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Nuclear factor κB (NF-κB) is an important transcriptional regulator
that is involved in numerous cellular processes, including cell pro-
liferation, immune response, cell survival, and malignant transfor-
mation. It relies on the ubiquitin–proteasome system (UPS) for
several of the steps in the concerted cascade of its activation. Pre-
viously, we showed that the ubiquitin (Ub) ligase KPC1 is involved
in ubiquitination and limited proteasomal processing of the
NF-κB1 p105 precursor to generate the p50 active subunit of the
“canonical” heterodimeric transcription factor p50–p65. Overex-
pression of KPC1 with the generation of an excessive amount of
p50 was shown to suppress tumors, an effect which is due to mul-
tiple mechanisms. Among them are suppression of expression of
programmed cell death-ligand 1 (PD-L1), overexpression of a
broad array of tumor suppressors, and secretion of cytokines
which results in recruitment of suppressive immune cells into the
tumor. Here, we show that the site of KPC1 to which p105 binds is
exceptionally short and is made up of the seven amino acids
WILVRLW. Attachment of this short stretch to a small residual part
(∼20%) of the ligase that also contains the essential Really Inter-
esting New Gene (RING)-finger domain was sufficient to bind
p105, conjugate to it Ub, and suppress tumor growth in an animal
model. Fusion of the seven amino acids to a Von Hippel–Lindau
protein (pVHL)-binding ligand (which serves as a “universal” ligase
for many proteolysis-targeting chimeras; PROTACs) resulted in a
compound that stimulated conjugation of Ub to p105 in a cell-free
system and its processing to p50 in cells and restricted cell growth.
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Nuclear factor κB (NF-κB) is a family of transcription factors
which coordinate a broad array of cellular processes such as

cell death and survival, differentiation and proliferation, and
immune and inflammatory responses (1). Its activation is a multi-
step process, initiated by a broad array of extracellular cues, and
mediated to a large extent by the ubiquitin–proteasome system
(UPS) (2, 3). Up-regulation of NF-κB is frequently observed in a
variety of tumors, and probably plays a role in malignant trans-
formation. The mechanism(s) that underlies the protumorigenic
activity of NF-κB involves up-regulation of expression of propro-
liferative and antiapoptotic genes, as well as stimulation of the
inflammatory process (1, 4, 5).

The NF-κB family consists of five different proteins—three Rel
proteins (RelA, RelB, and cRel) and two proteins, p50 and p52,
which are derived from limited, UPS-mediated processing of lon-
ger precursors, p105 (NF-κB1) and p100 (NF-κB2), respectively.
Members of the two groups generate different heterodimers
which trigger unique transcriptional programs (2–4). In most
cases, the tumorigenicity is related to the p50–p65 dimer (6–8).

Although NF-κB is generally described as oncogenic, a few
studies have shed light on its tumor-suppressive activities which
are mediated mainly by p50 (9). For example, in pancreatic cancer
cells, IκB kinase α (IKKα) down-regulation results in suppression

of expression of Skp2, a component of the ubiquitin (Ub) ligase
that degrades the cell-cycle suppressor p27Kip. This results in
up-regulation of p27Kip, which is tumor-suppressive. Part of the
effect is due to the fact that the down-regulation of IKKα stimu-
lates switching of the NF-κB dimers occupying the promoter of
Skp2 from the tumor promoter p52–RelB site to the tumor-
suppressive p50–RelB site, which results in inhibition of Skp2
expression (10). Another study shows that NF-κB1 knockout
(KO) cells accumulate alkylating agent–induced mutations, and
NF-κB1 KO mice are more susceptible to developing lymphomas
due to the DNA damage caused by the mutating agents (11). An
interesting example is the Ub ligase RNF20 that exerts a tumor-
suppressive activity mediated via monoubiquitination of H2B on
lysine 120 (H2Bub1). The ligase activity results in a switch
between p50–p65– and p50–p50–containing NF-κB dimers that
occupy DNA, reducing the ability of tumor necrosis factor (TNF)
to up-regulate expression of a subset of inflammation-associating
genes (12).

In a different study, our laboratory identified the Ub ligase
KPC1 as the enzyme that ubiquitinates p105, resulting in its
limited processing to the p50 subunit. Overexpression of p50
resulted in a strong tumor-suppressive effect mediated by two
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main mechanisms: 1) up-regulation of various tumor suppres-
sors (13); and 2) modulation of the tumor microenvironment
by recruiting and activating the immune system: An excess of
KPC1 or p50 up-regulates expression of CCL3, CCL4, and
CCL5, which are proinflammatory chemokines, which in turn
recruit to the tumor natural killer cells and macrophages. Also,
p50 down-regulates the expression of the immune checkpoint
programmed cell death-ligand 1 (PD-L1) (14). It should be
noted that since p50 does not have a transactivation domain,
and since the activity of the putative p50–p50 homodimer stim-
ulates transcription of tumor suppressors (13) and chemokines
(14), the homodimer has to be joined by a component that has
a transactivation domain.

In the current study, we identified the site on KPC1 that binds
p105. The site is exceptionally short and is made up of seven
amino acids—WILVRLW. A truncated protein that contains the
C-terminal domain of KPC1 (∼20% of wild-type [WT] KPC1) to
which the seven amino acids are fused preserves the ability to
interact with and ubiquitinate NF-κB1 p105. Importantly, this
small protein preserves the tumor-suppressive activity of WT
KPC1 in a xenograft tumor model. Interestingly, sites of Ub
ligases that bind their cognate substrates are rather long. For
example, the interaction site of KPC1 which regulates the degra-
dation of p27 at the G1 phase of the cell cycle spans 766 amino
acids at the N-terminal part of the molecule (15). Another exam-
ple is the interaction site of MDM2 with p53. It was shown that
deletion of the N-terminal 61 amino acids of the ligase abrogated
its interaction with the tumor suppressor (16, 17).

Identification of the short binding site prompted us to gener-
ate a proteolysis-targeting chimera (PROTAC) made of these
seven amino acids fused to a Von Hippel–Lindau protein
(pVHL)-binding ligand. PROTACs are small, cell-penetrable
molecules with two heads. One head binds to a “universal”
ligase such as Cereblon or pVHL, whereas the other binds to
the target substrate. Bringing the substrate into close vicinity
with the ligase results in its ubiquitination and subsequent pro-
teasomal degradation, which enables one to design small mole-
cules that potentially can degrade any protein at will (18, 19).
The PROTAC we designed was able to mediate p105 ubiquiti-
nation in a cell-free system, stimulate p105 processing to p50 in
cells, and restrict cell division. Taken together, the PROTAC
has the potential to become a tumor-suppressive drug.

Results
Amino Acids WILVRLW (residues 968–974) in the KPC1 Sequence Are
Necessary for the Interaction of the Ligase with p105. In a previ-
ous study, we identified KPC1 as the E3 Ub ligase that medi-
ates ubiquitination and proteasomal processing of the NF-κB1
p105 to the p50 active subunit of the transcriptional regulator
(13). The excess of the p50 generated a strong tumor-
suppressive activity which is mediated via several independent
mechanisms (13, 14). We further showed that p105 binds to the
ligase via its ankyrin repeat domain (13). However, the site in
KPC1 that recognizes p105 has remained elusive.

To identify the region in KPC1 that binds NF-κB1 p105, we
systematically generated a collection of truncated species of the
ligase fused to a FLAG tag (Fig. 1 A, i, B, i, and C, i) and moni-
tored their interaction with p105. HEK293 cells were transfected
with a complementary DNA (cDNA) coding for p105-HA (hem-
agglutinin) and cDNAs coding for the WTand truncated species
of KPC1-FLAG.

We examined the interaction of the KPC1-truncated proteins
with p105 in coimmunoprecipitation assays (Fig. 1 A, ii–iv, B, ii
and iii, and C, ii–iv). p105 coprecipitated with the following
KPC1 truncated proteins: WT KPC1-FLAG (Fig. 1 A, ii–iv,
lanes 1), KPC1Δ1–967-FLAG (lanes 4), KPC1Δ1041–1061-
FLAG (lanes 6), and WILVRLW-KPC1Δ1–1039-FLAG (lanes 7).

This experiment strongly suggested that the domain in KPC1
that binds p105 spans residues 968 to 974 (WILVRLW). Impor-
tantly, we showed that KPC1 variants that lack the first 1,039
residues (Fig. 1 A, i, construct 7) or the first 1,254 residues
(Fig. 1 C, i, construct 2), but to which the sequence WILVRLW
was fused to their N terminus, bind to p105 (Fig. 1 A, ii–iv,
lanes 7, and C, ii–iv, lanes 2, respectively). Importantly, the two
truncated species still contained their Really Interesting New
Gene (RING)-finger domain necessary for recruitment of the
E2 (Ub-conjugating enzyme) component of the conjugation
machinery. It is needless to say that an intact KPC1 from which
the seven–amino acid stretch was deleted could not bind p105
(Fig. 1B). We have shown again that the ankyrin repeat domain
of p105 mediates its binding to KPC1 (13), thus comple-
ting—though indirectly—the identification of the binding
domains on both the substrate and its ligase.

An important question was how robust is the WILVRLW
binding domain. To study this question, we fused a series of per-
mutations in the sequence to the last 60 amino acids of KPC1
(peptide-KPC1Δ1–1253-FLAG; Fig. 1 C, i). Association between
p105 and KPC1 was observed only with the seven–amino acid–-
containing KPC1 construct WILVRLW-KPC1Δ1–1253 (Fig. 1C).
The results strongly suggest that the flanking two tryptophan
moieties in the sequence are crucial for the interaction, though
later results showed that they are indeed essential but do not
have to be on the two termini of the peptide.

Amino Acid Sequence WILVRLW in KPC1 Is Essential for Ubiquitination
of p105. At that point it was important to show that the binding
of p105 to KPC1 via the WILVRLW sequence results in p105’s
ubiquitination. As is clearly shown in Fig. 2 A, i, KPC1Δ1–967
ubiquitinates p105 in a dose-dependent manner in a cell-free sys-
tem. In contrast, the truncated species KPC1Δ1–974 which lacks
WILVRLW is inactive. In addition, we checked whether the loca-
tion of the seven–amino acid sequence in KPC1 is crucial for the
conjugating activity. Toward this end, we generated two truncated
species of KPC1, WILVRLW-KPC1Δ1–1039 (shown in Fig. 1A)
and WILVRLW-KPC1Δ1–1061. The two “chimeric” KPCs ubiq-
uitinated p105 in a cell-free system (Fig. 2 A, ii).

To further confirm that the interaction and the ability to cata-
lyze ubiquitination of p105 depend on its binding to WILVRLW,
we tested the ability of isolated peptides, WILVRLW, the
N-terminal Trp-deleted peptide ILVRLW, and a scrambled pep-
tide, RIWVWLL, to inhibit conjugation of p105 in a cell-free sys-
tem, presumably via their ability to compete on the binding of
p105 to the ligase. As can be seen in Fig. 2B, the scrambled pep-
tide was the most efficient competitor (lanes 9 to 11), followed by
the WTone (lanes 6 to 8). The Trp-deleted peptide did not have
any competitive activity (lanes 3 to 5).

Overexpression of Truncated Species of KPC1 that Contain WILVRLW
or RIWVWLL Attracts Leukocytes into a Xenograft Tumor Model and
Inhibits Tumor Growth. Since KPC1 and its product p50 exert
strong tumor-suppressive activity mediated via multiple mecha-
nisms (13, 14), it was important to examine whether the trun-
cated species of KPC1 that binds to p105 and can conjugate p105
(WILVRLW-KPC1Δ1–1039-FLAG; Fig. 1 A, i, construct 7, and
Fig. 2 A, ii, lane 4) can also suppress tumor growth in a xenograft
tumor model in mice. In addition, since the scrambled peptide
RIWVWLL showed a strong inhibitory effect on conjugation of
p105 by KPC1 (Fig. 2B, lanes 9 to 11), we also decided to exam-
ine the suppressive effect of a truncated species of KPC1 that
contains the scrambled sequence (RIWVWLL-KPC1Δ1–1039-
FLAG). As can be seen in Fig. 3A, the two truncated species had
a strong suppressive effect on growth of U87-MG–derived xeno-
grafts (yellow and gray lines). A truncated KPC1 species that
does not contain any derivative of the seven–amino acid p105-
binding site did not display a tumor-suppressive effect (Fig. 3A,
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Fig. 1. KPC1 interaction with NF-κB1 p105 is mediated via the amino acid stretch WILVRLW (968 to 974) of the ligase. (A) Truncated species of KPC1 that
lack the amino acid sequence WILVRLW are unable to bind p105. (A, i) Schematic representation of the KPC1 species used in the experiment shown in A,
ii–iv. (A, ii–iv) HEK293 cells were transfected with cDNAs coding for p105-HA (lanes 1 to 8), along with different KPC1 species (lanes 1 to 7 correspond to the
different KPC1 species depicted in A, i). Lanes 8 denote extracts from cells that were transfected with an empty vector instead of KPC1. The different KPC1-
FLAG species were immunoprecipitated from the total cell lysate (TCL) by immobilized anti-FLAG (A, ii and iii). Proteins were resolved via SDS-PAGE and
transferred to a nitrocellulose membrane. p105 was visualized using anti–NF-κB1 (A, ii and iv), and KPC1 species were detected using anti-FLAG (A, iii).
Ten percent of the TCL was analyzed for the expression of the proteins. (B) Elimination of the amino acid stretch WILVRLW from KPC1 or the ankyrin repeats
(ARs) from p105 results in abrogation of the binding between KPC1 and p105. (B, i) Schematic representation of the KPC1 species used in the experiment
shown in B, ii and iii. (B, ii and iii) HEK293 cells were transfected with cDNAs encoding for p105-HA (lanes 1 to 3) or with cDNAs coding for p105ΔAR-HA
(lanes 4 to 6), along with KPC1-FLAG (lanes 1 and 4), KPC1Δ968–974-FLAG (lanes 2 and 5), or an empty vector (lanes 3 and 6). (B, ii) Visualization of p105-HA
and p105ΔAR-HA. (B, iii) Visualization of the WT and KPC1ΔWILVRLW-FLAG (KPC1Δ968–974-FLAG). Lanes 7 to 9 in B, ii display WT p105 whereas lanes 10 to
12 display p105ΔAR. Lanes 7 and 8 in B, iii display WT KPC1 whereas lanes 10 and 11 display the seven–amino acid–depleted KPC1. Lanes 9 and 12 represent
cells that were transfected with an empty vector (no KPC1). Immunoprecipitation and visualization of the two different species of KPC1-FLAG and Western
blotting of the two different species of p105 were carried out as described for A, ii–iv. (C) The Trp residues in WILVRLW are essential for the binding of
KPC1 to p105. (C, i) Schematic representation of the KPC1 species used in the experiment shown in C, ii–iv. (C, ii–iv) HEK293 cells were transfected with
cDNAs encoding for p105-HA (lanes 1 to 12), along with the different KPC1 species (lane numbers correspond to the different KPC1 species depicted in C,
i). Lanes 12 denote extracts from cells that were transfected with an empty vector. Peptide-KPC1Δ1–1253-FLAG in C, iii represents KPC1Δ1–1253-FLAG con-
structs to which the different WILVRLW derivatives were fused to its N-terminal residue (C, i). Immunoprecipitation and visualization of the different species
of KPC1-FLAG and Western blotting of p105 were carried out as described for A, ii–iv. IP, immunoprecipitation; WB, Western blotting.

CE
LL

BI
O
LO

G
Y

Goldhirsh et al.
A short binding site in the KPC1 ubiquitin ligase mediates processing of
NF-κB1 p105 to p50: A potential for a tumor-suppressive PROTAC

PNAS j 3 of 10
https://doi.org/10.1073/pnas.2117254118



green line). Of note is that despite the strongest competitive abil-
ity of the scrambled peptide on p105 conjugation (Fig. 2B), its
tumor-suppressive effect was weaker than that of the WT
sequence-containing truncated KPC1 (Fig. 3A). In correlation
with the tumor-suppressive activity of WILVRLW-KPC1Δ1–1039
and RIWVWLL-KPC1Δ1–1039, and in contrast to the lack of
effect of KPC1Δ1–1039, the two species also attracted leukocytes
to the tumors (Fig. 3B) which explains, at least partially, their sup-
pressive effect.

Proteomic Analysis of Glioblastoma Xenografts Overexpressing Either
WT or WILVRLW-KPC1Δ1–1039 Revealed Alterations in Proteins Involved
in Biological Pathways That Modulate Malignancies. In order to
examine whether WT KPC1 and its truncated species that lack
most of the sequence of the enzyme—but contain either the
WT binding domain (WILVRLW) or the scrambled one
(RIWVWLL)—elicit similar alterations in the protein profile
of the cells in which they are expressed, we analyzed the prote-
ome of the tumors shown in Fig. 3 by mass spectrometry. The
reason was that the deleted part of the enzyme might affect
cellular processes that are not affected by the deleted species.
Surprisingly, we found a strong similarity between tumors
overexpressing the WT KPC1 or the truncated species
WILVRLW-KPC1Δ1–1039 (Fig. 4). Overexpression of the
enzyme that contains RIWVWLL displayed a weaker similarity,
possibly explaining the weaker tumor-suppressive activity of
this ligase (Fig. 3A). Expression of a KPC1 species that lacks
altogether the binding site (KPC1Δ1–1039) displayed a prote-
ome that was almost identical to that displayed by expression of
an empty vector (Fig. 4). Functional analysis of proteins that
were up-regulated significantly in WT KPC1- and WILVRLW-
KPC1Δ1–1039–expressing tumors (compared with empty
vector–expressing tumors; P < 0.05) revealed significant enrich-
ment in proteins involved in cell migration, the extracellular
matrix (ECM), cell adhesion, and immune system processes
(Fig. 4B). Down-regulated proteins highlighted metabolic
processes, the cell cycle, and DNA metabolic processes. The
mild reduction in cell-cycle proteins in KPC1Δ1–1039 and
RIWVWLL-KPC1Δ1–1039 (the number of proteins changed
is 15 and 21, respectively) was much smaller than those changed
in WT KPC1- and WILVRLW-KPC1Δ1–1039–expressing tumors
(80 and 120, respectively). The raw data of the up- and down-
regulated proteins are enclosed as a separate file (Dataset S1).

WILVRLW- and RIWVWLL-pVHL Ligand-Based PROTACs Induce Ubiq-
uitination of p105 by the E3 Ub Ligase pVHL in a Reconstituted Cell-
Free System. Identification of a short and defined site in KPC1
that binds p105 paved the way for design of a PROTAC that
would supposedly target p105 for processing. If successful, such
PROTACs can serve as a base for the development of a novel
tumor-suppressive drug. Thus, we synthesized a series of PRO-
TACs that are based on the WILVRLW binding peptide and
are connected via a linker to the pVHL ligand (Fig. 5A and SI
Appendix, Figs. S1 and S2).

As can be seen in Fig. 5 B, i, the WILVRLW-SG-PEG-
pVHL-ligand PROTAC stimulates ubiquitination of p105 in a
dose-dependent manner. Interestingly, the RIWVWLL-SG-
PEG-pVHL-ligand PROTAC stimulates ubiquitination of p105
even more (Fig. 5 B, ii, compare lanes 8 and 9; see also

Fig. 2. Ubiquitination of p105 by KPC1 is dependent on the amino acid
sequence WILVRLW in KPC1. (A) In vitro translated 35S-labeled p105 was
ubiquitinated by the indicated purified species of KPC1 in a reconstituted
cell-free system as described in Materials and Methods. (A, i) Ubiquitination
of p105 by KPC1Δ1–967-His×6 (lanes 2 to 4) and KPC1Δ1–973-His×6 (lanes
5 to 7). The fraction of poly-Ub p105 for each condition is presented (rela-
tive to the maximal conjugation; lane 4; arbitrarily designated as 1). (A, ii)
Ubiquitination of p105 using the following species of KPC1: KPC1Δ1–967
(lane 2); KPC1Δ1–974 (lane 3); WILVRLW-KPC1Δ1–1039 (lane 4); and
WILVRLW-KPC1Δ1–1061 (lane 5). Each enzyme was added at 0.5 μg. The
fraction of poly-Ub p105 was calculated as for A, i above, but in compari-
son with lane 2. (B) Addition of either the WILVRLW or RIWVWLL peptide
inhibits ubiquitination of p105 by KPC1Δ1–967 in a dose-dependent man-
ner. In vitro translated and 35S-labeled p105 was ubiquitinated by purified

KPC1Δ1–967 (lanes 2 to 12) in a cell-free system in the presence of the indi-
cated peptides derived from KPC1: ILVRLW (lanes 3 to 5); WILVRLW (lanes
6 to 8); and RIWVWLL (lanes 9 to 11). The numbers indicate the peptide
concentration (μM). Visualization of p105 and its conjugates was carried
out using PhosphorImaging. The fraction of poly-Ub p105 for each condi-
tion was calculated as described for A, i above, relative to the conjugates
in lane 2.
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Discussion). An IWVWLL-based PROTAC that contains a
SerGly linker was active almost like the WT PROTAC, but
removal of the Gly residue from the linker decreased the conju-
gation activity significantly (Fig. 5 B, ii, compare lanes 5 and 6)
which highlights the importance of the linker in the conjugation-
stimulating activity. Also, removal of the two Trp residues weak-
ened the activity significantly, even in the presence of the GlySer
linker (Fig. 5 B, ii, lane 4).

The Seven–Amino Acid–Based PROTACs Stimulate the Interaction
between p105 and pVHL and Enhance the Generation of p50 in
Cells, and Consequently Restrict Cell Growth. After confirming the
activity of the PROTACs in a cell-free system, it was important
to test their effects in cells. To track the penetration of the
PROTACs into cells, we synthesized the RIWVWLLC
(-FITC)G-PEG-pVHL-ligand PROTAC which contains the flu-
orophore fluorescein isothiocyanate (FITC) (Fig. 6 A, i and SI
Appendix, Figs. S1 and S2). Using a confocal microscope, we
observed that the FITC-labeled PROTAC penetrates into
HEK293 cells (Fig. 6 A, ii) and can stimulate p105 conjugation
in a cell-free system (SI Appendix, Fig. S3).

In a coimmunoprecipitation experiment in HEK293 cells, we
found that the interaction between p105 and pVHL was negli-
gible in the absence of PROTACs but increased significantly
following the addition of either WILVRLW- or RIWVWLL-
based PROTACs (Fig. 6 B, i). Importantly, the two PROTACs
stimulated in cells the formation of p50 from the expressed
p105 (Fig. 6C).

Last, we checked for the PROTACs’ ability to restrict the
growth of U87-MG cells. We added the RIWVWLL- and
WILVRLW-based PROTACs to the growth medium of the cells
(as described in Materials and Methods) and tracked their growth
for 3 d. At all measuring points, the PROTACs inhibited the
growth rate of the cells (in a statistically significant manner) com-
pared with dimethyl sulfoxide (DMSO)–treated cells (Fig. 6D).

Discussion
We have previously shown that the Ub ligase KPC1 conjugates
Ub to p105, the NF-κB long precursor, resulting in its limited
proteasomal processing to the p50 active subunit of the mature
transcriptional regulator (13). Furthermore, we have shown

Fig. 3. Overexpression of truncated species of KPC1 that contain the amino acid sequence WILVRLW or RIWVWLL attracts leukocytes into a xenograft tumor
model and inhibits tumor growth. (A, i and ii) Growth rates (*P < 0.05) (i) and weights (at the end of the experiment, 25 d after inoculation) (ii) of U87-MG
cell–derived xenografts grown in severe combined immunodeficiency (SCID) mice. The tumors express either KPC1-FLAG, WILVRLW-KPC1Δ1–1039-FLAG,
RIWVWLL-KPC1Δ1–1039-FLAG, or KPC1Δ1–1039-FLAG proteins. Control cells were transfected with an empty vector. (A, iii) Tumors derived from U87-MG cells
at the end of the experiment. (A, iv) The different species of KPC1 stably expressed in the U87-MG cells used in the experiment. Western blotting of extracts
derived from the different cells was carried out using an anti-FLAG antibody as described for Fig. 1. (B) Tumor sections expressing the indicated KPC1 species
attract leukocytes as is evident from immunohistochemical staining with anti-CD45. All scale bars (in the upper left corner of each panel), 50 μm.
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that the excess of p50 which results from overexpression of
KPC1 exerts a strong tumor-suppressive effect mediated by sev-
eral mechanisms, mostly related to recruitment of the immune
system (14). In the current study, we identified the domain in
KPC1 to which p105 binds, and found that it is an exceptionally
short, seven–amino acid stretch that spans residues 968 to 974
in the KPC1 sequence (WILVRLW). A synthetic peptide that
spans this sequence inhibited KPC1-mediated conjugation of
Ub to p105 (Fig. 2B). A truncated species of the enzyme that
lacks the major part of the protein (1,039 amino acids out of
1,314 residues) but contains the RING-finger domain necessary
for binding the E2 component of the conjugation machinery
and the seven–amino acid–binding domain can conjugate Ub to
p105 (Fig. 2 A, ii), suppress tumor growth (Fig. 3A), and attract
leukocytes to the tumor (Fig. 3B). Proteomic analysis revealed
that the seven–amino acid–binding domain–containing short
KPC1 species altered the expression of several sets of proteins
related to tumorigenesis in a similar way induced by WT KPC1
(Fig. 4). An interesting question related to the ability of the
truncated enzyme to catalyze conjugation of p105 is why such a
long protein is necessary at all. One answer is that p105 is not
the only substrate of the ligase, and other substrates such as
p27 (15) are recognized by different domains.

Based on this information, we decided to synthesize a PRO-
TAC that contains the binding sequence, with the hope that it
would generate an excess of p50 and serve as a prototype for a
tumor-suppressive modality.

Out of the myriad UPS substrates, p105 is a rare example
that undergoes both a complete degradation and limited proc-
essing, mediated by different ubiquitin ligases and signaling
mechanisms. A unique long Gly-Ala repeat in the middle of the
p105 sequence was characterized as a “stop” proteasomal signal
that—once encountered by the proteasome—results in release
of the p50 active subunit which is the N-terminal part of the
p105 precursor (20, 21). With this information at hand, we
assumed that substitution of the natural ligase KPC1 by an arti-
ficially recruited VHL complex would faithfully imitate ubiquiti-
nation and subsequent limited processing of p105 to p50. An
as-yet unsolved enigma is the switch that modulates processing
and complete destruction. Indeed, the PROTAC stimulated
conjugation of Ub to p105 in a reconstituted cell-free system
(Fig. 5B) and processing of p105 to p50 in cells. Further, it
restricted cell growth when added to the growth medium.

When attempting to optimize the binding sequence and iden-
tify critical residues within it, we noted a discrepancy between the
activity of a scrambled peptide (RIWVWLL) in a cell-free system
and in cells/tumors. Thus, the peptide was a slightly better com-
petitor than its WTcounterpart (WILVRLW) in a cell-free recon-
stituted conjugation system (Fig. 2B). Also, when it was part of a
PROTAC, it stimulated conjugation of Ub to p105 more effi-
ciently than the WT peptide-based PROTAC (Fig. 5 B, ii). Yet,
when the scrambled peptide (now fused to truncated KPC1) was
tested for its ability to suppress tumors (Fig. 3) or to alter the cel-
lular proteome to display a “tumor-suppressive” landscape (Fig. 4),

Fig. 4. Proteome analysis of glioblastoma xenografts expressing different species of KPC1. (A) Euclidean heatmap diagram presenting an unsupervised hier-
archical clustering of the cellular proteome under expression of the different KPC1 species. The clustering was based on the intensities of the identified pro-
teins (low intensity, green; high intensity, red), and was generated by Perseus software. (B) Functional analysis of proteins that are up- (red) or down- (green)
regulated (compared with tumors transfected with an empty vector with P < 0.05). Shown are selected annotation clusters with false discovery rate (FDR)
<0.05 (the numbers on the flanks of each column represent the FDR of the indicated cluster). Functional analysis was carried out using String software
(https://string-db.org/). Proteome analysis was carried out on the xenografts described for Fig. 3. The raw proteomic data are in Dataset S1.
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the WT peptide was superior. The possible explanation of the dis-
crepancy between the WT and scrambled peptides might reside
in the position of the two tryptophans. As is shown in Fig. 2B
(lanes 3 to 5), a peptide that lacks only one tryptophan does not
inhibit ubiquitination of p105 by purified KPC1, compared with
its intact counterpart (lanes 6 to 8) or a scrambled peptide (lanes
9 to 11). Similarly, in Fig. 5 B, ii (lane 4), we show that a PRO-
TAC molecule that has five amino acids and lacks both trypto-
phans cannot “glue” the VHL complex to p105, and therefore
does not stimulate its ubiquitination. It is possible that the dis-
tance between the two tryptophan residues plays an essential role
in the strength of the interaction between p105 and KPC1. In the
scrambled sequence, the two tryptophans reside in closer vicinity,
probably resulting in increased binding affinity. Nevertheless, as
noted, the miniligase containing the scrambled peptide was less
efficient in tumor suppression in the xenograft model, which
might be due to a higher sensitivity to aminopeptidases. Further
optimization of the binding sequence might require better

understanding of the structure of p105 along with the different
peptides, and might need to go hand-in-hand with stabilization of
the PROTAC (see above and below).

Disappointingly, we could not observe a tumor-suppressive
activity of the PROTAC. This might be due to the required
long-term treatment and lack of stability of the PROTAC over
time. We assume that the peptide-based PROTAC is sensitive
to proteolysis in the tumor cells, the tumor’s microenvironment,
and the circulation and normal mouse tissues of the host, and
that its distribution in the body did not allow build-up of a high
enough concentration in the tumor to affect its growth. Stabili-
zation will require further optimization of the PROTAC,
though we have clearly shown a proof of concept for a recogni-
tion site–based PROTAC. Several approaches can be attempted
in order to render it more stable, among them 1) backbone
cyclization; 2) use of D-amino acids; and 3) screening for small
molecules that bind p105 similar to the seven amino acids that
will then substitute for the peptide in the PROTAC. It should

Fig. 5. PROTACs containing the peptide WILVRLW or RIWVWLL induce ubiquitination of p105 by the E3 ligase pVHL in a reconstituted cell-free system.
(A) Schematic structure of the different PROTACs. (B) In vitro translated and 35S-labeled p105 is ubiquitinated in a cell-free system by purified pVHL
complex mediated by PROTACs that contain the KPC-binding site or some of its derivatives. (B, i) Ubiquitination of p105 by KPC1Δ1–967 (lane 2) or by
purified pVHL complex (lanes 3 to 7) mediated by the WILVRLWSG-PEG-pVHL(L) ligand PROTAC (lanes 4 to 6). The numbers indicate the PROTAC concentra-
tion (μM). (B, ii) Similar to the experiment depicted for B, i but with the different indicated PROTACs (20 μM each). The fraction of poly-Ub p105 for each
condition was calculated as described in the legend for Fig. 2 A, i in comparison with lane 1. Proteins were visualized using PhosphorImaging. (L), ligand.
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be noted that peptide-based PROTACs are being tested these
days for a variety of pathologies, for example a PROTAC that
aims to target the estrogen receptor (22).

Materials and Methods
Materials. Materials for sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE), Bradford assay, and enhanced chemilumines-
cence were from Bio-Rad. Molecular mass markers and L-[35S]methionine
were from GE Healthcare. Tissue-culture media, sera, and supplements
for growing HEK293 (ATCC CRL1573) and U87-MG (ATCC HTB14) cells
were from Biological Industries. Formalin solution for histological tissue
fixation was from Sigma. Immobilized mouse anti-FLAG (M2), mouse

anti-FLAG (M2), and rabbit anti–NF-κB1 were from Sigma. Rabbit
anti–Von Hippel–Lindau (VHL) antibody (ab83307) and rabbit anti-CD45
(ab10558) were from Abcam. Mouse anti-actin was from Millipore.
Peroxidase-conjugated secondary antibody was from Jackson ImmunoRe-
search Laboratories. Immunohistochemistry staining was carried out
using the iVIEW DAB Detection Kit from Ventana Medical Systems. jetOP-
TIMUS DNA transfection reagent was from Polyplus-transfection. Hepes
and Tris buffers, adenosine 50-[γ-thio]triphosphate (ATPγS), dithiothreitol
(DTT), Ub-activating enzyme (E1), and Ub were from Sigma. Protease
inhibitor mixture was from Roche. Ub aldehyde (UbAl) was from Biomol.
The TNT T7 Quick Coupled Transcription/Translation System was from
Promega. Synthesis of KPC1-derived peptides was carried out by Bio
Basic. Recombinant human VHL–ELOB–ELOC–CUL2–RBX1 complex was

Fig. 6. PROTACs that contain the WILVRLW or RIWVWLL peptide stimulate interaction between p105 and pVHL and subsequent processing of p105 to
p50, and restrict cell growth. (A) The PROTAC RIWVWLL-C(-FITC)G-PEG-pVHL(L) is cell-permeable. (A, i) Schematic representation of the PROTAC
RIWVWLL-C(-FITC)G-PEG-pVHL(L). (A, ii) Confocal microscopy imaging of HEK293 cells 24 h after addition of the RIWVWLL-C(FITC)G-PEG-pVHL-ligand PRO-
TAC to the growth medium (25 μM). (B) The interaction between p105 and pVHL in cells is stimulated by WILVRLW- or RIWVWLL-based PROTACs (25 μM).
HEK293 cells that stably express pVHL-FLAG were transfected with p105-HA (lanes 1 to 9). pVHL-FLAG was immunoprecipitated from the cell lysate using
immobilized anti-FLAG. p105-HA (B, i) and pVHL-FLAG (B, ii) were visualized using the appropriate antibodies as indicated. B, iii and iv display the two
proteins in the TCL. (C) WILVRLW- and RIWVWLL-based PROTACs enhance cellular processing of p105 to p50. HEK293 cells that stably express pVHL-FLAG
were transfected with cDNAs coding for FLAG-p105 along with Myc-Ub. WILVRLW- or RIWVWLL-based PROTACs (25 μM) were added to the growth
medium as indicated. FLAG-p105 and FLAG-p50 were visualized using an anti-FLAG antibody. Actin was used as a loading control. (D) WILVRLW- or
RIWVWLL-based PROTACs restrict growth of U87-MG cells. (D, i) Growth curve of U87-MG cells in the presence of the WILVRLWSG-PEG-pVHL(L) PROTAC
(25 μM). (D, ii) Similar to D, i, but in the presence of the RIWVWLLSG-PEG-pVHL(L) PROTAC. *P < 0.05.
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from R&D Systems. Restriction and modifying enzymes were from New
England Biolabs. Oligonucleotides were from Syntezza Bioscience. C.B-
17/IcrHsd-Prkdcscid mice were from Envigo.

Methods.
Plasmids. cDNA coding for FLAG-p105 and 6×HIS-Ubc5c (13) and for Myc-Ub
(23) is described in the indicated references. For transient transfection in cells,
the following cDNAs coding for truncated species of KPC1-FLAG were cloned
into the pCAGGS 3.2 FLAG expression vector: KPC1Δ1041–1061 and
KPC1Δ968–974 (amplified using primers containing the restriction sites EcoRI
and NotI); KPC1Δ969–1314 and KPC1Δ1–973 (amplified using primers contain-
ing the restriction sites BamHI and XhoI); KPC1Δ1–967 and WILVRLW-
KPC1Δ1–1039 (amplified using primers containing the restriction sites NdeI
and XhoI or BamHI and NotI, respectively); KPC1; KPC1Δ1–389;Δ696–1314;
WILVRLW-KPC1Δ1–1253; ILVRLW-KPC1Δ1–1253; LVRLW-KPC1Δ1–1253; VRLW-
KPC1Δ1–1253; RLW-KPC1Δ1–1253; KPC1Δ1–1253; WILVRL-KPC1Δ1–1253;
WILVR-KPC1Δ1–1253; WILV-KPC1Δ1–1253; and WIL-KPC1Δ1–1253 (amplified
using primers containing the restriction sites EcoRI and XhoI). cDNA coding for
p105-HA was cloned into the CMV-5-B expression vector (amplified using
primers containing the restriction sites NotI and KpnI).

For protein expression in bacteria, the following cDNAs, coding for
truncated species of KPC1, were cloned into the pT7b-6×HIS expression vector:
KPC1Δ1–967; KPC1Δ1–974; WILVRLW-KPC1Δ1–1039; and WILVRLW-KPC1Δ1–
1061 (all amplified using primers containing the restriction sites NdeI and
HindIII).

For stable expression in cells, the following cDNAs were cloned into the
NSPI-CMVMCS lentiviral expression vector: WILVRLW-KPC1Δ1–1039; KPC1Δ1–
1039; and RIWVWLL-KPC1Δ1–1039 (amplified using primers containing the
restriction site XhoI); KPC1-FLAG; and pVHL-FLAG (amplified using primers
containing the restriction sites BamHI and XhoI).
Cell culture. U87-MG andHEK293 cells were grown at 37 °C and 5% CO2 in Dul-
becco’s modified Eagle’s medium supplemented with penicillin-streptomycin
and 10% fetal calf serum.
Stable expression. Stable expression of cDNAs coding for KPC1, WILVRLW-
KPC1Δ1–1039, KPC1Δ1–1039, RIWVWLL-KPC1Δ1–1039, and pVHL-FLAG in
U87-MG and HEK293 cell lines was carried out as described previously (13).
Cells stably expressing the above proteins were selected by puromycin (U87-
MG, 5 μg/mL; HEK293, 2 μg/mL).
Interaction between p105 and KPC1 species. For analysis of the interaction
between p105 and KPC1 species, HEK293 cells were transfected with various
cDNAs coding for WT and the truncated species of KPC1-FLAG, or with an
empty vector along with p105-HA. The transfection was carried out using the
jetOPTIMUS transfection reagent. After 48 h, cells were lysed with RIPA buffer
(150 mM NaCl, 50 mM Tris�HCl, pH 8.0, 0.5% sodium deoxycholate, 1% Noni-
det P-40, 0.1% SDS, and freshly added protease inhibitor mixture). Lysates
were incubated with immobilized anti-FLAG at 4 °C for 2 h. At the end of the
incubation, the beads were washed five times with RIPA buffer. Proteins were
resolved by SDS-PAGE and visualization of the coimmunoprecipitated p105-
HAwas carried out using an anti–NF-κB1 antibody.
Expression of proteins in bacteria. cDNAs coding for KPC1Δ1–967-HIS×6,
KPC1Δ1–974-HIS×6, WILVRLW-KPC1Δ1–1039-HIS×6, and WILVRLW-KPC1Δ1–
1061-HIS×6 (in pT7b-6×HIS) were transfected into pLysS Escherichia coli com-
petent cells [Rosetta(DE3)pLysS; Novagen]. The pLysS bacteria were grown at
37 °C and brought to an optical density (O.D.) of 0.7. Protein expression was
induced by isopropyl β-D-1-thiogalactopyranoside (IPTG; 500 μM). Four hours
after induction, cells were lysed by sonication in a buffer containing 0.1 M
NaCl, 20 mM Tris�HCl (pH 7.6), 10 mM β-mercaptoethanol, and
ethylenediaminetetra-acetate (EDTA)-free protease inhibitor mixture.
In vitro translation. In vitro translation of L-[35S]methionine–labeled p105 was
carried out using the TnT Quick Coupled Transcription/Translation System
according to the manufacturer’s protocols.
Ub conjugation to p105 in a cell-free system. In vitro translated and
35S-labeled NF-κB1 p105 was ubiquitinated in a 12.5-μL reaction mixture that
contained Ub (0.5 μg), E1 (0.25 μg), 6×His-Ubc5c (0.75 μg), UbAl (0.5 μg), ATPγS
(2 mM), and one of the following E3 ligases: KPC1Δ1–967-HIS×6 (0.5 μg or as
indicated), KPC1Δ1–974-HIS×6 (0.5 μg or as indicated), WILVRLW-KPC1Δ1–
1039-HIS×6 (0.5 μg), WILVRLW-KPC1Δ1–1039-HIS×6 (0.5 μg), or pVHL complex
(0.5 μg). The reaction was carried out at 37 °C for 30 min in the presence or
absence of KPC1-derived peptides (ILVRLW, WILVRLW, or RIWVWLL) or PRO-
TACs at the indicated concentrations (μM). The conjugation reaction was

terminated by the addition of a fivefold-concentrated sample buffer. Proteins
were resolved by SDS-PAGE (7.5%) and visualized via PhosphorImaging.
Tumorigenicity. Exponentially growing U87-MG cells that stably express
KPC1, WILVRLW-KPC1Δ1–1039, KPC1Δ1–1039, or RIWVWLL-KPC1Δ1–1039
were dissociated by trypsin and brought to a concentration of 60 × 106 per
milliliter in phosphate-buffered saline (PBS). Six- to 10-wk-old C.B-17/IcrHsd-
Prkdcscid mice were injected with 6 × 106 cells (0.1 mL) subcutaneously to each
flank (each type of cell was injected into at least fivemice). Xenograft size was
measured using a caliper. The volume of the tumors was calculated as follows:
volume = length × width2 × 0.5. At the end of the experiment, tumors were
resected, weighed, and fixed in formalin for 48 h. Animal experiments, proto-
cols, and procedures were approved by the Technion’s ethics committee for
animal experiments.
Immunohistochemistry. Formalin-fixed xenograft tumors were embedded in
paraffin; 5-μm-thick sections were stained by rabbit anti-CD45 (1:3,000) using
the Ventana BenchMark ULTRA IHC/ISH System. Visualization was performed
by the iVIEWDAB Detection Kit according to the manufacturer’s protocols.
Mass spectrometry analysis of U87-MG–derived tumors. After grinding (Omni
TH tissue homogenizer) and two rounds of sonication, proteins from frozen
xenografts were isolated using a solution containing urea (9 M), ammonium
bicarbonate (0.4 M), and DTT (10 mM). Aliquots of 20 μg protein each from the
different tumors were treated with DTT (3 mM; at 60 °C for 30 min), and the
-SH groups were modified with a solution of iodoacetamide (9 mM) dissolved
in ammonium bicarbonate (0.4 M; in the dark at room temperature for 30
min). The proteins were then digested overnight at 37 °C by modified trypsin
(Promega; dissolved in a solution of 1M urea and 50mM ammonium bicarbon-
ate) at a ratio of 1:50 enzyme to substrate. A second similar amount of trypsin
was added for an additional 4 h. Proteomic analysis of the peptides was carried
out as described elsewhere (13, 24).
Synthesis of PROTACs. PROTACs were synthesized as described in detail in SI
Appendix (SI Appendix, Text and Figs. S1 and S2).
PROTAC’s cell intake. HEK293 cells were seeded on a glass-bottom 35-mm
dish and incubated in the presence of either FITC or a FITC-labeled PROTAC
(25 μM) for 16 h. After the incubation, the mediumwas removed and the cells
were washed with PBS prior to imaging, which was carried out using a Zeiss
LSM 700 confocal microscope.
PROTACs mediate the interaction between p105 and pVHL. For analysis of
the interaction between p105 and pVHL ligand-based PROTACs, HEK293 cells
that stably express pVHL-FLAG were transfected with cDNAs coding for
HA-p105. Twenty-four hours after transfection, the mediumwas replaced and
the PROTACs were added. Cells were then incubated for an additional 16
h and lysed with a buffer containing 150 mM NaCl, 50 mM Tris�HCl (pH 7.5),
0.5% Nonidet P-40, and freshly added protease inhibitor mixture. Lysates
were incubated with immobilized anti-FLAG at 4 °C for 2 h. After the incuba-
tion, beads were washed five times with the above buffer. Proteins were
resolved by SDS-PAGE and visualization of the immunoprecipitated pVHL-
FLAG was performed using an anti-FLAG antibody. The coimmunoprecipi-
tated p105-HAwas visualized using an anti–NF-κB1 antibody.
Stimulation of p105 processing by PROTACs in cells. HEK293 cells that stably
expressed pVHL were transfected with cDNAs coding for FLAG-p105 and Myc-
Ub. Twenty-four hours after the transfection, the medium was replaced and
the PROTACs were added. Following incubation for 16 h, cells were lysed with
RIPA buffer and proteins were resolved by SDS-PAGE. FLAG-p105 and FLAG-
p50 were visualized using an anti-FLAG antibody.
Cell counting. U87-MG cells (0.5 × 106) were seeded on a 60-mm dish and
incubated (for 1 to 3 d) with either the RIWVWLLSG-PEG-pVHL-ligand or the
WILVRLWSG-PEG-pVHL-ligand PROTAC (25 μM). On each day, a triplicate of
the PROTAC-treated dishes and a triplicate of control dishes were removed,
and the cells were dispersed by trypsin and counted using the Beckman Coul-
ter Vi-CELL XR Cell Viability Analyzer.
Statistical analysis. Data in graphs represent the mean ± SD. Experiments
were statistically analyzed by the two-tailed t test. A P value <0.05 was consid-
ered statistically significant.

Data Availability. All study data are included in the article and/or supporting
information.
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