior : Felin, poovetat Fo T FEQ, Fous ang Brug Scwdnisirativn: HER ran Epidsrmal grawth feciar reverer 2 midh, monvckinal anthody MSEK,

Mmitugerractivated prolen kinaze: MMAESE monodthyd aunistatin §/F; MAEF mutidug resistancs ot

R, raturst kitier Pgp, Sfoiprotein; PRR, pavpicbereaiisseine FI3K,

phwmephininositide 3 kivass] PSR, pwostatespeciic merdrans antizen: TOM1, rastuzumat emisnsine.
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anti-growth signals, gvasion of apoptosis and induction of an-
giogenesis. Corrently approved fargeted thevapies counteract
these 3nd provide safer and more efficacious alternafives fo tm-
ditional chemotheragw.

Canoer celly differ from normal cells due to genomic muda-
ftons in preogenes andfor funour suppressor genes (¥ Once the
integeity of the genome i compromised, cells are more lkely to
develop additional genetic faulty, some of which may give rise to
tmour-specific antigens (fovrd only on the surface of fumear
cellsy or wmow-assoviated  antigens  {overexpressed  on
fumaony cells, but also pressnt on normal cells} {10L Ongoing
researel has found that severs] bunan cancers express unigue
fumour-speciiic or tumonr-associsted cell surfuce antigens 1Y
witich are of great vatue as targets for large mnlecule, monoclonal
antibody (uAbj-basad therapy.

The nse of antibodies 25 “magic budleis’ to treat disease was
first praposed mare than 100 vears age by the founder of chemo-
therapy, Paul Bhelich {131, Due to severs] challenges in the devel-
opment of man astibodtes, i was only o 1997 that the USFDA
{Food and Drug Adminisivation) approved the frst apti-casoer
antihody, rituimigh, for the treatment of B-ecell non-Hadghin's
Iymphoma {13], Barly mAbs were based on murine or chimeric
antibodies that were modified o target bruman antigeas. As these
were non-human antibodies, they evoked 3 strong tmmvne re-
sponse that prevented the trestment from being successinl. The
large size of the mAbs alse proved to be problentic as i resulted
in redhuced tomote penetration 14 and poor therapeutic effect.
Since then, severdd advances in antibody engineeving {13,186
have pptimized phamseokineticos and effector fonctdon while re-
ducing inunuangemcity. This has resulted in 2 sigoificant inorease

in the development of antibady-based dengy 17 IR] apainst
Cancer.

nAbs exert their therapetutic effect {18 by binding to tumone-
spectiic o tumiur-associsted cell sorfaee antigens. Once bound,
the mADb hills the wmone cell by one or more of the follow-
ing mechanisms; {1} atvogation of tumonr cell signalling, res-
plting in apoptosis (i) modulation of T-cell fonction through
antibody-dependent celidar cytotoxicity {ADUC), complement-
dependent oytotoxicity (CDCY or complement-dependent cell-
mediated cytofoxicity (CDUC) and (81 exertion of inhibitory
effects on tmow vascolature and stromie [I0,2H. Despite these
varioas cell-killing mechanisms, most mAbs display insufiicient
cytotoxic sotivity {32] Corrent efforts in cancer treatment bave
therefore focpsed on combining the selectivity of mAbs with the
potency of chemotherapesiic small molecules, giving rise fo an
entirely new class of anti-cancer drugs knows as antibody-drug
conjngates {ADCs) {33]

ADRCs are tripartite drogs comprising 3 tomour-specific mAb
conjngated o8 potent oxtotosin viaa stable huaber (Flgure 23, The
three components of the ADC together give rise to a powerfal on-
colyiic agent capable of delivering normally intolerable oytatox-
s directly to cancer cells, which then internalize and relesse the
celi-destraving dimgs {241 Although the concept of combining a
mAb with a oytotoxic drog is fairly old, sigmficant improvements
have been made since the fimst geoseration of ADCs. Eady ADCx
{based on maAbs that did not snderpo internulivaion were engin-
eered  elease thely sclive drug once twmopr-specific snzymes
{such as matnix metalloproternas
ments (such as 2 lower pHY cleaved the linker component of the
ADC [35]. These non-intemalizing ADCs fnled to sigmificantly

5} OF fwnonr-spectiic environ-
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impeove drog specificity and therelore did Bule o decrease tox-
seity 36 Since then, the development of internalizing conjugates
has increased thetr therapestic potential. The targefed satnre of
ADCy allows for incressed drog potencey coppled with Hmdted
systemic sxpospre. Together, these features chinically mandfest
themselves us fewer side effects and 8 wider therapeutic window,
I additinn, the internalization of the ADU reduces drug resdst-
ance anising from Prglycopradein {P-gpl-medisted effiay mech-
andsms {37 ADCy ure thevefore capable of bypussing major
isspes in both traditional and targeted chematherapy.

Although the coucept of ADCs i theoretically simple, 3t I8
difficelt o combine By vagous components infe an optimized
and functionad therspewtic agent. To date, three ADCx have
gained entry into the market, of which only two remain {33]. The
first ADC to obtain FIYA approval was gemtuzamsb czogamicin
(Mylotarg™ ), marketed by Wyeth (nosw Piizer), for the reatment
of relupsed acute miyeloid leukaenda (AML} [30]. ¥a 2010, adec-
ade after s approval, gentnramab erogamicin was withdrsan
from the market when a clinical tiad showed that it had litde
hepefit over cpaventional cancer therapies {31} and was associ-
afed with verions hepatotoxicity {33]. This condd have been doe
fo the fact that the linker fechnology nsed was not stable enpugh
to prevent the drog oo being relessed tu the blondsiream [33L
The two ADCs corrently in the nuwrket are brentximab vedotin
{Adcetris™ by Seattfe Geneticsy and tragtuzumab emtangine (T
DME; Kadeyvie® by Genentech). The former is the first of the two
ADCs to be approved and 35 cprrently being used to treat patients
with relapsad or refractory Hodghin's Dyraphoma or those with

refupsed or refractory systenvde anaplustic large cell lymphoma
{341, The maore recent approval of T-DMI, in 2014, [35] for use
against breast cancer, proved that ADCs were capable of farget-
ing solid wowes in addition o haematalogical malignascies.
Although there are only 2 ADCs currently in the market, there
are maors fun 3 ADUS being developed to target 8 wide range of
blond cancers and solid wmotes. Tn comrast with small molecules
that have « Hvited choice of drag targsts, the diverse range of
ADC targets results in a robust drug pipelineg with minhoal eeer-
iap between different pharnwwcentical companies {38] With the
recent PDA approvals of breptuimab vedotin and T-DM1, there
has bees an increase inresearch nvestigaing the use of ADCxin
the treatment of cancer. Recent reviews on ADCy bave summar-
ized the preclintcal and chaical advances made i the Beld and
have discosved key characteristios of marketed ADCs [37-39)
They have alse provided an overview of linker properties, drug
releasing strategies and viable targets for the design of ADCs
fR3.41]. The primare objective of this article {§ o prodoee an ap-
dated, comprehensive review of the current knowledge in these
areas, based on the developmients in the Tast few years.

o

7

METHANTISA §F ACTIIN OF A

When designing an tdeal ADC, it is essential to poderstand the
mechanisin of action i order to identify the desived featores of
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each of i3 three components. An ideal ADC i one that retaing
the selectivity and killing capacity of 3 mAb while sttll being
able o relesse the eytotoxic drug in guantities farge enpugh to
kil tomone cells. Buch of the steps involved in the wechamism of
action i3 assochiated with unigue challenges {33] that complicate
he design of ADCs. These are iHustested in Figove 3,

ADCs are sdmindstered intravenously in order © prevent the

mAb from belng destroyed by gustric actds and proteclytic en-
zymes. The mAb component of the ADU enables §t to circulate

i the blondstream until it finds and binds 0 pmoar-spe {or
fumaour-assoctated) cell surface antigens present on target can-
cer cells. In the interest of preventing nowarranted release of the
eytotoxin and maximizing drug deBvery to cancer cells, an tdeal
lnker wiuld pot only heve to be stable in the bloodstream byt
alse capable of releasing the sctive form of the oviotexie deng
when required {42},

Onee the maAb component of the ADC 15 bound to Hs far-
get antigen, the ADC-untigen complex should theoretically be
internalized via receptor-mediated endocytosis. The internaliza-
fton process fintshes with the fonmation of 3 clathrin-coated cady
sndosoms confaining the ADC-antigen complex {43]. An inflvx
of H* lons into the endosome resulis in an acidic environment
hat facilifates the interaction between the wAb component of &

fraction of ADCs and human pecnatal Fo receptors (FoRas). The
haond ADCs are trunsported outside the cell, where the physiolo-
gieal pH of 7.4 enables the release of the ADC from the FeRn
{441, This mechanism aois as a butfer for preventing the dexth of
healthy cells i the case of AD{L mis-delivery. Excessive bind-
fng of ADCs to tumonr cell FeRas might however restrict the
release of the cytofoxic drug and pravent the ADU from taking
effect (43 FeRan expression i primarily within the endosomes
of endothelial cells.

ADRCs that remain in the endosome without binding to FeRn
receptors form the kite endosome. These sphseguently vndergo
Ivsovomad degradation, alfowing the release of the ¢ytotoxic drag
by the cvtoplasm. Af ilds stage, # 15 erucial fo ensure that a
suffictent {Le. threshold) concentration of the drug 15 presest
within the cancer cell for its destraction to be guaranteed. Thig
is however complicated in practice by the facts that cell-sorface
antigens are often guite Hmited and the process of Internalizs-
fion, rather inefficient [48]. Assuning all the steps Involved in
the mechanism of ADRC action have an efficiency of 5%, only
1 %2 % of the admindsterad drog will reach wmonr cells {471
This makes the choice of cyiotoxin partdondarly tmportant, ag
is reguirid 1o be highty efficacious @t very low concentrations.
Drogs that are pspally onsudtable for pormad chemotherapy {dpe
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0 excessive toxicity) are therefors 2 necessary component of
ADCs.

Different classes of eyictoxic drags resalt bn cell dewth using
vurions mechanismg {3, The conunon element between all the
classes s interference with oritical cell fonctioning snd, s a con-
seguence, either divect hitling of the cell or inducion of apopiosis.
Ag targeted cancer cells die, thers is potential for the active cyin-
toxic deag to kill neighbowring e cells and the supponting
stromal fissue. The design of ADCs with regpect fo the chofee
of target, mAb, linker and cytotoxin are all very bmportant de-
tenminanis of whether or not the theshold concenteation of the
cytotoxic drug s resched within the tianosr cell. These fwctors
therefore defermine the overall success of an ADC,

Moaawarad & T 3 ey
Targat Satigan Seisetion

3

Snceesstul development of an ADU is dependent on the selection
of an appropriafe target antigen to which the mAb component of
the ADC can bimd. Aside from being tomonr-specific or unoar-
associated, cell swface antigens showdd alse undergo efficient
infernalization, have high Jevels of expression and possess high
penetrance, @ chanscteristic whereby a large percentage of tonopr
samples test positive for the presence of the antigen. The target of
gemiuzaumat orogamicin, as ADC previously vsed against AML,
was cluster designation 33 (CD33}, awansmensbrane cell-surfice
ghveoprofein expressed on the swface of muure and immatore
myelnid cells. CD33 has extremely high penetrance with 9%
93 % of all AML patients testing positive for the antigen [481
With regard to tummour specificily and sensitivity boswever, CD33
performed rather poorly as it was found fo bave only low levels of
expression on notoaly on matore and imsature myveloid celis but
also erpthroid cells, megabaryoeytes and mndtipofent progenitor
cells (HOS0L Cument ADCs atm to execnte their therapentic
action by ientifyving farget antigens that fulfill sl four of thexe
requirements,

Although tumour-speciic antigens are idedd, most ADU trgets
tend 1o be wwmour-associated. The expression of such antigens
shopdd be hept to 3 mintmvan on healthy foswe cells, (5153
anless these cells are insensitive to drug action. Exumples of
turpet antigens that are expressed in both normal dsspes as well
as caneer tissues include the prostate-specilic membrane antigen
(PEMA and the HER2 thumes epidermal growth factor receptor
Ty receptor {381, In the case of PSMA, # is expressed only within
the oytoplasm of healthy prostate tssue and therefore remains
unaffected by ADCy that target extracelivlar PEMA in prostate
cancer cells {341, On the other hand, ADCs fargeting the HERZ
recepior reguire the antigen to be highly overexpressed in breust
cancer cells in comparison with healthy cells in order for the
wormad tisse to remain pnalfected by the drag.

The level of antigen expression required for effective ADC
activity varies depending on the antigen in question. As wmen-
tioned earlier, HERZ antigens on breast cancer cells are required
to be highly overenpressed for effective fargeting {331, In contrast,
TRI9 antigens targetad in B-eell {ymphoma may be limited to a3
fow as 30080 per cell in order fo elicit AR avtivity {361 There
iy, however, @ minimom regoirement of approximately 16008

antigens per cell, In order to envore the delivery of lethal guantit-
ies of the cytotoxic drag {S7]. The variability in the prevequisite
nomber of targets emphasizes the need fo vse preclinfea] tumony
mndels that are stimilar to honsn tunobrs with respect 1o antigen
expression levels. An added comphication artses from the fact that
the initial estinwte of antigen expressinn does pot stay constant,
bt instead varies during the covrve of the treatement {581

In addition to speciiic 3ad sufficient expression, an optimal tar-
get antigen showld also incite effective ADC internalization {311
The rate snd efficiency of internalization depends on the type of
target and the chofee of eytotoxin, Some fargets internudize fre-
goently repardiess of Hgand bnding, wheress others reside per-
manently on the cell surface. Althongh it was tnittally thooght that
ADCs pargeting non-internahizing antigens would have poor effic-
acy {39, « study vsing ritnxinab bound to doxorabicin/aueristutin
showed it underwent efficient internalization despite binding fo
the son-internalizing antigen CD20. This was however, not the
case when the same meAb was conjogated to 2 different cytotoxic
drug, calicheamicin {34, The internalization efficiency of some
antigens @b depends pn the specific epitope that binds w the
mAL, 25 this leads foovarying fevels of antigen—anttbody affinity
{srsil

Some ADCS are capable of eliciting sntigen-mediated anti-
tamone activity in addition to the eyiotoxic activity arising foom
the conjugated drog. This is possible when the target anfigen has
a biclogical role in cancer pathways that is subsequently inhib-
ded by the binding of an aatibody, The most commenly cited
example of an ADC with proven arti-Runour activity ressliing
fromy the tarpet antigen is T-DMI {$2] Trastuzumsb is & -
mized sxibody that trgats the wansmembene tyrosiae kinase
meeptar, HER2 {a mrember of the BGPR {epidenaal growth factor
eoepir ) furidy] that i cormmonty overexpressed in & guarier of
«ff breast cancers [83] Unlike most other recopiors, HERZ has
o kaows endogenous Hgand tat is instead activated by forming
horan or heterodimmers with other mesghers of the BGFR family
{641 Once HER2 fs activated, downstrenrn effecior mxolecules
initiate inteaceifolar {rumour-inducing) sigualting pathoeays such
as the phosphoinositide 3 kinase (PISK) pathovay {which prevesas
celhdar apoptosis) {631 and the miogen-activaied protein kinase
{MAPK) pathway {which promates ool proliferation) {96},

¥,

AR e N2 N R, GO SN O T ey
Tpes of Tumssdssecintsd Satigons

Although cell-surfnce proteins are the most commonly used -
gets for ADCs, there sre varfons other catepories of tunour-
assoctuted antigens wohading ghycoprofeins, proteins of the ex-
tracellndar matrix and aberant pangliosides on the tunowr cell
swrface [G.88] Apart from antipens fornd on tomowr cells,
there iy 3 growing isderest in targeting antigens pressnt on tis-
sues that sppport the growth and spread of tumovr cells soch
as neovascplatore or extracelhular stromal tissue [OU-T3] This
is particplarly atfvactive ag these tisspes have a stable genom
unltke cancer cells and are therefore less Bkely to undergo so-
matic muwations, reducing the risk of mutation-mediated dmg
resistance. Instead, non-tumour tssoe tergets differentiate them-
selves from healthy tssoe by being in an undeveloped state as
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2 result of thelr rapid formation and twnover rafe {74) ADCx
fhat bind to neovascalature destroy the twwmowr dood supply and
cause wmour cell death vis nutrient deprivation wnd hypoxia
178,76] Potential fargets in tpmour vascudabue nclpde vascn-
lar endothelial growth factor {VEGF} and #ts receptory integein
and endoglin, ADCx that target and destrov extracetindar stromat
flssue capse tomopr ool death by reducing the concentration
of growth factors produced by strome. Similar fo e vas-
crdature, thege growth fictors are oritical in promoting tumony
cell survival {77]. Examples of anfi-tumovr stromal targets in-
clude fibrblast activation protein (FAP} and protein tyrosine
kinase 7 (Ptk 71, a pseudokinase enzyme commondy fornd on
nuny cancer and stromal cells {781 Since all tranours depend
ot angiogenesis and stromal factors for thelr sorvivad and growth,
ADGCs that target such Gssues ave a wider efficucy.

Ohoosing Monoolnna! Aantihadies
mAbs allow ADCs & have high turget-specificity, arget-affinily
and profonged drug exposure at the tomonr site. Based on thege
festures, antihady selection should ideally ensure minimal cross-
resclivity with healthy tissues, sub-nanomelar affinity to the tar-
get antigen and a long pharmacohinetic half-life combined with
nsinimal vmunogesicity {791 Over time, these featores resplt in
he accamalation of the ADC af the temoar sife and allow i to
have an increased therapemtic effect. In addition, it s beneficial
for the mAb fo possess infrinsde anti-fumouy activity resolting
from sither direct modulation of the bicdogical activity of the
farget antigen (e.g., unti-HERZ maAbs) [80] andfor via immune
effector functions such as ADRCC, CBC and CDCOUT {81, When
constructing the ideal ADC, it is important to maximally preserve
ihe favoreable propenties of the mAb,

With regard to tumonr specificity and target affingty, i {5 1m-
portant W choose 3 meAb that does nat Jose these featwes through
nop-specific binding to aormal cells. Apart {rom heing foxic to
healthe tsspe, an antibody lacking tumour specificily may be
eliminated from the circplation due to inemumogenicity, lead-
g o sub-opthmal target exposwe and decreased therapeutic
affect {83]. The complementanity-determining regions of an anti-
bady (Le. the antigen-binding sites) shondd bave exsremely high
{preferably sub-nanomedars target affinity in order to guarantee
efficient intemalization {831

The immunogenicity of an ADC 15 one of the major determin-
ants of its circolatory hadf-life. Barly ADCs made sse of murine
mAbs that evohed a strong, acute inmnune response in humans
that resulted in the rapid formation of human anti-mionse anti-
badies within 2 weehs of 4 single dose §84]. Since then, murine
neAbs huve been replaced with chimeric {20 anttbodies that have
2 human consfant region and « morine varfable region {831, An-
other alfernative is the vse of humanized lp(d unttbodies that have
2 completely human variable sequence except for the portion
responsible for antthody-antigen complementarity [86]. Most
ADCs that are currently 1o nse or In clindeal developoment employ
sither hunnized or fully hunus antibodies {19], Breptunimab
vedotin {an anti-UD30 ADU} {34.87] and BTU62 (an anti-CD138
ADCY both incorporate chimeric mAby [881
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A major benefit of using mAbs and mAb-hased drugs, such ag
ADCs, is thetr favourable phammscokinetics with respect to dis-
teibvtion, metabolism and elimination in conyrdson with small-
modecule cancer therapies. Once mAbS are administered inte the
bloodstream, they can distribate info cancer Hssue either via ex-
teavasation theough pores in the endotheliven or vig pinocytosis
through endothelial cells following a diffosion gradient [89]. The
distribution of the ADC (and hence the cytotoxic drug) inio tu-
mopr tssues 15 Hmited by the size of the antibody, which repres-
ents more thasn 30 % of the muss of an ADC [83]. However, unlike
noroal Bood vessels that have & monolayer of endothelial vells
forming tight junctivns with one another, fpmour endothelium
is characterized by excessive branching und sprovting, resulting
in a leahy monolaver {91] The lwge size of ADCx therefore
does pot necessanly restrict their distribution inte tumosr tisspe
bt pindmizes thedr distribution into metaboliziog and elininat-
ing organs soch a4y the liver, infestines, muscle and skin, thereby
extending thelr kdf-life [$2-84] An additionsd] mechunism by
which ADC half-life 15 prolonged is thropgh the binding of the
Fe portion of bomantzed G antihodies to receptors within endo-
somuad vesicles of endethetinl cells known as homen FoRns {83]
The resalting FoRn-ADC complex can either be transported back
fen systemic circudation or oo the interstitial Aadd sarrounding
tameur cells, Folag therefore act as a usefal reservolr for ADUs
following the pinoeytosis of the mAb into the endotheltial cell. Ag
the concentration of FeRas within endothelial celly is very high
{96} and probably exceeds that of the internalized ADCs, their
transport out of the cell is extromely cfficient and provents the
ADC frome causing unwanied endothelial coll death. Extensive
vesearch s being conducied o dmprove the bindiag of ADCs
endothelial FeRa receptors and thereby prolong their ciroudatory
half-hfe 37

The arti-Ramour activity of mAbs wway coour by both direct
and indivect mechandsas {204, Cortain s Abs such as wastaaumab
o ritixinal exert direct cviotoxic effects by bocking the bio-
fogieal signalling acuvities of Runour antigens associaied with
cefi-fonction and proliferstion [RS8 Other anitbodies bave
mdirect offecis by promuoting naturad anti-tiaour oxane e-
spogse mechamsms such as ADCC, T o CDOT (Fignes 4).
In ADCC, mmune effector colls, such as macvophages and na-
wead kitler (NK) cells, hind to the CH3I segion of 1p6 mAbs via
their FoyRila receprors {1 Once bound, the ramuse cells
become aotivated and mediate tvonr colf killing via phagaeyt-
osis by macrophages or via the micase of woxic granules from
NK cefls [1831] In CDC, the binding of & mAb to @5 target anti-
gen on wamour cells wigpens the classicnl complement pathway
wwolving up o 30 civcalating plasma proweins. The complement
pathway beging with the binding of Clg to the second constant
heavy chain {CHY repion of mabs, resulting i the activation
of & proteaytic cascade hat terrainges with the formstion of &
aeembeane atack complex, This conplex results in Runour cell
death via the action of pove-fornxing structures that release colla-
far contents 03] In CDOC, another protein formed during the
complenyent cascade, C3b, aots 25w opsonts and ieracts with
C3b recepions present on NK cells and macrophages to facil-
itate tamour cell dvsis, As all the effector functions of mabs,
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require the binding of the constant region to varlons recept-
ors, they work best when the targef antigen sndergoes Hmited
internalization.

The strength of the varicus immoee effector functions varies
depending on the specific ofype of monocional g0 antibad-
ey nsed 1n the ADC, The effects of ADCC and T are much
stronger in homan 1gGT and TgGl isodypes In comparison with
IgGd and 1gG2 mAbs {164, 1351 Although efficient @t tumpur cell
fysis, the short circolation half-ife of 1gG3 antibadies compared
with IgGs 1, 2 and 4 muakes them « poor chetee for vse in ADCs
{I04,106] 1p04 antthodies are alse nof preferred duee to thelr
tendency to exchange one-half of thenwetves with ancther fgG4
antibody with the possibility to form & new hybrid 2G4 mAb
In order o overcome this, the CH3 region of Iglids, responsible
for the formation of hybrid antibadies, can be replaced with the
TH3 region of 1pG1 mAbs [107], 1g02 wnitbodies are favoured
for therapentic vse due i their tendency to form covalent dimers
that aid antibody-antibady associations, These associations have
the potential to enhance the affinity andfor internalization of the
wAD but may alse canse the ADC fo aggregate wnd become in-
effective [108]. The difference in the extent of inunune effector
fanction is evident in previously approved ADCs that show sab-
stantiad variation with regard to iniriesic anti-tuooe activity.
Cremtuzamaly ozogamicin, for example, uses an {gG4 mAb that
{acks auy effecior activity, {33} whereas breanximnab vedotin that
is based on an JgGl sub-type shows much bester {afthough sall
ayodesty ADCT sotion § 1],

Enhasced antibody fusctionality may be schieved by cwploy-
ing bispecific antibodies cagineered o comprise two different
anfigen-binding sites oapable of reoognizing two dilferets epi-
wpes. These can be on the sause antigen or on different -
gens, usually on the surface of two differeny cells [310]. The first
therapeutic bispecific antibody, catunmaxomab, was approved in
Burope i 2009 and targets EpCAM antigens (on mumour cells)
and CD3 (on Trealls), In 2014, the UB FDA pave accelemted ap-
proval for & bispecific amtibody blinaiumomab, designed based on
bispecific T-cell engager {BiTE) immunotherapy. Blinatumomab
Handa CI3Y ox the surface of B-colf lymphoblasts and CD3 on
the surface of Treells, thus bringing them together and ensbling
T-cell mediated kitling of the tumour cells. More bispecific anti-
baoxties are 1n clisios developiment for encology, autoumname sod
infectious-~disease indications {311} A variety of hispecific an-
{ibodies with tunow-specific antigens such as HERZ/men, CEA
{exeninoendavonic antigens and CD30 have all been clindoally
validated. The design of bispecific antibodies is however complic-
md by the need o engineer multiple antigere-binding donwdng
inte 3 single construct.

Although mAbs Dan sow be engineersd 10 have inoveased
civculation half-lives and improved wammne effector Rmotions
{13231 3], there is lmitad clindeal daa regarding the use of such
optinszed pibodies for enhanced ADC fuscton. The notion that
ADCs with high iarget affinity possess high cytoloxic capacity is,
for exampe, vet 1o be demonsiraed in preclinical models {31144
or in the clinde. Goldmacher and Kovtun {38] have hypothesized
that sach a cotrelation may n fact not exist, as ADCs with high
farget affimily may rapidly hind fo pervascolar regions of the

tamonr righer than bind veiformly to all memour celds (1IN TI6]
Simnilarly, the assumption that ADCC and CDC contribute to the
anti-tusmonr activity of ADCs {104, 105] might prove 1 be incor-
rect a8 these effector functions are generally weak snd compete
with ADC internatization. In fact, IgG2 and IgG4 isotypes of
antibodies that have poor immvne effector function for naked
mAbs were the preferred antibodies for use in certain ADCs
{30,317, 1181, The benefit of using fully buman antthodies as
apposed o chimeric and homanized verdions bas alse wot been
demonstoated in clinfoal tials, as patients with advanced cancers
Tack the ubilify fo produce antibodies against therapentic mAbsy
{30}, These poorly established oriteria for sntibody selection and
their tmpact on ADC activity make 1t difficult o design an op-
timtzed mAb

Lo

Linker chemistry is an mportant determinant of the safety, spe-
cificity, poteacy and activity of ADCs. Linkers are designed o be
stable in the blood siream {to conform to the ncreased circolation
time of mAbs) und {abile at the cuncer site to allow rapid release
of the cytotexic drag {119]. There are various parameters that are
teken into consideration when designing the ideal linker. These
inchede the cleavability of the Hinker and the position and mech-
asism of linkage {ie. conjngation chemistry) {423]. Linkers are
traditionatly classified based on the fivst parsmeter, .o, the mech-
aunism by which they relesse the ovtotoxin {31, Extsting lnkers
telong to either one of two browd hsnher desigos: cleavabde or
mon-cleavable linkers,

Cleavable Bokers explott the differences between conditions
in the Blood stream and the cytoplasmic conditions within cancey
cells {1281 The change in snvironment once the ADU--antigen
comyprex is internalived, friggers clewvage of the linker and refeasse
of the setive drug, effectively targeting toxieity fo canver cells.
There are three types of cleavable haokers: hydrazone, disuide
and pepiide linkers, each of which responds to different cancer-
specific imtraceliudar conditives. Hydrazone Bokers were smong
the first 1o be developed and depend opr the Jow pH within lysn-
somes 1o nnderge acid Byvdrobysis angd release the ¢ytotoxic dmg
{121]. Gemtuznmab ozogandcin I8 an example of an ADC that
used acid-labile hydrazone linkers. Unfortunately, the stability of
such linkers came snder seotiny {33 when resudts from u clin-
feal tial showed that gemturomeb ozeganicin was associated
with signtficantly higher toxicily in companson with standard
therapy {31} An alternative to bydrazone linkers is the wse of di-
sulfide Hnkers. These fake advantage of elevated concentrations
of thiol molecules {e.g., ghutathione} within cancer cells. Thiol
mofecoles are especialiy bigh in tumoars, as they are involved
in prometing cell-survival and Sunour growith and are pradoced
doring cell-stress conditions such as hypoxds {133] The third
type of cleavabde linker &s the enzyine lubile or pepaide Haker In
comparison with bydrazone and disulfide lnkers, peplide linkers
offer improved control of drag release by attaching the cyiotoxic
drag to the mAb via a dipeptide Bnkage [123). The proteases
required to break the peptide bond are only active in low pH
enviromments, making it highly nalikely that the cytotoxic dmg
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is relessed in the pH-uentral environment of the blood, Instead,
the dipeptide Hokage is cleaved in the scidic cavironmens witkdn
fysosomes by Iysosonsd proteases, such as oathepsin-B and plas-
min {1241, Brentuximab vedotin is an example of an ADC that
employs 8 dipeptide Hinkage consisting of valine and citrulline
along with a pwa-aminobenzyicarbamate spacer molecnle that
separates the large ovicioxic drug frors the mab 128] A clindeal
wial conparing the three cleavable Hnkers showed that enzyme-
fabile Hobkers had loweer @ vive foxicity 85 8 vesult of groates
specificity, increased siability and 2 longer hatf-life compared to
Bydrazone finkers {1284

In corgrast with cleavable Bnkers that are relia on distinctive
intraceihlar conditions 1 velease the cviotoxin, non-cleavable
fimkers depend solely on the process of lysosomal degradaiion
following ADC-argigen versalization, Prowase suzymes within
the bysosome breakdown the profein structive of the mAb, leay-
ing behind 2 single amine ackd {usually a bysine or s oysisingd sl
aitached 1o the Hoker and ovieoxin, The resultiag amdno acid-
fmker-oytofoxin complex is released wo the oytoplasm and sub-
sequently becomes the active diug. In comparison with cleavuble
linkers, non-cleavable Hukers were found o have improved sia-
bility in the bloodstream alfowing ADCs with such linkers to

have fonger half-lives and pose a reduced risk from side effects
while retaining the activity of the oywtoxie drag {127} This
knowledge was reflected in the clindcal development of T-DIM1,
originally desigued 1o have a valine—ciralline dipeptide Haker
bt was instead produced with a non-cleavable grioethey Haker
{1381, Despite the successiid use of pon-cleavable linkers, it i3
fporiag to aote that thely dependence on tysosminal deprada-
tion means they can valy be wsed i3 ADCs taxgeting antigens that
undergo officient intraceliular internatization.

Uhyee s opiimal Haker for & particolar ADC 19 chaosen, it 38
fnporiag to detorpine the tdeal number of dmgs 1o be conjug-
atnd w s mAD [Le, the drag-aatibody mtio (DAR}, Becanse of
potential Hnker nstabifity and poor ADC intenwadization, several
drags are required 1o be linked to each mADb % achisve adequate
cyiomxicity, On the other hatd, excessive drug conjugation seight
result in incressed clearance sadfor immumopenioity as the ADC
is more likely ®o agpragate and be recognized as s damagad, mal-
fonned or foraign protein 1281, Inastudy conducied by Hamblegt
eyl {130, the in vive efficacy of ADCs contmining four drugs
per argibody was found o be eguivalest 1o that of ADCs with
cight deygs per mAb Hendly modified ADCx {Le., those
with eight conjugated drogs) were associated with increased
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toxtcity and anderwent faster clearance from the circulation. Ad-
diftonally, it was found that ADCs comtaining only bva drugs
per mAb had @ much wider therapentic window and therefore
@ higher maximun tolerated dose. The stady consequently con-
cluded that ADCs Ipaded with 2--4 drugs per maAb achieved the
best balunce between stiny clesrance and makinid potency 130

A critical aspect of luker function is the presence or absence
of 3 phenomenon knowas as the bystander effect. This effect vefers
to target-cell mediated killing of healthy cells neighbouring the
o cell, The bystander effect s generally cansed by cellalar
eiflax of hydrophobic cytotoxic drugs, capable of diffustag out of
an antigen-positive farget celf and into adjacent antigen-negative
healthy cells. Although the bystander effect undermines the tar
get specificity of ADGs, it can be advantagepus when tackliag
solid nuoours that ek bomogenous expression of the farget an-
tigen [131] However, the bystander effect is ondy observed with
the wse of cleavable linkers, as the amine acid-linker-cytotonia
complex formed from the breskdown of son-cleavable hakers 35
charged and therefore not capable of crossing the hydrophobic
fiptd bilayer of the target cell {132] Clenvable Hokers are there-
fore assoctated with wider efffcacy s they can take effect inde-
pendent of internalization. However, the extent to which they can
case bystunder cell death depends lurgely on conjugation chem-
tstry 133 Regardiess of the extent of cytotoxicity, non-selective
ADCs with cleavable nbers are ondy viable if the bysiandey of-
foot s restricied 10 o small number of non-targe cells,

In recent years, & great dead of research has been conducted n
arder to develop novel conjugation techoigues for pse in futpee
ADCs, Traditionally, cytetoxic drugs have ondergone chemical
conjugation to mAbs, whereby reactive portions of native amino
acids are made o intersct and bind a specific part of the Hoker
moternle | 133], Examples of resctive grovps inclade the epsifon-
aming end of Ivsine residues (used in the conjugation of T-DM )
{1351 and the thinl side chalng present in the partially rednced
form of cysteine residues (psed In brentuximab vedoting [136]
Ag this technigue relies on mative amdne acids, conjugation of the
drag is limited by the peptide sequence of the antibody, which
therefore restricts control over the npmber und position of af
tsched evtotoxic drugs. The resplting heterogenous ADC mixiure
5 8 major drawback to the chemical conjugation techmique as it
impscts the toxicity, stubility and potency of the ADC.

Heterogeneity, with respect to the number of eyvtoioxin mo-
fecples attached per antibody {Fignee §), results in only a small
portion of the prepared ADC solption being therapeatically not
tve, This is because a subset of ADCs will contain foo few eytn-
toxin molecules o retain their cell-killing capacity wheress others
will have too ey o maintain their stability in the bloodstreaws
{1371, Purthermore, inactive ADCs directly decrease ADC po-
tency by binding the limtted nuember of target antigens available
on kunosr cells and blocking the binding of therapewticaliyv-active
ADCs.

Heterogeneity, with respect o the position of the cvptonin
on the mAb, plays un important role in the therapeotic affect of

ADRCs. In an experiment conducted by Shen et all {138], ADCs
with 3 evtetoxin conjfugated ut the Bght chata of the mAb were
shown to bave sigpificantly higher fn vivw efficacy compared with
hewvy chain conjugates.

Cuorrently researched methods for the development of site-
specific drag conjugation are based on introducing selectiviely re-
active mlecules at specific Jocations along the mAb. This allows
more contrnd over the site and number of deog attachments and
can potentially incresse the therapentic window of ADCs, while
reducing toxicity and improvisg pharmacokinetics [180], The
three wltematives fo conventional conjugation technigues inclpde
conjugation via sovel anpadred cvsteine residues conjugation vig
transghrtamingses and, finadly, conjugalion via ponsiural mming
acids.

Conjogation of novel unpatred cysteine residues to a sl por-
tion of the mAD reltes on site~directed mptagenesds to introduce @
fixed number of engineered cysteines at specific, contmlled sites
afong the mAb {141, 142] This provess maintains existing disnli-
ide bonds between native oysicine residnes while avoiding the
problems of ADC heterogeneity. A stady conducted by Junutnds
et al. [ 1437 showed that T-DM1, when conjugated with unpatred
cysteine residues, was as efficacions as taditiona] T-DMI, atbent
with fewer side effects and therefore a wider therapeptic window.
This technique i however associated with several drawbacks as
the newly introdoced, anpaired oyvsieine residues are at risk of re-
acting with nathve cysteine amino acids and Dreating makformed
disuifide bridges that could potentially disrupi the binding caps-
city of the mAb {31441 There i3 also the possibility of the unpaired
cysteine residues reacting with nearby cysteines or neighbouring
WAL and produciag an amibody direr that conld agrin desibil-
ize the mAb and undernine s Ruacttonality {343] Given these
potential problems, this technigue 15 best nsed when specitic sties
are ideniified on the mAb where the new cysteine residues are
untikely 1o react with other wimin aoids,

A second method of site-specific drug conjugation nses 8 mi-
crobial transghnaminase cazyine i ondey to conpugate &8 amdne-
containing cvtotoxic drug to & mAD modified o have 3 specific
rher of ghatamiae side chains {146,137} A major advantage of
the miorobial fransgluaminase techrdgue fe that it does nat recog-
e pre-existing. native anxino acids, {348 but insiead veracis
with plutarnine "tag” sequences that can be incorporaied into the
wmAl via plasarids, This technique allows beiter comtzel over drug
cenjugation due 10 an increased raneher of possible congugmics
sites on the mAl, A stidy conducted by Strop ot al, 349 used
microbia transglutanyinase to conjupate an EGPR srgeting wAab
std an anti-M181 {chromosone 1, serface marker 1} antibody to
the cytotmiic drug mononethyl dolasiatia 10, Theye were sevarad
sites of successial conjupation i hoth conjugstes with bath of
thers dsplaying strong & vive fand I vitro) activity, Aparnt from
transghuaninases, other enzymes such as glvootransforases- and
formylgtvoine-generating oxzvmes have also boen investigated
for use 0 2 sindlay manner {130,150

The final method of drug conjugation is based on the
gse of nos-natural amino scids, such > selencoysteine or
acetylphenviadanine [I53I52] These are suuctuslly wery
similar to thelr naral areine acld counterparts with only
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miner differences in functional proups. Selencoeysteine, for
sxample, differs from the wadittonal cysteine residne by
sphstifuting 3 sulfur wom with g selenipm atom. Simdlarly, acet-
viphenyvialanine contains 3 ketone gooup that is not present on
any of the 20 sstally occorring amiao acids {1331, These small
differencis aliow site-spectiic modification while sparing the pre-
existing residaes of the mAb, Unnatural amino acids are inivo-
duced into the mAb dering trasseription with the vse of stop
codons paired to the insertion sequences of selenocystelne or
acetyiphenylalanine {134]. Once the onuahwal amino acid is in-
feodoced inio the mAb, 1t i gvailuble for conjpgation with a
spitable cvictoxin, which, in the case of sucleophilic seleno-
cysteine {353] haw to be @ positively charged molecule. A stady
thut exumined the binding of a ovatant anti-HER2 mAb contain-
ing acetyiphenvialanine fpund that ts affiniy for s Hgand, the
HER? receptor, was compirable to T-DMI {1361, In addition to
fhe two sneatneal amine acids mentioned, there are severad othery
hat are currently being developed that may be introdiced fo the
mAb during f vige trunscripiion sod wanslatton {157

As ADCSs are most often prepared bn an agqueous soltion and ad-
mindstered intravenousty, It is importast that the ovtotoic drag

has profonged stability in such environments to prevent damage

fe healthy cells and inorease the availability of the dmg at the -
mmopr site, Siailardy, {18 doportant that the molecndar sfructore of
the cvictoxin allows for Itg conjogation to the linker while gvoid-
ing immumogenicity, mainfaining the Internalization rate of the
medb and promoting its and-enour effects (e, ADCC, CRCC
and CDC) {46]. Regardless of the stabdlity of the cytotoxin, ouly a
small portion of the administered ADC reaches the tumour cells,
This mukes it hmperative that the conjugated oytotoxic desg I8
patent at low concentrations. Typically, the oxtotontss used in
ADCs are 3 100-1000 Bmes more potent than regular chemo-
therapenticy and preferably have sub-nunomolur potency {1381
Most classes of coytotoning act to inhibit cell division and ure
classified hased on thefr mechanism of action. Since many ADCx
ntthize oytotoxing that target rapddiy dividing cells, there 35 a2 de-
creased risk of nowanted toxteity i the ADC nuistakenty delivers
the drug to @ pon-teplicating cell. Ax the ovtotosin is most com-
monty released in the hysosome following cleavage of the linker
modecule, it i3 aportant to ensure that the oytofoxin remaing
stable e low pH envivonments aad has the capunity fo move o
the eyviosolic or nuclear connpartnenis of the cell within which it
fakes effect. The choice of the speciBo cytotdXin to be ased 1 3n
ADC depends on ity mechunism of action and the iype of cancer.

First generation ADCs made use of ewrly cytotoxins such as
the anthracyching, doxorubicin or the anti-metabolite/antifolate
agent, methotrexate [ 150188 Althongh these eytotoxins worked
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well when administered a¢ standard chemotherapy, they proved
fo e msufficient potency at ow concentrations when con-
jugated to & mAb {I8Y] Cuerent cytotoxing have far greater
potency and can be divided into fhree matn grovps: awistat-
ns, mayisnsines and calichesmicing. The former two both farget
vapadly dividing cells by imerforing with different pasts of the
celf oycle [162,163] whereas caticheamicins, wlong with the less
conpaondy used groups of cyivtoxins: duocerymycins and pyto-
lohenzodiazepine (PRD} diraers, all induce DNA damage 11641
Hogardiess of the cell-killing mechanisny, it five categories of
oytotoxing result in oancer ool death by mductivn of apoptosis
{1651

The aurisiating, monomethyl aurisistin B {(MMAE) and mono-
methy! suristatin F (MMAF) are specific types of mitiotic inhib-
itors tha share thetr mechaniun of action with the waditionally
wsed faxane chemotherapeuiios. Auristating inferfere with the
formation of axcrotwbules by binding to the #-subunnt of w-£ -
bubin dissers in the ovwplasm. The drug ssbseguernly takes affect
by preventing the hydrolvais of GTP molecules on the J-subuwit,
cauving cortingous and excessive growih of micmotubules (Fig-
w4k As the microtubules fose thedr capacity 10 shorten and
sepagate sister chyomutids doving anaphase, the oell becomes
frozen in the metaphase portion of ruitosis 166], MMAE is used
it brentaxineb vedotin as well as several other ADCS curromly
under clindcal development HE7,368], Since MMAE i hydro-

phobic, it can easily diffose cut of the target vell sod mediate the
kifling of newrby bystander cells [185], This might be « potential
drawback for the wse of MMAE in ADCs fargeting aon-solid
haematolpgical cuncers with homogenous antigen expression.

Similar to aneistatins, maytansines, the derivatives of which are
kxove as mavtansinobds (s}, slse waerfers with sricrcintnie
assembly but are mechanistically siilar fo vinca slkaloids {1761
Maytansines iake effect by binding and capping the "pluy’ end of
the growing microtubule and block the polviserization of whbulin
disers preventing the fonmation of smture micetubudes, Existing
wderonibules further disassembie once the GTP molecule on the
S-suburd (of the o~ mbulia dinerd s hedrolysed, which sgain
freezes the cell in metaphase preventing ool division {Figue &
{371] OF the two DM, DM and DM, the former 1> used a6 the
active drug i T-DMI IR

Calicheamicing, duncaryrayoins and PBI dimers are ol differ-
ent iypes of DNA-demaging ageras that are fonciionally similar
o antheaoyelines in that they all targes the ssinor groove of DNA
{373-1761 The DNA double helix forms two grooves which are
present sy @ rosul of the geonitiic conformation of the prva anti-
paraliel strands {1771 The nxsor groove is nasrower and consisty
of fewer exposed base pais i comparson with the msjor groove.
Caticheamiein is the exuenrly potant arsi-Renour amibiotio nsed
i geraruzaral vzagrraicks 11 TRY Yo binds the mainor gronves of
remour cell DMNA where it forms reactive divadicad species that
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unltimately catise clewvage of the DINA stramds st vadous locationg
1179], Doocarmveins and PBD dimsers take offect in stoilar ways
with the former acting ss 8 DNA minor groove alkylating agent
and the latter as a minor groove cross-Hinker {188, 1811 As with
any novmal tssue, damage o the DNA of a cancer cell induces
cell death via apoptosis.

CLINITAL UETELOPMENY OF ANSs

Muny lessons have been leamnt sdnce the FDA withdrawdd of
gentnzumab ozogamicin reganding the design and develppment
of ADU components. Pharmaceuticad companies investing in
ADC research have made significant advances in linker techno-
logy, conpugation chendstry, antthody engineering and the iden-
siffoation of potent cytothxins, resulting in rapid evolution of the
field. This has sot only led to the recest spprovals of brentux-
tmal vedotin and trastuzpmab emtansing bt has also ditven the
clinical development of ADCs. Cumently approved ADCS and
those in advanced clintead development are fisted in Table §,

Cine particndardy promdsing ADC, inotazpmab oxogamicin (P
2er), has recently been discontinued for the treatment of aggress-
ve son-Haodgkin's Ivmphoma following the faibwe of & once-a-
month doge of the drug with rieximab to meet the primary ob-
jective of improving overall survival, This was in comparison
with 2 combination of bepdemustine/gemoitabine with ritux-
imah. However, it continpes fo be lovestipated in phase 3 for
acpte Iymphobdastic leokaemia, recognized i the US. and the
E.lL as an orphan indication with fow other trentmuent options
T

Despite the strong ADC pipeline, the cost of ADC develop-
ment remains & major drawback in fenws of thelr widespread
use in the clinic. The current cost of treatment with the maAb
rastoznunab, 5 approximately 8767 per dose {IR3] with the
prive almost doubling fullowing conjugation to a eytatoxin, The
production of ADCs, in particnlar, is especially expensive dae
> the incorporation of conjugation fechnelogy that complicates
their muanufactaring process. Ressireh 15 currently divected ut de-
creastag the costs of ARC producton with the development of
cheaper technigues to produce mabs such ax the use of algue as
@ vector for protein expression {1841

TREET SO TE8® AN ¢ SORITHE YR RTS8 NS W
DISEUIIIMNT CHALLENGES aNn
ASTIR L ENRY SN N SN
FUTIINE O QAlSs

The major challenges assoviated with the development of ADCy
arise from factors that isterfere with ADC efficacy andfor those
fhat result ln ADC-mediated non-target cell toxicity. Al three
components of an ADRC confribute to these challenges and need
fo be optimized to create & saccessiul conjugate. Unee the thes-
peatic effect of an ADRC hag been maximized, i i5 also desirable

OnCusp
Ex. 1002

o prolong these effects by avolding resdstance mechanisms that
decrease the duration of ADC efffcacy. All targeted cancer ther-
aptes (ncluding ADCs} sre prope o resistance mechanisms that
alter the functinn of the target antigen and render the teatment
redundant {186]. The futvre of ADRCs will mataly depend on our
abtiity $o tackle these challenges.

With move research being conducied on the wse of various
targeted therapies, there has been a constderable increase in the
pumber of target antigeny viable for antagonism by ADCs {1871
A selevtive process may therefpre be employved when choosing a
farget thet 15 not oaly widely expressid and wumour-speciiic but
also displays minimal susceptitdlity to mutations and therefore to
reststance. To prevent resistance and ensore the long-term use of
any targeted therapy, the farget antigen and the sigoadling path-
Way it triggers have to remain stabde doring the treatment period.
Unbike traditional chemotherapentic agenis that are Intrinsically
nen-specific and have poordy srderstood mechanisms of solion,
the targeted mutwre of ADUs sllows better understanding of mes-
stance mechanisms { 188] The specific type of resistance vanes
depending on the type of tumovr antigen (BEGFR, HER2) and the
tamour pathway (RAS {rat sarcomal-BAF [raptdly accelerated
fibrosarcomal-MAPK, PI3K-AKT) amd can be either genetic
{e.g.. mutations in target antigenddownstream proteins) {189 or
non-genetic {8.g., activation of compensatory signalling) [N
Farther investigation tsio vther routes of resisiance my alfow
the development of new drags capable of overcoming resistance.

Witly regard 1o mADs, Iack of specificily fo the iarget antigen
suight result in oytoroxic effects on healthy tissue, whereas pooy
mernatization or inadequate antigen-binding affects the thera-
peaire offect of the ADC, In addition to these challenges, e
large stze of mxdbs Hindis their capacity to pesstrate Rumour tis-
sues, which therefore complicates the use of ADCs apadost sobid
tumonrs, In order o combat this, carrerg research has explored
the use of antibody fmgmems such as disbodies and mindbod-
ies {Pigure 7) which, by virtpe of their size, have bettey tamony
pensiraion bwt shorer balf-fives i oomparison with standard
aAbs [1R1 £421 The size of disbodies also allows better tamyour
binding 35 the number of amigen-hinding siies pey usit aea is
increased. Although the clirdeal efficacy of dishodies is yel o
be dersonstemed, thelr poential application in cancer weatinent
has heen proves 1 several prechinion) models [193-183], How-
ever, as previously outlined, the cument optinsdzation ctiteria for
deal wAbs need nov secessarily wansizte o improved ADC
As more olintcal daiz smerges, 1 might be possible o wdentify
clearer principles for developing reAby in the context of ADGs,

The funre of Baker chemistry is moving srongly wward the
wdentification of new conjugalion techmgues that yield homo-
genows ADC mixiures, Beosearch within this sres has grealy
expanded in the past few yoars with the identification of new
techunigues to attach eyiotoxic drags 1o antthodies,

Deepite advances s oy aspects of ADC develop-
ment, the Hst of amensble covtowoxiny for use i ADCs
has remuiged relatively short {97 This i am indica-
gon of the challenges involved in finding soluble, link-
able drugs that are potent encugh to allow for the opiimal
DAR of 2-4 duugs per amibody {1303 Cyiotoxins such as
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auristating or mayiansines that selectively target rapidby replic-
ating celds are less susceptible to non-target toxicity incase the
ADC muds-delivers the drug to non-dividing cells. On the other
hand, DRNA-damsging agents capable of causing apoptosisin all
cells are more Bkely o be poorly twlerated wnd have far more
side effects {47}, Clinieal triaks of ADCs that wilize both types of
drugs have however shown that they are commonly associated
with nevtropenta or thrombocytopenia 188, 199] which may in
some cases Bt thetr meondmuem doss 23 As more cytotox-
ins are belng identifted, it iy Hiely that the futre of ADCx will
produce a diverse range of deogs with dilferent mechanisog of
action and fewer side effects {201},

Minst cviotoning are susceptible o resictance via an array of
mechunisms {202 Resistance asually nccurs through the overex-
pression of non-specific, active transporters, sach s molti-drug
resistance protein (MRBPY or P-gp on cancer cells [203] These
transporters sense cell-damuging agents within tunour cells and
expel them, As the wotive sites for both P-gp and MEBP are fonnd
swithin e cell membrane of cancer cells {2( 31, cytatnxing
given in the form of ADCs are less affected by cellalar efffux as
they are intermudized once bound to their untigen. A major prior-
ity in the developrent of ADCs has been to further reduce the
effects of active fransporters and thereby inoresse infraceliolar
concentrations of the eyvtotoxic deug. The two ways by which
this van be schieved wre through the administration of adjuvant
drugs that block P-gp and MRP or through the conjugation of 3
eytotoxin that is a poor sabstrate for these transporters {208, 28871
Oine research grong has developed s novel hydrophibic linker, that
when conjagated to mupytansing, was processed by the tumere
cell fo form an active oviotoxic drog that was @ poor substrate
0 F-gp [308], Other mechanisms of resistance inclode decrease
getivation of drig, exbanced expression of drog-metabolising en-
rymes, increased DNA repair and fuilure to apoptose following

& 2048 Authars, THIS & 2 open auoess siiole pubiished by Portiand Prass Limites angd distribuiad snder the Crsative Summmons Stirboutio

Despite chullenges in their design, ADCs have crested & new
paradigm for noevel cancer chemotherapy, With the specifi
wAbs and the cytntoxie cupacity of spadl mofecole drugs, ARCs
promyise o be 3 large part of the foture of precision medicine
as well a8 combination teafment. As mpre clindeal trials are
conducted on existing ADCs, it shauld be possible fo fine-tuse
the components of forthcoming conjngutes and dmprove their
therapewtic risk-henefit ratio. Finding new target antigeos for
solid tumours, improving the understanding of mAb activity and
developing aovel oytotoxin-linker patrs would «ll pave the way
for a new generation of ADCs.

SUTHR UGS

Christina Peters was respongitile for the conception and initiad draft
ing of the whole manuscript. Stuart Brown was responsible for ink-
tial oritical review and both suthors were responsible for the revised
mBnuscHpt.

%;
%
g

IEFERENGE

W

e

Goodman, L.5,, Wintrobe, MM, Dameshek, W., Goodman, M1,
Sifman, &, and Solannan, M1 (1946) Nitragen mustard therepy:
uae of matintbis {betachioroathyl} aming hydrochianide and tris
{hetachiorpatind} amite hydrochipride for Hodgkin’s disease,
frraphosarcoms, iaukemia and ceviain allied and miscalianeous
siaorders. L Am. Med. Asscc, 432, 128132 QrossRef PubiMed
I GHman, A, {32953) The initial olinieal tvial of nitrogen mustard. Am,
1 Surg, 308, 574578 Crouslef PubMed
3 DaVite, b VT and Thu, £, {2008} & histary of caneer
chematherapy. Cancer Res, 68, 8843-8652 CuwsRe! PubhMeg
4 Maihota, V. and Perry, M.C. {2003} Classicat chermotherapy:
wechanisms, toxicities and the therapeutic window. Catcer Biot.
Ther 2, 5284 CroaaRet Pubdted

i Lianse 3.0,

city of

BLOE JRUSACN B(1 15 Janl Ad i GLIVECOBERSL LIWGEEIUGE S-S S p0 A SRR SRS A WIGY IRRiNGL)



OnCusp

1169 of 14295 Ex. 1002
Soriihnaly drng seningiies i saseey Shastaeng ﬁeﬂew gmggm

3G

i1

i3

i3

15
™

17

19

21

Guodciman, B. (2003} Multidrug resistancs: can new drogs help
chamotherapy soore agalnst cancer? J. Natl Cancer inst. 98,
255287 CronsRef

Chabner, 8.4, and Roberts, TG, (2008 Chemotherapy and the
w3y on cancer. Nat. Rev, Cancer B, 4578 CorssRed FubMed
Hanghan, D, and Weinherg, BA. {3000} The balimarks of cancen
Cefl 200, B¥-70 Crossiel PubMeag

Hanahati, D, and Weinberg, KA. (2011} Hallmahs of cancet: the
next genaration. Cell 144, 846-8T74 Crossiaf PutihMed

Chow, A.Y {2030 Uall ovale control by oncogenss angd iamor
supprassorg: diving the tensformation of normal celbs into
cancerous cefis, Nab, Eduy, 3, 7

Sensi, M. and Aniching, A, {2008} Unigiie tumor ardigens:
svddance Tor immune control of ganame itegrily arnd
immunogenic tavgets for T ceflmedisted patientspecific
immunctherapy. Clin, Cancer Res. 12, 50228032

Srogeief Putdded

Vignaron, X, Stroobant, ¥, ¥an den Eynde, 8.1, and vea der
Hruggen, P {20313} Database of T celi-defined human tumor
artigens: the 2012 update. Cancer mmun, X3, 15 Pubdled
Schwartz, R.S. (2004) Paul Elvich’s maghe buliets. M. Eogl 3.
Med. 350, 10791080 CrossRef Pubidad

Grifteb.apes, A, Hedrick, E,, Rasbford, M. and Berypuanes, M.
{20002} Rituxirah; ongoing and hiure clinioa! Qevelopment.
Semin, Onond, 28, 105112 Grossliad Pubiied

Dasiaiek, M., Gardnes, §,, Gurbaxand, B.M., Roge, RH. and
Chetty, 8. {2013} Pharmacokinetics, pharmacodyramics snd
physiclogivatiybased phsnnacoiinetic modeting of moncotonal
sntibodies. Chn. Pharmacokinet. 52, 82124 CrossRef PubMed
Larter, P {2001} improving the efficacy of antibody-based canoer
thavapies, Nat, Rev. Tancer. 1, 118129 CrossRel PubMesd
Holliger, P and Hudseon, R, {2005} Enginesred antibody
fragmants and the rise of singls domains. Nat. Biotechnot. 23,
13263136 CrossRef Pubdded

Reichert, 1M, ang Ohimoles, £, {(2012) The future of antibodies
as cancer druds. Drug, Discoy. Todey 37, 954883

CransRet FubMed

Buss, N.A,, Henderson, 3.1, MeFarlang, M., Shenton, LM, and
de Haan, L. (2012} Monockona! antibody therepeutios: history ang
futurs. Cuw. Opin. Prhamacol. 12, £315-822 CrassRet FubMad
Seott, AN, Wolchok, 1.0, and Oid. L.1. {2012} antibody therapy
of cancer. Nat. Rev. Canper 42, 278287 CrossBef PuniMad
Green, MD,, Munay LL. and Hortobagyd, G.N, {2000}
Maonocional antibody therapy for solid tumors, Cancer Traat Rew,
26, 289288 Crossief Putited

Schvama, {1, Reisfeld, R.&. ang Sacker, 1L.C. {2008] antibody
targeted drugs as canoer therapeutics. Rat. Rev. Drug Discov. B,
147159 Crosshef PubiMed

Reichert, .M, (2001} Monocional antibodies in the clinie. Nat,
Bigtechnol. 18, 819-822 Crosalef Pubided

Lambert, 1.0, {2013} Drugconjugated antibodies far the
treatment of cancer, By, 1, Clin, Pharmacel, 78, 248262
Crossiet PubMed

Chari, R, $artefl, BA,, Gross, 1L, Cool, 5.8., Shah, 8.4,
Biattler, WA, MoKerzie, 5.4 and Goldmacher, V.S, {1982}
mmunoconiugalas contalning novel mayviansinokds: prormising
anticancey grugs. Gancer Bes, 82, 127-131 FubMeg

Trat, BA, {20133 Amtitody dnug conjugates as canger
therapeutics, Antibodies 2, 113139 CrassRef

Dubowohil, 8.8, and Walker, M.A. {1893) Receplormeadiated and
ergyme-deperdent targeting of oytotoxie snticancer drugs.
Pharmaood, Ther 83, 67133 Crogeief Publded

Guittemard, V. and U Saragov, H, {2004} Frodrig
chemotherapeutics bypass palveoproten resistance and kil
furnars in viv with high efficacy and target-dependert selectivity,
Oricogens 23, 36133821 CrassRet Pubided

30

31

32

33

34

35

38

37

38

38

a0

41

42

43

44

Thugium, K., Bific, 8., Leipold, ., Maflet, W., Kaur, S., Maibohm,
g., Erichson, H., Titbitts, L, Thao, H. ard Gupts, M. {3013}
Ameatican Associstion of Pharmaceutical Spigntists Nationai
Biotectrolngy Conferance Short Cowse: transisptional challenges
iy developing ardibody<drug conjugates: May 34, 2012, San
fego, CA. Mabs §, 512 Crossief Pubbled
Leal, M., Sagea, B, Hundty, 8.4, Serter, B, Wanl, A, Schulten,
M., Shah, DK, Haddish-Berhsne, N. and Kabbarah, 0. {2014}
Antibody-artig confugstes: an amerging modality for the treatraent
gfmm~ Ann. MY Acad. Sei. 1324, 4154 CrossRef Pubdded
Hamann, BR., Hinman, LM, Hollanger, 1, Beyer, O.F, Lingh, O,
Holoows, R., Haltett, W., Taou, H.R., Upsslscis, 1., Shochat, D,
et al. {2002} Cemturumab azogamicn, & potent and selective
anthCD23 sntibody-calichaamicin corjtigats Tor treatmeant of
scute myeloid leuvemia. Bloconjug. Chem. 13, 4758
of Pubhiad
Petersdor, S., Kopecky, K., Stuart, B.K., Lavsor, H.A., Nevii, 11,
Sterive, L, Siovai, M.L., Talhman, M.5., Wilttarn, C.L., B, H.
and Appetbaum, FR. (3013} Prelitninary results of Southwest
Oncology Group Study S0106: an intemational irdsrgroup phase
3 randomized trial compaing the addition of gemtuzumab
GRogEicin 10 standard duotion tharapy versus standard
induction therapy Tollowed by a second randomization o
posteonsolidation gamiunumat ozsgamicin versus no additional
therapy for previously untreated soute ryeloid leukemis. Biopd
114 Abstract 780
Brosg, FE, Beity, 1., Chen, &., Cher, X.H., Dufly E., Nieffer L.,
Roy, 5., Sidhara, B, Rshman, A, Wiltaras, G. and Pazdur, R.
{2001 approval surwnsn. gemiizumab ozagamicin iy relapsed
acite myeloid leuvemia. Ofin. Carcer Res. 7, 14801488
Pubdded
Buety, L. and Stwmp, 8. (2010} Sntibodydrug conjugates: linking
cytotonic payioads to monooional antibpdies. Bisconjug. Cham.
21, 513 CrassRel Pubided
Younes, A, Bardett, ML, Leoniard, LB, Kennedy, DA, bynch,
.M., Sievers, EL. ang Foverpores, A, {3010} Brentwimab
vedotin (SGN-38) for ralapsed CD30-positive mphomas. M. Engl.
1 Med. 383, 18124821 ¢ of Punhied
Verma, 5., Milss, D, Glanni, L., Keop, LE. Weislau, M., Baselga,
L. Pegram, M., Oh, D, Digras, ¥, Guardine, E. ot al. {S013)
Trastuzumab ermtansine for HER2positive advanced braast
cancer. N, Engl. J. Med. 387, 17831791 CrossRef Pubied
fMuitarg, A, {2013) Maturing antibodydrug conjugate pipel ir\e Tits
F0. Nat. Rev. Drug Discow, 12, 32309-332 (rpsaRef Pubhded
Aflgy, 3.0, Ovetey, M.M. and Serder, BD. {2010) Antitodydrug
cofjugates: targeted drug defivery for cancey Qurr O, Chera.
Hiol. 34, 5ZR-BIT Crossiel Pubiied
Goldmacher, ¥.5. and Koviun, ¥ {2011 Sntibodydrug
confagates: using monoaional antibodtes for defivery of cytotoxie
pavicads to catcer ealls, Ther Dellv. 2, 3874186
frossRet Pubbied
Sievars, EL ard Senter, BD. {2013) Antibodydiug conjugstes in
C3N0eY therapy Annud. Re«. Med. 84, 1525 Crossthsf Puthisd
Casi, &, and Netd, D. {2013 antibodydrug conjugates: asie
concepts, examples and futwe perspectives. 1. Control Releass
181 422-428 Crosshef Pubied
fyer, L, and Kadambi, V4 {2011} Antibody drug conjugates -
Teogan horges in the war on cancer. §. Pharmacael. Toxieol.
fMathods 84, 207212 SrossRef Fubled
Noltirg, B. {2013} Linker technologies for antibodydrug
confagates. Methods Mol. Biol, 1048, 71100 Pubded
Bareford, LM, and Swasn, BW. (2007} Endocytic mechanisms for
targeted deug defivery. Adv. Drug Defiv. Rev, 59, 748.788
frossRet Pubbied
Rooperian, D.OC. and Akilesh, 8. (Z007) FeRre the neonatal Fo
recaptor comes of age. Nal. Rev. bnmunsl. 7, T15-7238

o

ossiel Pubhied

-

i 20EB futhors. This is an upen actexs article published by Pordand frzes Limdted and Sistebuted unger the Grestve Cormons Attabution Losnse 3.0,

BLOE JRUSACN B(1 15 Janl Ad i GZIVGCOBERSL LIWGEEIU G- S S p 0 AT SRR AR S WGY, PRRaNGL)

o

%



	11-13-2019 Non Patent Literature
	11-13-2019 Non Patent Literature
	11-13-2019 Non Patent Literature
	11-13-2019 Non Patent Literature
	11-13-2019 Non Patent Literature
	11-13-2019 Non Patent Literature
	11-13-2019 Non Patent Literature
	11-13-2019 Non Patent Literature
	11-13-2019 Non Patent Literature
	11-13-2019 Non Patent Literature
	11-13-2019 Non Patent Literature
	11-13-2019 PCT/RO/101 - Request form for new International Application - Conventional
	11-13-2019 PCT/IB/306 - Notification of the Recording of a Change
	11-13-2019 Incoming Written Opinion of the International Searching Authority (ISA)
	11-13-2019 Certified Copy of Foreign Priority Application



