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Selective MAP1LC3C (LC3C) autophagy requires
noncanonical regulators and the C-terminal peptide

Megan E. Bischoff™*@®, Yuanwei Zang>?*, Johnson Chu?, Adam D. Price!, Birgit Ehmer'®, Nicholas J. Talbot!, Michael ). Newbold'®, Anurag Paul'®,
Jun-Lin Guan'@®, David R. Plas'®, Jarek Meller>*>*®, and Maria F. Czyzyk-Krzeska’®’®

LC3s are canonical proteins necessary for the formation of autophagosomes. We have previously established that two
paralogs, LC3B and LC3C, have opposite activities in renal cancer, with LC3B playing an oncogenic role and LC3C a tumor-
suppressing role. LC3C is an evolutionary late gene present only in higher primates and humans. Its most distinct feature is a
C-terminal 20-amino acid peptide cleaved in the process of glycine 126 lipidation. Here, we investigated mechanisms of LC3C-
selective autophagy. LC3C autophagy requires noncanonical upstream regulatory complexes that include ULK3, UVRAG, RUBCN,
PIK3C2A, and a member of ESCRT, TSG101. We established that postdivision midbody rings (PDMBs) implicated in cancer
stem-cell regulation are direct targets of LC3C autophagy. LC3C C-terminal peptide is necessary and sufficient to mediate
LC3C-dependent selective degradation of PDMBs. This work establishes a new noncanonical human-specific selective

autophagic program relevant to cancer stem cells.

Introduction

Macroautophagy (autophagy), an essential pathway leading to
lysosomal degradation of intracellular organelles, long-lived
proteins, and RNAs, is a tightly regulated cellular process of
major importance in cancer (White, 2015). Oncogenic autophagy
provides nutrients, particularly when the supply from extra-
cellular microenvironments is limited, and contributes to ther-
apy resistance. The tumor-suppressing activity of autophagy
compensates for pathological alterations to organelles/proteins
(e.g., aged mitochondria generating reactive oxygen species and
the resulting DNA damage). Thus, biological activity of au-
tophagy requires selectivity in the recognition of a specific cargo
to be targeted for degradation under particular conditions. Se-
lectivity in autophagy results from the activity of cargo
receptor proteins that are able to recognize cargo in a ubiquitin-
dependent or -independent manner and to bind to the ATGS8
family of small proteins that are inserted into the autophago-
some membrane (Galluzzi et al., 2017; Zaffagnini and Martens,
2016). Mammalian homologues of ATGS include three paralogs
of microtubule-associated protein 1 light-chain 3 a, B, and y
(LC3A, LC3B, and LC3C, respectively) and members GABA type
A receptor-associated proteins (GABARAPs). The ubiquitylated
cargo binds to the ubiquitin-binding domains present on several

canonical cargo receptors (e.g., p62, NBR1, CALCOCO2-3). In
turn, these receptors bind to LC3s or GABARAPs through LC3
interacting region (LIR) motifs. While there are examples of
ubiquitin-independent selective autophagy, the mechanisms of
cargo recognition are not well understood (Zaffagnini and
Martens, 2016).

We established that LC3B- and LC3C-dependent autophagic
programs have opposite functions in clear cell renal cell carci-
noma (ccRCC) regulated by the von Hippel-Lindau tumor sup-
pressor (VHL), the main tumor suppressor lost in ccRCC (Hall
et al., 2014; Mikhaylova et al., 2012). LC3B-mediated autophagy
plays a key role in the progression of ccRCC and is inhibited by
VHL (Hall et al., 2014; Mikhaylova et al., 2012). In contrast, LC3C
autophagy has tumor-suppressing activity in a renal cancer
xenograft model and is positively regulated by VHL due to the
inhibition of hypoxia-inducible factors, which transcriptionally
repress LC3C (Mikhaylova et al., 2012). Thus, VHL orchestrates a
shift between tumor-suppressing and oncogenic autophagic
programs. Tumor-suppressing activity of LC3C autophagy in
renal cancer is further supported by the fact that LC3C activity is
induced by folliculin (FLCN), another renal tumor suppressor
(Bastola et al., 2013) and that it regulates Met receptor tyrosine
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kinase- and hepatocyte growth factor-stimulated migration and
invasion (Bell et al., 2019). Other known LC3C functions include
xenophagy (von Muhlinen et al., 2012), piecemeal mitophagy (Le
Guerroué et al., 2017), viral trafficking (Madjo et al., 2016), and exit
of proteins from the endoplasmic reticulum (Stadel et al., 2015).

Midbody is a structure built at the intercellular bridge during
cytokinesis, forming a platform for the complex process of ab-
scission (White and Glotzer, 2012). After division, the post-
division midbody ring (PDMB) is inherited by one of the
daughter cells in the case of asymmetric division or by none if
the abscission happens on both sides of the midbody and is re-
leased into the extracellular space (Crowell et al., 2014; Fazeli
and Wehman, 2017; Kuo et al., 2011). Asymmetrically inherited
PDMB can undergo macroautophagy (Kuo et al., 2011; Pohl and
Jentsch, 2009). PDMBSs released outside the cell can be retained
on the cell surface and then become phagocytosed (Crowell et al.,
2014). In Drosophila, asymmetric inheritance of PDMB by female,
but not male, germline stem cells is considered a platform for
asymmetric segregation of molecules (Salzmann et al., 2014). In
cancers, a high number of PDMBs promote reprogramming to-
ward pluripotency and increased tumorigenic potential (Kuo
et al., 2011).

Here, we investigated mechanisms that contribute to the
selectivity of LC3C tumor-suppressing autophagy. We deter-
mined that the LC3C autophagic program requires noncanonical
members in the upstream regulatory complexes, including the
little-known ULK3 as a part of FP200/ATG13/ULK complex;
UVRAG, Rubicon (RUBCN), and PIK3C2A as part of the PI3K
complex; and the cargo receptor CALCOCO2. We identified
PDMBs as specific LC3C cargo degraded by the lysosome, an
implication that LC3C prevents reprogramming toward pluri-
potency. Most importantly, we show that LC3C C-terminal
peptide is necessary and sufficient for the selectivity of LC3C-
dependent degradation of PDMBs and for the assembly of the
upstream noncanonical complexes with LC3C. We determined that
the endosomal sorting complex required for transport (ESCRT)-I
member TSGIO1 is required for the assembly of the upstream reg-
ulators with LC3C in a C-terminal peptide-dependent manner. The
data establish a new mechanism of human-specific selective au-
tophagy in the degradation of oncogenic cargo.

Results

LC3C and LC3B are independent autophagic programs

LC3C differs from LC3B/A in several important ways (Fig. 1 A).
There is a 61% amino acid difference in the two N-terminal
a-helices that form the LIR-binding domain as well as CLIR-
binding motif that interacts with LIR identified on CALCOCO2
cargo receptor (von Muhlinen et al., 2012). This amino acid
difference is sufficient for generation of LC3C-specific anti-
bodies (Fig. S A). LC3C is specific only for human and other
primates as defined by the presence of the same or similar
C-terminal 20-amino acid peptide after G126 that undergoes
lipidation during autophagosome formation (https://useast.ensembl.
org/Homo_sapiens/Gene/Compara_Tree?anc=37570436;db=core;
g=ENSG00000197769;g1=ENSCABG00000021351;r=1:241995490-
241999098;t=ENST00000357246; Fig. 1 B).
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Similarly to LC3B, LC3C accumulates in response to lyso-
somal inhibition using chloroquine (CQ) or bafilomycin Al
(BAFAL Fig. 1, C and D), but LC3C and LC3B mainly form sep-
arate vesicles, with only a small fraction colocalized as shown in
four different cell lines (Fig. 1 D). Importantly, serum starvation
(0.1% serum in the media) causes fast, strong, and long-lasting
induction of LC3C mRNA accumulation, while this effect is
significantly less strong in the case of LC3B (Fig. 1 E). The im-
portance of LC3C in normal kidney epithelial cells is further
underscored by the observation that immortalized human renal
proximal tubule epithelial cells (RPTECs) show strong induction
of LC3C, but not LC3B, in response to serum starvation (Fig. 1 F).
Note that in the case of LC3C, we detect only the LC3C form that
accumulates in the presence of CQ or BAFAI and represents the
lipidated, LC3C-II form, while we do not detect full-size LC3C or
the LC3C-I1. This likely indicates very fast conversion of the full-
size LC3C to the lipidated form and a mechanism of regulation
that has other rate-limiting steps than glycine lipidation. In
addition to VHL, LC3C is also positively regulated by another
renal cancer tumor suppressor, FLCN. Reexpression of FLCN in
UOK 257 cells, which derive from a human patient with Birt-
Hogg-Dubé syndrome and have lost endogenous FLCN, induces
LC3C and represses LC3B flux, with only minor changes at the
mRNA level (Fig. SI B). Overall, our data support different
mechanisms of regulation and physiological activities of the LC3
paralogs.

LC3C autophagy is regulated by noncanonical

upstream complexes

To identify members of LC3C upstream regulatory complexes,
we knocked down several members of upstream regulatory and
lipidation complexes and determined accumulation of LC3C
when cells were grown in 0.1% serum for 48 h and not treated or
treated with CQ for 1 h before collection. We determined that
ATG5 and ATG16 were necessary for both LC3C and LC3B lip-
idation (Fig. S1, C and D), and LC3C colocalized with ATG16L1
and ATG5 and PI3P puncta as detected by the EGFP-2xFyve re-
porter (Fig. S1, E and F), an indication that the lipidating cascade
is required for the LC3C autophagic program. We also deter-
mined that Beclin 1 (BECNJ; Fig. S1 G), but not ATG14 (Fig. S1H),
was necessary for LC3C accumulation. ATG14-independent au-
tophagy requires UVRAG in the PI3K-associated complex (Liang
et al., 2006; Liang et al., 2008; Matsunaga et al., 2009). Indeed,
knockdown of UVRAG inhibited LC3C autophagic flux but was
without significant effect on LC3B autophagy (Fig. 2, A and B).
LC3C autophagic flux was rescued by reexpression of exogenous
strawberry-tagged (STR) UVRAG to the protein levels of en-
dogenous UVRAG (Fig. 2 C) and was induced by overexpression
of exogenous UVRAG (Fig. 2 D). Endogenous UVRAG colocalized
with endogenous LC3C (Fig. 2 E) but not LC3B (Fig. 2 F). UVRAG
had no effect on LC3C mRNA levels (Fig. 2 G).

UVRAG can function in autophagy and in a related process,
LC3-associated phagocytosis (LAP; Martinez et al., 2015). The
activity of RUBCN discriminates between these two UVRAG
activities. RUBCN is an inhibitor of the BECN1/UVRAG com-
plex in autophagy (Matsunaga et al., 2009), but an activator of
the BECN1/UVRAG complex in LAP (Martinez et al., 2015).

Journal of Cell Biology
https://doi.org/10.1083/jcb.202004182

20f19


https://useast.ensembl.org/Homo_sapiens/Gene/Compara_Tree?anc=37570436;db=core;g=ENSG00000197769;g1=ENSCABG00000021351;r=1:241995490-241999098;t=ENST00000357246
https://useast.ensembl.org/Homo_sapiens/Gene/Compara_Tree?anc=37570436;db=core;g=ENSG00000197769;g1=ENSCABG00000021351;r=1:241995490-241999098;t=ENST00000357246
https://useast.ensembl.org/Homo_sapiens/Gene/Compara_Tree?anc=37570436;db=core;g=ENSG00000197769;g1=ENSCABG00000021351;r=1:241995490-241999098;t=ENST00000357246
https://useast.ensembl.org/Homo_sapiens/Gene/Compara_Tree?anc=37570436;db=core;g=ENSG00000197769;g1=ENSCABG00000021351;r=1:241995490-241999098;t=ENST00000357246
https://doi.org/10.1083/jcb.202004182

conservative; and “

c 3 »
IV

A MPSDRPFKQRRSFADRCKEVQQIRDQHPSKIPVIIERYKGEKQLPVLDKTKFLV 54
MPSEKTFKQRRTFEQRVEDVRLIREQHPTKIPVIIERYKGEKQLPVLDKTKFLV 54
NKIPVVVERYPRETFLPPLDKTKFLY 60
LR L L L RS S dk  Kkokokodkok ok ok ok
INPTOAFFLLVNQHSMVSVSTPIADIYEQERDEDGFLYMVYA 114
INANQAFFLLVNGHSMVSVSTPISEVYESEKDEDGFLYMVYA 114
RATEAFYLLVNNKSLVSMSATMAEIYRDYKDEDGFVYMTYA 120
k| akkokkkk kokkok:y s L. kkkkkkokk kK
LC3A SQETFGF----================ 127
LC3B SQETFGMKLSV-----——————————— 132
LC3C SQETFGCLESAAPRDGSSLEDRPCNPL 147
*****T
B G126
Human ENSP00000349785: SQETFGCLESAAPRDGSSLEDRPCNPL 786-0 VHL(¥) Caki-1
ENSGGOP00000000249 : SQETFGCLESAAPRDGSSLEDRPCNPL Ca BAFA1 ~ CQ  BAFA1
ENSPTRP00000043304 : SQETFGCLESAAPRDGSSLEDRPCNPL -+ - + mw
Primates | ENSCJIAP00000031708 : SQETFGCLESSAPWDGS SLEDRPCNPL
nmates| oy SMMUP00000037494 : SQETFGCLESAAPRDGSSLEDRPCSPL LC3C| ""“ - || - "“ e l}g
ENSTSYP00000012436:SQEMFGCLGLTASREGGGLEDRSYNPHW
ENSMICP00000003168:SQKMFGCMRSAAPRDGDLLEDRPCNRL Lcss‘ > ” __H- g 2 _‘-15
Treeshrew ENSTBEP00000005643 :SQEMFGSPGSATPSDGRSFGGRLFDSLE -10
ow ENSBTAP00000016532 : SQEMFGCLGSAAPEDASSLGEDRPCHPL
Hedgehog ENSEEUP00000004862 : SQEMFGWWESAESEDGSSLGGRPCRSIY GAPDH‘ ” || ” “37
Hyrax ENSPCAP00000000913 : SQEMFGCWGPAVPGGGSMLGDRACSPL
G126
D

mRNA level

LC3C and LC3B are separate autophagic programs. (A) Sequence alignment of LC3 paralogs. Along the bottom,
nonconserved changes in amino acid composition. Large green boxes represent a-helices forming the LIR-binding domain for the cargo

Bischoff et al.
Selective noncanonical LC3C autophagy

g

786-0 VHL(+

»n
=3

-
=

# of autophagic
vesicles

(n=36)

?hagic
vesicles
= o
o (4,

o o

# of auto|

:B CC/B

UOK 257 FLCN(+

vesicles

# of autophagic BN

0
LC3:C B CB
_n Caki-1 Caki-1 F
¥ s 7(n=3) Serum
cQ
Lc3c
GAPDH

0
LC3:C B C/B
786-0 VHL(+
— 60-(n=3) i 300 ("
= O .
£E
S8
S E
T 8 40 . 200
fg
25 20 . 100
s B .L
.| b c

()}
Serum (0.1%): 6 12 24 30 36 48 (h)

LC3:CBCBCBCBCBCB

»

61224 3036 48 (h)

61224303648 (h)

LC3C LC3B

# of autophagic
vesicles

-
o

0
LC3:C B

RPTECs TH1

10%

0.1%

*

Journal of Cell Biology
https://doi.org/10.1083/jcb.202004182

indicates conserved; “;,”

30f19


https://doi.org/10.1083/jcb.202004182

TR
(: k(J
IV

receptors. Small gray boxes mark amino acids forming the CLIR-binding site; C-terminal G126, which undergoes lipidation is marked in yellow. (B) Sequence of
the LC3C C-terminal peptide is conserved among primates and humans but not other species. G126 undergoing lipidation is marked in yellow. (C) LC3C and
LC3B similarly accumulate in response to 1-h treatment with 100 uM CQ or 200 nM BAFAL. (D) Immunofluorescence of LC3C and LC3B puncta with specific
antibodies in the indicated cells treated without and with CQ for 1 h to inhibit lysosomal processing. Insets show quantification of puncta in the indicated
number of cells. Higher magnification and quantification of the puncta show that only a very small fraction colocalizes. (E) Time course showing robust in-
duction of LC3C, but not LC3B, mRNA in response to serum starvation (0.1% serum). For each time point, data are normalized to mRNA measured in cells grown
in 10% serum. Serum starvation induction of LC3C mRNA was significantly higher than induction of LC3B mRNA in 786-O VHL(+) cells at P = 0.00138 (by one-
way ANOVA) and in Caki-1at P = 0.0106 (by one-way ANOVA). (F) LC3C, but not LC3B, was induced by serum starvation (48 h, 0.1% serum) in human RPTECs.

Scale bars = 10 um. In all bar graphs, mean + SEM is shown.

Knockdown of RUBCN inhibited LC3C autophagy (Fig. 2, H and
I). STR-RUBCN rescued the effects of the knockdown (Fig. 2 ),
and RUBCN colocalized with LC3C (Fig. 2 K). There were no
effects of RUBCN knockdown on LC3C mRNA (Fig. 2 L).

PIK3C3 is required for canonical activation of autophagy.
Surprisingly, LC3C autophagic flux was not affected by the
knockdown of PIK3C3 (Fig. S2, A and B). Instead, we determined
that a PI3K class II member, PIK3C2A, was necessary for LC3C
autophagy (Fig. 3, A and B). The effect of PIK3C2A knockdown
was rescued by reexpression of exogenous PIK3C2A (Fig. 3 C).
Endogenous PIK3C2A colocalized with LC3C (Fig. 3 D) but
not with LC3B (Fig. S2 C). Furthermore, we determined that
LC3C colocalized with EGFP-2xFyve, a reporter for PI3P, ina
PIK3C2A-dependent, but not PIKC3C-dependent, manner,
supporting the role of this lipid and PIK3C2A in the forma-
tion of LC3C vesicles (Fig. 3, E and F; and Fig. S2 D). The
formation of this complex was supported by coimmunopreci-
pitation of endogenous BECN1, RUBCN, PIK3C3A, and LC3C
with endogenous UVRAG in 786-O VHL(+) and Caki-1 cells
(Fig. 3 G). Knockdown of PIK3C2A did not affect LC3C mRNA
expression levels (Fig. 3 H).

Analysis of the role of FIP200/ATG13/ULK in LC3C lipidation
revealed that LC3C, similarly to LC3B, required FIP200 (Fig. 4, A
and B) and ATGI3 (Fig. 4, C and D). However, ULK1 and ULK2
were not necessary for LC3C autophagy, although their knock-
downs inhibited LC3B autophagy (Fig. 4, E-G). This surprising
observation was supported by the fact that expression levels of
ULK1 and ULK2 were lower compared with the expression of
ULKS3 in all cell lines and that ULK2 expression was extremely
low in 786-0 and A498 VHL(+) cell lines (Fig. 4 H). Consistently,
knockdown of ULK3 repressed accumulation of LC3C, but not
LC3B, in response to CQ treatment in all cell lines (Fig. 5, A and B).
Reexpression of exogenous STR-ULK3 to the same level as en-
dogenous ULK3 rescued LC3C flux (Fig. 5 C). STR-ULK3 colo-
calized with endogenous LC3C (Fig. 5 D) but not with endogenous
LC3B (Fig. 5 E). ULK3 was part of the complexes that include
FIP200, ATGI3, and LC3C (Fig. 5, F-H). The effects of ULK3 on
LC3C did not involve changes in LC3C mRNA levels (Fig. 5 I).

These data implicate tissue-specific activities of ULK3 in re-
nal cells. Overall, these data show that LC3C is an autophagic
program regulated by novel noncanonical upstream ULK- and
BECN1-associated complexes.

LC3C autophagy targets PDMBs for degradation and prevents
their asymmetric inheritance

Previous work showed that ULK3 localizes to the midbody and
serves as an abscission checkpoint to assure full separation of
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DNA into the two daughter cells (Caballe et al., 2015). Consis-
tently, we found that endogenous PDMB proteins MKLP1, CYK4,
and CEP55 coimmunoprecipitated with STR-ULK3 (Fig. S3 A). In
addition, UVRAG localizes to midbodies (Thoresen et al., 2010).
Thus, we hypothesized that LC3C, downstream from ULKS,
regulates degradation of PDMBs during serum starvation. We
found that under serum starvation conditions that induce LC3C
flux (48 h in 0.1% serum), LC3C, but not LC3B, colocalized with
PDMBs (Fig. 6, A-C; and Fig. S3 B). Because LC3C is positively
regulated by VHL and FLCN, we determined effects of VHL and
FLCN on the accumulation of PDMBs. The number of PDMBs in
VHL(-) or FLCN(-) RCC cells was high and did not increase by
incubation with CQ for 24 h (Fig. 6, D-F). Reconstitution of VHL
in VHL(-) RCC cells or of FLCN in FLCN(-) cells lowered the
number of PDMBs and recovered regulation by CQ, indicating
the degradation of PDMBs by lysosomes (Fig. 6, D and E). In
contrast, degradation of PDMBs in cells grown in 10% serum did
not depend on VHL or FLCN status (Fig. S3, C and D), suggesting
the existence of different autophagic programs degrading
PDMBs under serum-starved and nonstarved conditions. Im-
portantly, knockdown of LC3C, but not LC3B, reversed the ef-
fects of VHL or FLCN reconstitutions, resulting in higher
constitutive PDMB numbers and lack of regulation by 24-h CQ
treatments (Fig. 6, G and H). Knockdown of LC3C-specific up-
stream regulators ULK3, PIK3C2A, UVRAG, and RUBCN induced
numbers of PDMBs similarly to the LC3C knockdowns, sup-
porting their role in degradation of PDMBs (Fig. 6 I). Consis-
tently, there was colocalization of EGFP-2xFyve, a reporter for
PI3P, with PDMBs markers that was significantly diminished by
knockdown of PIK3C2A but not PIK3C3 (Fig. 6, ] and K), further
supporting the role PIK3C2A in the autophagic degradation of
PDMBs by LC3C. Moreover, we found increased accumulation of
the PDMB proteins MKLP1, CYK4, and ARF6 responsible for the
integrity of PDMBs in response to 24-h CQ treatment in cells
with intact LC3C. In cells with LC3C knocked down, these pro-
teins accumulated at high levels in the absence of CQ, and there
was no further induction in response to CQ treatment (Fig. 6, L
and M). PDMBs colocalized with lysosomal marker LAMPI1
(Fig. 6 N and Fig. S3 E), further supporting their lysosomal
degradation. This colocalization was significantly diminished in
the absence of LC3C (Fig. 6 O), an indication that LC3C is re-
quired for targeting PDMBs to lysosomes.

During cytokinesis, midbodies recruit the ESCRT. ULK3 in-
teracts with the members of the ESCRT during cytokinesis
(Caballe et al., 2015), thus we investigated the role of ESCRT
proteins in LC3C autophagy. We determined that the ESCRT-I
member TSG101 was necessary for the degradation of PDMBs
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to GAPDH in CQ(+) versus CQ(-) in cells expressing scrambled (Scr) or UVRAG siRNAs in the indicated cell lines. (C) Rescue of LC3C autophagic flux by
reexpression of exogenous STR-UVRAG to levels similar to that of endogenous UVRAG (end UVRAG). (D) Overexpression of STR-UVRAG induces LC3C au-
tophagic flux. (E) STR-UVRAG colocalizes with endogenous LC3C in the indicated cell lines. Split channels and RGB plots are shown below. Cells were treated
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with 100 pM CQ for 1 h. (F) UVRAG does not colocalize with LC3B under the same conditions that it colocalizes with LC3C. (G) RT-PCR data show that LC3C or
LC3B mRNA expression was not affected by UVRAG knockdown. (H) Immunoblots show a decrease in the CQ-dependent accumulation of LC3C in response to
RUBCN knockdown in indicated cell lines. (1) Quantification of the LC3C and B accumulation calculated as in B. (J) Rescue of the LC3C autophagic flux by
reexpression of exogenous STR-RUBCN to levels similar to that of endogenous RUBCN (end RUBCN). (K) GFP-RUBCN colocalizes with endogenous LC3C. Split
channels and RGB plots are shown. Cells were treated with 100 uM CQ for 1 h. (L) RT-PCR data show that LC3C and LC3B mRNA expression was not affected
by LC3C or LC3B knockdowns. Scale bars are as follows: white = 10 um; cyan = 5 um; magenta = 2.5 pm. In all bar graphs, mean + SEM is shown. ¥, P < 0.05; **,

P < 0.01 by unpaired two-tailed t test.

(Fig. 6 P). Endogenous TSG101 coimmunoprecipitated endoge-
nous LC3C but not LC3B (Fig. 6 Q). Moreover, TSG101 colocalized
with LC3C but not LC3B (Fig. S4, A and B). Knockdowns of
TSG101 inhibited LC3C autophagy (Fig. S4 C) and mRNA (Fig.
S4 D), pointing to direct and indirect effects of TSG101 on LC3C
autophagy and expression.

The inheritance of the cytokinetic midbody from the most
recent cell division can be asymmetric if it is maintained by one
of the daughter cells (Crowell et al., 2013; Kuo et al., 201];
Salzmann et al., 2014). The inheritance of PDMBs from earlier
divisions is not known. Because LC3C degrades PDMBs, we hy-
pothesized that LC3C would increase the number of symmetric
divisions, where the PDMB is absent in either daughter cell, with
only a new cytokinetic midbody present. Asymmetric division is
defined as when one of the daughter cells maintains one or more
PDMBs in addition to the cytokinetic midbody (Fig. 7 A). 786-O
cells with lost VHL had approximately equal numbers of sym-
metric and asymmetric divisions (Fig. 7 B). In contrast, cells
expressing reconstituted VHL had significantly higher numbers
of symmetric versus asymmetric divisions (Fig. 7 B). Knockdown
of VHL in Caki-1 cells increased the number of asymmetric di-
visions (Fig. 7 C). Similarly, cells expressing FLCN had more
symmetric divisions compared with cells without FLCN (Fig. 7 D).
Knockdown of LC3C induced a significantly greater number of
asymmetric divisions in cells expressing VHL or FLCN (Fig. 7 E;
see also Fig. 9 D). The LC3C-dependent clonal inheritance of
PDMBs maintenance was further confirmed in cells grown as
three-dimensional spheroids. Cells expressing LC3C show low,
while cells with LC3C knocked down show high, numbers of in-
herited PDMBs (Fig. 7, F and G). Importantly, human ccRCCs with
mutated VHL have higher numbers of PDMBs compared with
tumors with WT VHL (Fig. 7 H).

Overall, these data provide evidence that the fate of PDMBs,
markers of stemness, is under tight control by renal tumor
suppressors VHL and FLCN and their downstream target, the
LC3C autophagic program.

LC3C autophagy requires the LIR motif on CALCOCO2 and the
LIR-binding motif on LC3C

Two major differences between LC3C and LC3B are the CLIR-
binding motif in addition to the LIR-binding motif in the
N-terminal region and the presence of the C-terminal peptide.
Selectivity of LC3C autophagy toward bacterial pathogens re-
quires interaction of LC3C with the CALCOCO2 cargo receptor in
a manner that depends on the protein interaction between a
specific CLIR motif on CALCOCO2 and a CLIR-binding motif in
the N-terminal region of LC3C (von Muhlinen et al., 2012).
However, LC3C also contains a LIR-binding site. Thus, we in-
vestigated the role of CALCOCO2 and LIR and CLIR motifs in
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LC3C autophagy. Knockdowns of CALCOCO2, p62, and NBR1
(Fig. S5 A) in cells expressing LC3C demonstrated that only
knockdown of CALCOCO2 abolished PDMB degradation, while
knockdowns of the other two cargo receptors were without ef-
fect (Fig. 8 A). CALCOCO2 colocalized with LC3C (Fig. 8 B) and
with PDMBs (Fig. 8, C and D; and Fig. S5 B). Importantly the
colocalization of CALCOCO2 with PDMBs was inhibited by LC3C
knockdowns (Fig. 8 D). This further supports the idea that LC3C-
dependent PDMB degradation is a program independent from
the previously described autophagic degradation of midbodies,
which requires p62 or NBRI1 (Kuo et al., 2011; Pohl and Jentsch,
2009). LC3C with a mutated CLIR-binding motif (Fig. S5 C)
rescued lysosomal degradation of PDMBs (Fig. 8 E). Consistently,
CALCOCO2 with a mutated CLIR motif (Fig. S5 D) reconstituted
in cells with CALCOCO2 knocked down rescued PDMB lyso-
somal degradation similarly to the WT CALCOCO2 (Fig. 8 F). In
contrast, CALCOCO2 with a mutated LIR motif (Fig. S5 D) failed
to rescue PDMB lysosomal degradation (Fig. 8 G). This indicates
that CALCOCO2 may interact with LC3C through either the LIR
or the CLIR (von Mubhlinen et al., 2012) motif, most likely de-
pending on the biological context of selective degradation.

LC3C C-terminal peptide is necessary and sufficient for
selectivity of LC3C autophagy toward PDMBs

Here, we investigated the role of the C-terminal peptide in se-
lectivity of LC3C autophagy. Reexpression of the autophagy-
deficient LC3C G126A mutant (Fig. S5 E) in cells with LC3C
knocked down did not rescue lysosomal degradation of PDMBs,
further supporting the role of LC3C autophagy in regulation of
PDMB fate (Fig. 9 A). Reconstitution of the WT LC3C, but not its
short form without the C-terminal peptide (C127Stop; Fig. S5 E),
rescued lysosomal degradation of PDMBs (Fig. 9, B and C) and
the number of symmetric cells divisions (Fig. 9 D). This indicates
that the C-terminal peptide is necessary for LC3C degradation of
PDMBs. Interestingly, accumulation of the LC3C C127Stop pro-
tein was induced by lysosomal inhibition with CQ. This means
that LC3C without the peptide is active in autophagy but likely
targets different cargo than the full-size LC3C. To determine
whether the C-terminal peptide is sufficient for degradation
of PDMBs, we generated a chimeric LC3B-C construct where
the C-terminal peptide was added after G120 in LC3B (Fig.
S5 F). The chimera was able to restore regulation of PDMBs
similarly to what was measured in cells expressing LC3C
(Fig. 9 E). Moreover, in cells expressing the chimera, PDMBs
colocalized with LC3B or were in close proximity (Fig. 9 F and
Fig. S5 G). The chimera construct was expressed at levels
similar to the expression of endogenous LC3C as measured
by RT-PCR, with primers selective for LC3C and LC3B-C
(Fig. 9 G).

Journal of Cell Biology
https://doi.org/10.1083/jcb.202004182

6 0of 19


https://doi.org/10.1083/jcb.202004182

A 786-0 VHL(+) A498 VHL(+) Caki-1 UOK25TFLCN(+H B - s
n:
SiRNA: _Scr  PIK3C2A _ Scr PIK3C2A _ Scr_ PIK3C2A _ Scr_ PIK3C2A o (n=3)
cQ: - + - - + - -+-+-+-+mwgg3**
LC3C — - - -15 T 2"
| | | | v iz
Loz - o= e - i
. . o 0o« 20 ‘
-250 = Scr: +- +- +- 4+- + - +-
PIK3C2A = == [ = | [ | Bhodi 2105 Ie 2y 2R LS
150 IC C B, C B, C B, C B
GAPDH|-._...-H._ E— _..H P ||... — -‘-37 7860  A498  Caki-1  UOK 257
VHL(H)  VHL(#) FLCN(+)
c 786-0 VHL(+) D 786-0 VHL(#) merge LC3C
V5-PIK3C2A ye . '
SiRNA: _Scr__ PIK3C2A PIK3C2A
CQ: - + - + - 4 o
LC3C‘- -— - |15
-10
LC3B M S S - 15
-10
V5-PIK3C2A ~250

end PIK3C2A >

Intensity

GAPDH‘- ———— —|—37

E 786-0 VHL(#) Scr
merged
2
2
E
== 2 3 45 67 8 9 10 1l
2 200
[}
[
E 100
0 AL o V- P A_ i JJL.
1 2 3 4 5 6 7
IP
IB:  INPUT UVRAG _IgG_ ™
WRAG || |5
BECN | H- |-5n
150
cuson [55] R
———-2%
2
risc2A ([l o
tec|  |[=— [-15 H
F 786-0 VHL(+) = n=4  n=
5 20(n=3) P E ' [1PIK3C2A
€ 15 Ll Fyve IB: INPUT UVRAG Ig6 ™ S g% D LC3C
g M FyvelLC3C 100 £S5 WmLC3B
2 510 UVRAGI - ”- |_75 5521
S © [SR=RN]
&8 5 BECN1 - -50 £88
z " I ” : | 150 ETE ’
siRNA: Scr PIK3C2A Scr PIK3C3 RUBCN | — |B |_100 2 * 77860 Cakid

PIK3C2A |g_|
-150

250

resc []|

|—15

Caki1

Figure 3. LC3C noncanonical upstream complexes require PIK3C2A. (A) Immunoblots show decrease in the CQ-dependent accumulation of LC3C in
response to PIK3C2A knockdown in the indicated cell lines. (B) Quantification of the LC3C and B accumulation calculated as in Fig. 2 B. (C) Rescue of the LC3C
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autophagic flux by reexpression of exogenous V5-tagged PIK3C2A. (D) Colocalization of PIK3C2A with endogenous LC3C. Examples of RGB profiles and split
images are shown. Cells were treated with 100 pM CQ for 1 h. (E) Colocalization of LC3C with PI3P reporter EGFP-2xFyve in control cells and loss of this
colocalization in cells with PIK3C2A knockdown. Examples of RGB profiles and split images are shown. (F) Quantification of LC3C-EGFP-2xFyve colocalization
in cells with PIK3C2A and PIK3C3 knockdowns. (G) Coimmunoprecipitation of endogenous BECN1, RUBCN, PIK3C2A, and LC3C with endogenous UVRAG in
786-0 VHL(+) and Caki-1 cells. (H) RT-PCR shows that PIK3C2A knockdown does not affect LC3C or LC3B mRNA expression. Scale bars = 10 um. In all bar
graphs, mean + SEM is shown. **, P < 0.03; ***, P < 0.001 by unpaired two-tailed t test. IB, immunoblot; IP, immunoprecipitation; Scr, scramble.

Next, we sought to determine whether binding of PDMB
proteins and formation of the noncanonical complex with LC3C
was regulated by the presence of LC3C peptide. We expressed
FLAG-tagged LC3C WT and C127Stop and G126A mutants to-
gether with TSG101 in HEK293T cells and determined binding of
endogenous PDMB proteins and LC3C autophagic regulators by
coimmunoprecipitation. Only WT LC3C coimmunoprecipitated
with TSG101; all three PDMB markers; and members of the
noncanonical upstream complexes ULK3, UVRAG, RUBCN, and
PIK3C2A (Fig. 9, H and I). Moreover, the canonical regulators of
autophagy FIP200, BECNI, and ATG5-12 conjugate coimmuno-
precipitated with both the long and the short form of LC3C, but
binding was stronger in the case of LC3C with C-terminal pep-
tide (Fig. 9, H and I). Interestingly, CALCOCO2 bound similarly
to the full size and short form of LC3C, indicating that interac-
tion between LC3C and CALCOCO?2 is not a major determinant of
LC3C selectivity toward PDMBs. Importantly, some upstream
regulators, such as ULK3, FIP200, RUBN, and PIK3C2A, bound
also to the autophagy-deficient LC3C G126A mutant. This points
to a potential sequence in the assembly of the upstream regu-
latory complexes before processing of LC3C by cleavage and
lipidation. Overall, the data indicate that LC3C C-terminal pep-
tide is an important tool of functional selectivity of LC3C au-
tophagy toward PDMBs and is necessary for the assembly of the
noncanonical autophagic regulatory complex.

Discussion

Selectivity in the lysosomal degradation of specific cargo under
particular biological conditions is essential for maintenance of
cellular homeostasis. Our data point to a complex plasticity in
LC3C autophagic function that evolved in human cells versus
other species. We identified a novel mechanism of selectivity in
LC3C autophagy that requires its C-terminal peptide. However,
we also noticed that LC3C mutant without the C-terminal pep-
tide, which does not degrade PDMB cargo, accumulates in re-
sponse to lysosomal inhibition, an indication that this short form
of LC3C is engaged in autophagy as well. Moreover, LC3C is able
to interact with cargo receptors through LIR- and/or CLIR-
binding motifs. This indicates that LC3C can participate in di-
verse autophagic processes selectively mediated by different
utilization of LIR- or CLIR-binding motifs and the absence or
presence of the peptide.

We propose that LC3C represents a novel hybrid autophagic
program at the intersection of classic autophagy and the endo/
phagolysosomal pathway. Clearly, in all four renal cancer-
derived cell lines, LC3C required activity of ULK3, rather than
ULK1/2, in the complex associated with FIP200/ATG13. The
activity of LC3C-dependent autophagy requiring ULK1 has been
reported in the case of xenophagy; however, the role of LC3C

Bischoff et al.

Selective noncanonical LC3C autophagy

peptide was not evaluated in these experiments (Ravenhill et al.,
2019). Together, these findings further support the role of LC3C
as a multifaceted regulator that can require either the ULK3- or
the ULK1-associated complex, depending on the biological context.

We have initially determined that LC3C autophagy required
BECNI and the E3-like ATG5/12/16-lipidating cascade. There are
two BECNIl-associated autophagosome-initiating complexes.
Both contain PIK3C3, but complex I includes ATG14, while
complex II incorporates UVRAG but not ATG14 (Liang et al.,
2006). The activity of the BECN1-UVRAG complex is inhibited
by RUBCN (Matsunaga et al., 2009). UVRAG has been shown to
stimulate both autophagosome and endosome maturation, pro-
moting lysosomal degradation of cargo independently from its
role in autophagosome initiation (Liang et al., 2008). The LC3C
requirement for UVRAG supports the role of BECN1-complex II
activity; however, surprisingly, RUBCN is a positive regulator of
LC3C. This points toward similarity to the recently described
BECN1/UVRAG/PIK3C3/LC3B-dependent pathway of LAP where
RUBCN is a positive regulator (Lai and Devenish, 2012; Martinez
etal., 2016; Martinez et al., 2015; Sanjuan et al., 2007). LAP is not
considered a macroautophagic program because it involves
formation of a single-membrane structure originating at the
plasma membrane to sequester extracellular pathogens and cell
debris. It does not require ULK1 but shares several other regu-
lators with autophagy, such as ATG3, ATG5, ATG7, ATGI2, and
ATGI16, which ultimately lead to recruitment of lipidated LC3s on
the intravesicular side only, thus preventing recycling of LC3.
Pathogens are recognized by plasma membrane receptors, and
there is no evidence for ubiquitin modifications. LC3C partic-
ipates in selective autophagy (xenophagy) of Salmonella typhi-
murium in a mechanism requiring CALCOCO2 and the CLIR
motif on CALCOCO2 (von Muhlinen et al., 2012). In contrast to
LAP, xenophagy requires formation of a double-membrane au-
tophagosome around a free bacterium in the cytosol, using
standard pre- and initiating complexes. The intracellular
pathogens are ubiquitylated. However, LAP and xenophagy
may have more in common, e.g., fusion of phagosomes with
autophagosomes or recruitment of phagosomes as the source of
the autophagosome-initiating membrane. Potential involve-
ment of LC3C with a LAP-like program in degradation of
PDMBs is supported by the fact that midbodies released during
cell division can undergo actin-dependent phagocytosis (Crowell
et al., 2014; Fazeli et al., 2016).

The fact that LC3C function requires PIK3C2A and TSG101
further supports LC3C function at the intersection between
autophagosome and endosome. Previous work indicated that
knockdown of PIK3C2A decreased autophagic output and accu-
mulation of recycling endosomes (Merrill et al., 2017). TSG101 is
a member of the ESCRT used by the endolysosomal pathway that
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Figure 4. FIP200 and ATG13, but not ULK1/2, are necessary for LC3C autophagy. (A) Immunoblots show a decrease in the CQ-dependent accumulation of
LC3C and LC3B in response to FIP200 knockdown in indicated cell lines. (B) Quantification of the LC3C and B accumulation calculated as in Fig. 2 B.
(C) Immunoblots show a decrease in the CQ-dependent accumulation of LC3C and LC3B in response to ATG13 knockdown in indicated cell lines.
(D) Quantification of the LC3C and B accumulation calculated as in Fig. 2 B. (E) Immunoblots show lack of effects of ULK1 or ULK1/2 knockdown on LC3C
accumulation in response to CQ treatment. (F) Quantification of the LC3C and B accumulation calculated as in Fig. 2 B. (G) ULK2 knockdown is measured at the
mMRNA level. (H) RT-PCR measurement of mRNA expression of ULK1, ULK2, and ULK3 in the indicated cell lines. In all bar graphs, mean + SEM is shown. *, P <
0.05; **, P < 0.03; ***, P < 0.001 by unpaired two-tailed t test. Scr, scramble.

delivers cargo originating at the plasma membrane or from the Consistent with the tumor-suppressing activity of LC3C,
extracellular environment via multivesicular bodies. Biogenesis BECNI and UVRAG are tumor suppressors and were shown to
of multivesicular bodies requires a cascade of events regulated cooperate to induce autophagy and suppress tumorigenicity of
by ESCRT to form large numbers of small intraluminal vesicles colon cancer cells (Liang et al., 2006). TSG101 and PIK3C2A are
from the limiting membrane that sort the cargos for lysosomal favorable prognostic factors in ccRCC according to The Human
degradation. Protein Atlas. LC3C tumor-suppressing activity targets Met
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Figure 5. ULK3 is needed for LC3C autophagy in RCC cells. (A) Immunoblots show a decrease in the CQ-dependent accumulation of LC3C in response to
ULK3 knockdown in indicated cell lines. (B) Quantification of LC3C and B accumulation calculated as in Fig. 2 B. (C) Rescue of LC3C autophagic flux by re-
expression of exogenous STR-ULK3 to levels similar to that of endogenous ULK3 (end ULK3). (D) STR-ULK3 colocalizes with endogenous LC3C. Split channels
and RGB plots are shown. Cells were treated with 100 uM CQ for 1 h. (E) STR-ULK3 does not colocalize with LC3B. (F) Coimmunoprecipitation of endogenous
ULK3, ATG13, and LC3C with endogenous FIP200 in Caki-1 cells. (c) Coimmunoprecipitation of endogenous ULK3, FIP200, and LC3C in Caki-1 cells transfected
with HA-ATG13. (H) Coimmunoprecipitation of ULK3, ATG13, and LC3C with FIP200 in HEK293T cells transfected with the indicated constructs. (I) RT-PCR
shows that PIK3C2A knockdown does not affect LC3C or LC3B mRNA expression. Scale bars = 10 pm. In all bar graphs, mean + SEM is shown. *, P < 0.05 by
unpaired two-tailed t test. IB, immunoblot; IP, immunoprecipitation; Scr, scramble.
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Figure 6. The LC3C autophagic pathway targets PDMBs for lysosomal degradation. (A) Endogenous LC3C colocalized with PDMBs, labeled by MKLP
antibody. Split channels and RGB plots are shown. Cells were treated with 30 uM CQ for 24 h. (B) Quantification of the PDMBs colocalized with LC3C
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compared with the total number of PDMBs in the indicated cell lines. (C) LC3B did not colocalize with PDMBs. Arrowheads point to the PDMBs. (D) Expression
of VHL repressed the number of accumulating PDMBs and recovers CQ-dependent accumulation in cell lines without VHL. Ratios of the number of PDMBs to
the number of nuclei are shown. Cells were treated 30 pM CQ for 24 h; n is the number of independent experiments in which 10 fields with comparable
numbers of cells were counted for PDMBs (labeled for MKLP1) and nuclei (DAPI). (E) Quantification of PDMBs in the UOK 257 cell line without and with FLCN.
(F) Quantification of PDMBs in Caki-1 cell line with knockdowns of VHL or FLCN. (G) Knockdown of LC3C, but not LC3B, induced the number of PDMBs and
abolished CQ-dependent accumulation of PDMBs in 786-0 VHL(+) cells. (H) Knockdown of LC3C, but not LC3B, induced the number of PDMBs and abolished
CQ-dependent accumulation of PDMBs in UOK 257 FLCN(+) cells. (1) Knockdowns of LC3C upstream regulators ULK3, PIK3C2A, UVRAG, and RUBCN con-
sistently abolished CQ regulation of PDMBs and increased the number of PDMBs. (J) Colocalization of PDMB (CYK4) with PI3P reporter EGFP-2xFyve in cells
with PIK3C2A and PIK3C3 knockdowns. Split channels and RGB profiles are shown. (K) Quantification of PDMBs colocalized with EGFP-2xFyve in cells shown in
J. (L) Immunoblot shows CQ-dependent accumulation of PDMB proteins MKLPL, CYK4, and ARF6 in cells with LC3C and CQ-independent accumulation in cells
with LC3C knockdown. (M) Quantification of immunoblots shown in L from three independent experiments. (N) Immunofluorescence experiment shows
colocalization of PDMB with LAMP1 lysosomal protein. Split channels and RGB profiles are shown. (0) Quantification of colocalization PDMBs with LAMP1 in
786-0 VHL(+) cells with and without LC3C. (P) Quantification of PDMBs in the indicated cell lines with TSG101 knockdown. (Q) Endogenous TSG101
coimmunoprecipitated endogenous LC3C but not LC3B. Cells were treated with 100 pM CQ for 1 h. Scale bars are as follows: white = 10 pm; cyan = 5 um;
magenta = 2.5 um. In all bar graphs, mean + SEM is shown. **, P < 0.01; ***, P < 0.001 by unpaired two-tailed t test. IB, immunoblot; IP, immunoprecipitation;

KD, knockdown; Scr, scramble.

receptor tyrosine kinase and regulates cell migration and inva-
sion (Bell et al., 2019). It remains to be determined whether LC3C
autophagy can have both tumor-suppressing and oncogenic ac-
tivities, depending on the presence or absence of the C-terminal
peptide. We established that LC3B has oncogenic activity in
ccRCC (Hall et al., 2014; Mikhaylova et al., 2012); thus, expres-
sion of short form of LC3C may mimic effects of LC3B.

LC3C-dependent autophagic degradation of PDMBs occurs
under low-concentration conditions of serum, which is different
from previously reported autophagic degradation of cytokinetic
midbodies performed with standard cell culture media con-
taining 10% serum. In those studies, p62 and NBR1 were identified
as cargo receptors (Kuo et al., 2011; Pohl and Jentsch, 2009).
Moreover, these studies investigated the inheritance of midbodies
formed during the most recent cytokinesis (first generation). We,
however, investigated inheritance of PDMBs, i.e., midbodies that
were formed during previous cytokinesis. Importantly, the
maintenance of PDMBs was heritable; clonal spheroids were easily
separated into those with high and low PDMB content according to
LC3C status. This implies that regulation of PDMBs by LC3C
contributes to cell fate reprogramming.

We have demonstrated that the C-terminal peptide is func-
tionally necessary for the degradation of PDMBs and for the
assembly of LC3C regulatory complexes. Interestingly, we see
exclusively the lipidated form of LC3C that accumulates in re-
sponse to lysosomal inhibitors and never the noncleaved form,
which indicates very fast processing of LC3C to its active form.
Recently, evidence was presented for an interaction of TBKI-
phosphorylated serines 93 and 96 in the N-terminal region of
LC3C with arginine 134 in the peptide, promoting local struc-
turing of the otherwise highly dynamic and unstructured pep-
tide. This interaction diminished the ability of ATG4 to cleave
the peptide (Herhaus et al., 2020). These data support the
functional and regulatory role of the peptide in LC3C autophagy.
We have observed robust transcriptional regulation of LC3C by
serum starvation, a condition that induces LC3C autophagy in
multiple cell lines (Fig. S1; Mikhaylova et al., 2012). Strong de-
pendence on the continuing input of new LC3C molecules is
likely to be necessary in the LC3C autophagy requiring C-terminal
peptide, as only the newly translated LC3C will have the peptide,
while LC3C that is cleaved from the preexisting autophagosome
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and reused will not, eliminating functional activity of the peptide.
Mechanistic understanding of the regulatory role of the C-terminal
peptide will be the subject of future studies.

Materials and methods

Cell lines and basic protocol

Human isogenic VHL(-) and VHL(+) 786-0, A498 cells, Caki-1
cells with endogenous WT VHL and FLCN and their knock-
downs, and HEK293T cells were previously described (Bastola
et al,, 2013; Hall et al., 2014; Mikhaylova et al., 2012). UOK 257
cells have inactivated FLCN. Isogenic cell lines with recon-
stituted FLCN were a gift from Laura Schmidt (National Cancer
Institute, Bethesda, MD). All cells were grown in DMEM/F12
(SH30023; HyClone) with 10% FBS. The human RPTEC (THI)
line was grown in DMEM high-glucose media (SH30022; Hy-
Clone) with 10% FBS according to supplier's recommendations.
All cell lines are periodically authenticated (Genetica DNA Lab-
oratories), and media are checked monthly for mycoplasma. All
relevant reagents are listed in Table S1.

Unless otherwise indicated, experiments were performed
according to the following timeline: Cells (10-30 x 10%) were
plated in 60-mm plates in DMEM/F12 medium with 10% serum
and allowed to attach. Medium was changed to contain 0.1%
serum, and cells were collected 48 h later, with the exception of
HEK293T cells that were exposed to 1% serum for 16 h. Knock-
downs of indicated genes were performed using si/shRNA the
next day after plating followed by 48 h of serum starvation (0.1%
serum). To measure autophagic flux, cells were treated with
100 uM CQ or 200 nM BAFAL for 1-4 h before collection, and for
counting PDMBs, cells were treated with 30 uM CQ for 24 h.
RNA extractions and quantitative RT-PCR were previously de-
scribed (Hall et al., 2014; Mikhaylova et al., 2012). For deter-
minations of symmetric and asymmetric cell divisions, cells
were placed in 0.1% starvation media as described above and
chased with 1% serum in the final 12-16 h before collection. All
antibodies, primers, and chemicals used are listed in Table S1.

Transfections and transductions
RCC cell lines were transfected with siRNAs and plasmids using
Lipofectamine 3000 according to the manufacturer’s protocol.
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Figure 7. LC3Cinhibits asymmetric inheritance of PDMBs. (A) Examples of asymmetric cell division in different phases of cell division in 786-O VHL(+) and
UOK 257 FLCN(+) LC3C-knockdown cells. Arrowheads point to the PDMBs, which are different from the cytokinetic midbody in the intercellular bridge. Scale
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bars = 10 um. (B) Percentage of symmetric and asymmetric cell divisions compared with the total number of cell divisions in 786-0 VHL(+) cells without and
with reconstituted VHL. (C) Percentage of symmetric and asymmetric cell divisions compared with the total number of cell divisions in Caki-1 cells with
endogenous VHL and with VHL knocked down. (D) Percentage of symmetric and asymmetric cell divisions compared with the total number of cell divisions in
UOK 257 cells without and with FLCN. (E) Knockdown of LC3C increased the percentage of asymmetric versus symmetric cell divisions compared with the total
number of cell divisions in Caki-1 cells with LC3C knocked down. (F) 786-O VHL(+) cells with LC3C knockdown grown as three-dimensional spheroids
maintained higher levels of PDMBs (CYK staining) in multiple daughter cells. (G) Quantification of PDMBs, nuclei, and ratios of PDMBs/nuclei for 20 spheres in
each category. Scale bars = 20 pm. (H) Immunocytochemistry for PDMBs (CYK4 staining; arrowheads point to PDMBs) and quantification of PDMBs in sections
from human normal kidney cells and human ccRCC (hccRCC) cells with WT or mutated (mut) VHL. Magnified inset scale bars = 10 pm. In all bar graphs, mean =
SEM is shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by unpaired two-tailed t test. A, asymmetric; KD, knockdown; S, symmetric; Scr, scramble.

HEK293T cells were transfected using 2 pg polyethylenimine
per 1 ug DNA. siRNAs were used at final concentrations of 50 nM
or 80 nM. HEK293T cells were transfected with the following
amounts of DNA: 100-500 ng of LC3C, 2-5 ug Cherry-TSGl101,
2.5 pg GFP-MKLPL, or 0.5 pg STR-ULK3. Viral transductions
included addition of 1.1 pg/ml polybrene before viruses were
administered. All lentiviral ShRNA constructs were VSV-G en-
velope packaged and 10-fold concentrated (Cincinnati Children’s
Hospital Medical Center Viral Vector Core) and used at a 1:30
dilution. All controls were treated with empty, nontarget, or
scrambled constructs. Media were changed 6-8 h after trans-
fection or the following day after transfection/transduction
unless otherwise specified. Stable cell line pools were selected
with appropriate antibiotics 2-3 d after transduction and main-
tained in the selection media.

To achieve similar expression levels compared with endog-
enous, the following approaches were used: For UVRAG rescue
experiments, knockdown of endogenous UVRAG was performed
on cells stably expressing STR-UVRAG. For ULK3 and RUBCN
rescue experiments, cells were transduced with viral exogenous
constructs at 1:5,000 and 1:20,000, respectively, then replated
3 d later for knockdown of the endogenous genes. For PIK3C2A,
cells were transfected with 15 pg plasmid PIK3C2A DNA and
split 3 d later following knockdown of endogenous gene. For
FLAG-LC3C rescue experiments, 50-150 ng plasmid DNA was
transfected in stable LC3C knockdowns. For CALCOCO2 recon-
stitutions, 0.3-0.4 ug DNA was transfected, media were changed
to starvation 6-8 h later, and cells were treated with lentiviral-
packaged shRNA in the starvation media. In all cases, cells were
starved with 0.1% FBS for 48 h before collection. For LC3C rescue
with untagged viral constructs, virus was titrated between 1:
1,000 and 1:500,000 stably or transiently. For immunofluores-
cence, 350-850 ng GFP-RUBCN, 250-500 ng GFP/FYVE, or
350-700 ng STR-ULK3 was transfected per well.

Coimmunoprecipitation and immunoblotting experiments

For immunoblot analysis, cells were collected in radioimmuno-
precipitation assay buffer (25 mM Tris HCl, pH 7.6, 150 mM
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS). 10-35 pg of
extracts were separated on 3%-8%, 12%, or 4%-12% polyac-
rylamide gels and transferred onto polyvinylidene difluoride
membrane. Blots were probed with relevant antibodies, as
listed in Table S1.

For immunoprecipitation, cells were lysed in buffer con-
taining 50 mM Hepes, pH 7.9, 5 mM MgCl,, 150 mM NaCl, 1%
glycerol, and 1% IGEPAL, or a buffer containing 50 mM Tris, pH
8.0, 137 mM NaCl, 1 mM MgCl,, 1 mM CaCl,, and 1% NP-40, and
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protein lysates were incubated with primary antibody in the
same buffer with detergent concentration adjusted to 0.2%.
0.5-1 mg of cell lysates in 0.5-1 ml of indicated buffers supple-
mented with protease/phosphatase were incubated with pri-
mary antibodies overnight at 4°C, followed by 1-h incubation
with protein A/G or protein G magnetic beads at room tem-
perature. In the case that DynaBeads were used, the beads were
incubated with the antibody first, followed by 10-min incubation
with cell lysates. Beads were washed in the immunoprecipita-
tion buffer, and coimmunoprecipitated proteins were eluted
with 1x LDS sample buffer for 10 min at 45°C. In cases where
primary antibodies used for immunoblotting were from the
same species as the antibody used for immunoprecipitation,
Clean-Blot IP Detection Reagent (HRP) was used in place of a
secondary antibody. For each immunoprecipitation reaction, the
following amounts of primary antibodies were used: 2 pg of anti-
TSG101, 3 ug of anti-HA, 1:200 dilution of anti-STR, either 2 pg
or 1:250 of anti-FLAG M2, 1:100 dilution of anti-FIP200, and 1:50
dilution of anti-UVRAG. The amount of control IgG was adjusted
to the concentrations of the primary antibodies. Data acquisition
and quantification for Western blots was performed using Im-
ageJ 1.52a or Image Studio Lite Ver 5.2 software.

Immunofluorescence and PDMB count

For immunofluorescence analysis, cells plated on glass cover-
slips were fixed with 4% PFA for 20 min at room temperature or
100% methanol for 5 min at -20°C. PFA-fixed cells were addi-
tionally quenched with 50 mM NH,Cl unless already expressing
a fluorescent marker. Cells were permeabilized with 0.3% Triton
or 0.1% saponin. Coverslips were blocked with PBS containing
either 0.1% Triton or 0.1% saponin and either 3% normal goat
serum or 1% BSA for 30 min and incubated with primary anti-
body for 1 h at 37°C. Coverslips were then washed and incubated
with Alexa Fluor-labeled secondary antibodies for 30 min at
room temperature. Finally, coverslips were washed and moun-
ted using DAPI Fluoromount-G. Antibodies and concentrations
are listed in Table S1. PDMBs were counted based on labeling
with anti-MKLP1 or anti-CYK4 antibodies. For each experiment,
10 independent and random fields of view were counted for the
numbers of PDMBs and nuclei. Each section had between 10 and
30 cells. Ratios of the number of PDMBs to the number of nuclei
from all sections were averaged. Confocal images were acquired
on a Zeiss LSM 710 confocal microscope with a Zeiss Axio Ob-
server.Z1 stand and a Zeiss Plan-Apochromat objective (63x/1.4
0Oil DIC) using Zeiss ZEN 2010 software at room temperature.
The appropriate lasers and emission filters for the respective
fluorophores were used in multitracking mode. Widefield
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Figure 8. LC3C autophagy requires CALCOCO2 cargo receptor and LIR motif. (A) Knockdown of CALCOCO2, but not of p62 or NBR1, abolished CQ-
dependent accumulation of PDMBs in the indicated cell lines. (B) Colocalization of endogenous LC3C with endogenous CALCOCO2. RGB profiles and split
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channels are shown. (C) CALCOCO2 colocalized with PDMB. Split channels and RGB profiles are shown. (D) Quantification of PDMBs colocalized with
CALCOCO2 in cells with and without LC3C. (E) FLAG-tagged mutant of the CLIR-binding site on LC3C (CLIRBM) rescued CQ-dependent degradation of PDMBs
in cells with LC3C knocked down. Immunoblot shows expression of FLAG-tagged LC3C-CLIRBM at the level of endogenous LC3C. (F) CLIR mutant of CAL-
COCO2 (CLIRM) rescued CQ-dependent degradation of LC3C in cells with CALCOCO2 knocked down, similarly to WT CALCOCO2. Immunoblots show
expression of exogenous CALCOCO2 WT and CLIRM matched to the expression of the endogenous CALCOCO2. (G) LIR mutant of CALCOCO?2 did not rescue
CQ-dependent degradation of PDMBs in cells with CALCOCO2 knocked down. Immunoblot shows expression of exogenous CALCOCO2 LIRM matched to the
expression of the endogenous CALCOCO2. Analysis of PDMBs was performed as described in Fig. 6 D. Scale bars are as follows: white = 10 um; cyan = 5 um. In
all bar graphs, mean + SEM is shown. **, P < 0.01; ***, P < 0.001 by unpaired two-tailed t test. Scr, scramble.

images were acquired using a Zeiss Axioplan 2 imaging micro-
scope with the appropriate filter cubes and a Zeiss AxioCam
MRm black and white camera to record the images using the
Zeiss Axiovision Rel 4.7 software. The objective used had the
following specifications: Plan-Apochromat 10/0.45, Plan-Neofluar
20x/0.5, Plan-Neofluar 40x/0.6 (air), Plan-Neofluar 40x/1.3 (Qil),
Plan-Apochromat 63x/a.4 (0il), and a-PlanFluar 100x/1.45. All
images were saved as 8-bit images.

Images were also acquired on a Nikon SIMe microscope with
a Nikon Eclipse Ti stand using a Hamamatsu C11440 ORCA-
Flash4.0 camera and a Nikon SR Apo TIRF 100x SR/1.49 objec-
tive at room temperature. The software for acquisition was NIS-
Elements Advanced Research version 5.11.00 (64-bit) imaging
software by Nikon. DAPI images of nuclei were acquired as
widefield images, while we used the structured illumination
(SIM) capabilities for the fluorescent channels with a 488-nm,
561-nm, and 640-nm laser line excitation. Red, green, and blue
(RGB) profiles (generated by Image] 1.53g; Schneider et al.,
2012), and split channels are shown.

For determination of symmetric versus asymmetric cell di-
visions, coverslips were incubated with antibody against MKLP1
to visualize PDMBs and acetylated tubulin to visualize micro-
tubules, and divisions were counted manually under the con-
focal microscope. For immunocytochemistry, sections of fixed
and paraffin-embedded tumors were processed in the Pathology
Research Core at Cincinnati Children’s Hospital Medical Center
and analyzed by light microscopy.

Growth of cells as spheroids

Cells were grown in 8- or 16-well glass chamber slides using a
dual chamber coat/culture layer. The floor of each chamber was
coated with 100% liquid Matrigel (30-40 pl for 8-well slides and
20 pl for 16-well slides) and allowed to solidify for 30 min in the
tissue culture incubator. The culture layer was a 1:1 volume
mixture of Matrigel and cells in the plating media (DMEM/F12
and 10% serum). 600 cells were plated in 8-well slides and 200
cells in 16-well slides. After addition of cells, Matrigel was
allowed to solidify, and media were added. The next day,
media were replaced with fresh plating media. After 4 days,
media were changed to the same media containing 0.1% se-
rum. Spheroids were collected after 7-8 d from the time media
were changed. For immunofluorescence analysis, spheroids
were fixed using 100% methanol for 12 min at -20°C. Sphe-
roids were permeabilized using 0.25% saponin in PBS for
10 min. Spheroids were rinsed with PBS, blocked for 1.5 h
using immunofluorescence buffer (PBS, 0.1% saponin, 0.05%
T-20, 0.05% NaNj) with 1% BSA at room temperature and
incubated overnight with primary antibodies in immunofluorescence
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buffer at 4°C. Incubation with secondary antibody in the immuno-
fluorescence buffer was for 1 h at room temperature. Spheroids were
washed and mounted using DAPI Fluoromount-G and analyzed by
confocal microscopy.

Statistical analysis

Data are expressed as mean + SEM for three or more indepen-
dent experiments. Analysis of differential expression was per-
formed using unpaired two-tailed t test, with the exception of
Fig. 1 E, where one-way ANOVA was used. *, P < 0.05; **, P <
0.0L; *** P < 0.001; and ***, P < 0.0001.

Online supplemental material

Fig. S1 shows regulation of LC3C and LC3B by ATG5, ATG16, and
BECNI and lack of regulation of LC3C by ATGI14. Fig. S2 shows
lack of regulation of LC3C by PIK3C3. Fig. S3 details additional
data regarding regulation of PDMBs by LC3C as supplement to
Fig. 6. Fig. S4 illustrates regulation of LC3C by TSG101. Fig. S5
provides additional data supporting results shown in Fig. 8 and
Fig. 9. Table S1 provides a list of all reagents used in the study.
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Figure 9. LC3C C-terminal peptide is necessary and sufficient for selectivity of LC3C autophagy toward PDMBs. (A) Expression of autophagy-defective
mutant of LC3C GI26A in cells with LC3C knocked down does not rescue PDMBs degradation. Immunoblot shows expression of LC3C mutant.
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(B) Reconstitution of LC3C WT, but not the C127Stop without the LC3C peptide, in 786-0 VHL(+) cells rescues PDMB degradation. Immunoblots show levels of
expression of exogenous LC3C that match levels of endogenous LC3C. (C) Reconstitution of LC3C WT, but not the C127Stop without the LC3C peptide, in UOK
257 FLCN(+) cells rescues PDMB degradation. Immunoblots show levels of expression of exogenous LC3C matching levels of endogenous LC3C. (D) Expression
of WT LC3C, but not the C127stop mutant, rescues the number of symmetric divisions in the indicted cell lines. (E) Expression of LC3B-LC3C C-terminal peptide
chimera rescues regulation of PDMBs by lysosomal degradation. (F) Representative examples of immunofluorescence experiments showing lack of colocal-
ization of PDMBs with LC3B in cells with LC3C knockdown (top) but appearance of close proximity and colocalization in cells expressing BC chimeras (bottom).
RGB profiles are shown. (G) RT-PCR quantification of mRNA expression levels using primers specific for the BC chimeras only (top), primers detecting levels of
mRNAs containing C-terminal peptide only (middle), and primers specific for LC3C only (bottom). Experiments were done in two indicated cell lines.
(H) Coimmunoprecipitation of FLAG-tagged LC3C WT and C127Stop mutants with endogenous PDMB proteins in the presence of coexpressed Cherry-TSG101.
Experiments were performed in HEK293T cells. (1) Quantification of the experiments shown in G. In all bar graphs, mean = SEM is shown. **, P < 0.0, ***, P <
0.001; ****, P < 0.0001 by unpaired two-tailed t test. Scale bar = 10 pm. A, asymmetric; IP, immunoprecipitation; KD, knockdown; S, symmetric; Scr, scramble.
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Figure S1. LC3C autophagy requires ATG5, ATG16, and BECN1 but not ATG14. (A) Specificity of the anti-LC3C antibody in Caki-1 cells expressing en-
dogenous LC3C or with stably knocked down LC3C. (B) Reexpression of FLCN in UOK 257 cells with lost FLCN induces LC3C autophagy. (€) Knockdown of ATG5S
inhibits LC3C autophagy in the indicated cell lines. (D) Colocalization of LC3C with ATG5 and GFP-2xFyve puncta as analyzed by SIM. Examples of RGB profiles
and split images are shown. (E) Knockdown of ATG16 inhibits LC3C autophagy in the indicated cell lines. (F) Colocalization of LC3C with ATG16L and GFP-
2xFyve puncta as analyzed by SIM. Examples of RGB profiles and split images are shown. (G) LC3C flux is inhibited in response to BECN1 knockdown. (H) LC3C
flux is not inhibited in response to ATG14 knockdown. Scale bars = 10 pm. For bar graph, mean + SEM is shown. *, P < 0.05 by unpaired two-tailed t test. Scr,
scramble.
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Figure S2. LC3C is not regulated by PIK3C3. (A) Immunoblots show that knockdown of PIK3C3 does not inhibit LC3C flux but is effective toward LC3B.
(B) Quantification of LC3C and B accumulation presented as the ratio of their protein levels normalized to GAPDH in CQ(+) versus CQ(-) in cells transfected
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Figure S3. PDMBs are the target of LC3C autophagy. (A) STR-ULK3 coimmunoprecipitates midbody proteins MKLP1, CYK4, and CEP55. (B) Colocalization
of LC3C puncta with PDMBs in A498 VHL(+) cells. RGB profiles and split channels are shown. (C) VHL does not affect CQ-dependent degradation of PDMBs
under 10% serum conditions. (D) FLCN does not affect CQ-dependent degradation of PDMBs under 10% serum conditions. In C and D, quantification was
performed as described in Fig. 6 D. (E) Multiple examples of colocalization of PDMBs with LAMPI, a lysosomal marker. RGB profiles and split channels are
shown. Scale bars are as follows: white = 10 um; cyan = 5 um; magenta = 2.5 um. For all bar graphs, mean + SEM is shown. **, P < 0.01 by unpaired two-tailed
t test.
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transfected with scramble (Scr) or TSG101 siRNA or shRNA in the indicated cell lines. Scale bars are as follows: white = 10 um; cyan = 5 pm. For bar graphs,
mean + SEM is shown. *, P < 0.05 by unpaired two-tailed t test.
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Figure S5. Selectivity of LC3C autophagy requires LIR-binding motif and LIR on CALCOCO2. (A) Immunoblots showing knockdowns of respective cargo
receptors. (B) Representative examples of colocalization of PDMBs with endogenous CALCOCO2. RGB profiles and split channels are shown. MKLP1 is used as
a PDMB marker. (C) Sequence of LC3C with mutations in CLIR-binding site (CLIRBM). The WT sequence is indicated in parentheses. (D) Mutations of CLIR
(CLIRM) and LIR (LIRM) motifs in CALCOCO2. Optimized CALCOCO2 was a synthetic gene. (E) Sequence of the G126A and C127Stop mutants. (F) Sequence of
BC chimera. (G) Representative examples of immunofluorescence experiments showing lack of colocalization of PDMBs with LC3B in cells with LC3C
knockdown (left), but appearance of close proximity and colocalization in cells expressing BC chimeras (right) in UOK 257 cells. RGB profiles are shown. Scale
bars are as follows: white = 10 pm; cyan = 5 pm. KD, knockdown; Scr, scramble.
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Table S1 is provided online as a separate Word file and lists the reagents used in this study.
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