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Nuclear factor–ĸB (NF-ĸB) transcription factor is a family of essential
regulators of the immune response and cell proliferation and trans-
formation. A typical factor is a heterodimer made of either p50 or
p52, which are limited processing products of either p105 or p100,
respectively, and a member of the Rel family of proteins, typically
p65. The transcriptional program of NF-ĸB is tightly regulated by the
composition of the dimers. In our previous work, we demonstrated
that the ubiquitin ligase KPC1 is involved in ubiquitination and pro-
teasomal processing of p105 to generate p50. Its overexpression and
the resulting high level of p50 stimulates transcription of a broad
array of tumor suppressors. Here we demonstrate that additional
mechanisms are involved in the p50-mediated tumor-suppressive ef-
fect. p50 down-regulates expression of a major immune checkpoint
inhibitor, the programmed cell death-ligand 1 (PD-L1), both in cells
and in tumors. Importantly, the suppression is abrogated by over-
expression of p65. This highlights the importance of the cellular
quantities of the two different subunits of NF-ĸB which determine
the composition of the dimer. While the putative p50 homodimer is
tumor-suppressive, the “canonical” p50p65 heterodimer is onco-
genic. We found that an additional mechanism is involved in the
tumor-suppressive phenomenon: p50 up-regulates expression of
the proinflammatory chemokines CCL3, CCL4, and CCL5, which in
turn recruit into the tumors active natural killer (NK) cells and mac-
rophages. Overall, p50 acts as a strong tumor suppressor via multiple
mechanisms, including overexpression of tumor suppressors and
modulation of the tumor microenvironment by recruiting active
immune cells.
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Nuclear factor–ĸB (NF-ĸB), discovered in 1986 by David Bal-
timore’s group (1), is a major transcriptional regulator for the

cell response to external signals. It orchestrates a broad range of
cellular processes, among them cell division and differentiation
and cell death and survival. Importantly, NF-ĸB controls the im-
mune and inflammatory response. Dysregulated activity of NF-ĸB
has been reported to be involved in a broad array of immune
system-related disorders (2) and malignant transformation (3, 4).
NF-ĸB is typically a heterodimer that can be made of either p50

or p52 and RelA, RelB, or cRel. p50 and p52 homodimers were
described as well (5). p50 and p52 are the products of ubiquiti-
nation and proteasome-dependent limited processing of the long
precursors—p105 and p100, respectively (6–8). p50 and p52 NF-
ĸB subunits lack a transactivation domain, which is present in the
Rel proteins. As a result, homodimers based on p50 or p52 pro-
mote transcription only in case of complex formation with addi-
tional transcriptional activators, such as Bcl3, HDAC3, or IĸBZ
(9). In resting cells, the dimers are trapped in the cytoplasm by
specific inhibitors known as IĸBs (e.g., IĸBα, p100, p105, and Bcl3)
(10). In response to a broad array of signals (e.g., oxidative stress,
viral and bacterial infections, proinflammatory cytokines, and DNA

damage), certain IĸBs are phosphorylated on specific serine resi-
dues by the IĸB kinase (IKK) complex (11) and, consequently, are
ubiquitinated and degraded by the proteasome. This releases the
dimers that are translocated to the nucleus to initiate the specific
transcriptional program (12).
The crucial role of NF-ĸB in tumorigenesis is well established

(13). In many solid malignances, the activity of NF-κB is up-
regulated, modulating tumor initiation, promotion, and metas-
tases (14). In most cases, the tumor-promoting activity of NF-κB
is related to the p65p50 heterodimeric complex. Thus, in ovarian
cancer, strong expression of both subunits was found compared to
borderline and benign ovarian tumors (15). Enhanced p65 staining
was found in human prostate adenocarcinoma, correlating with
increased tumor grade. The study revealed that the DNA-binding
complex is mainly made of NF-ĸB p50p65 heterodimers (16).
Although in most cases, NF-ĸB appears to be oncogenic, in

some studies it has been demonstrated as a tumor suppressor (17),
which is due in particular to its p50 subunit (18). For example,
cells lacking NF-ĸB1, the p50-coding gene, accumulate alkylating
agents-induced mutations, and NF-ĸB1−/− mice are more suscep-
tible to lymphomas in response to alkylating agents-induced DNA
damage (19). In another study, it was shown that in pancreatic
cancer cells, IKKα regulates G1 to S-phase transition by exchange
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of the tumor promoter p52RelB with the tumor-suppressive
p50RelB NF-ĸB dimers on the promoter of the F-box protein
S-phase kinase-associated protein 2 (SKP2), inhibiting its expres-
sion (20). SKP2 is the ubiquitin ligase that negatively regulates the
abundance of the cyclin-dependent kinase inhibitor p27KIP, thus
promoting malignant transformation by increased transition to S
phase (21). In another example, one of the well-defined p50-
mediated tumor-suppressive mechanisms was described in hu-
man glioblastoma and breast cancer cells and xenografts, and in
tumors derived from patients: it was shown that excessive gener-
ation of p50 by the ubiquitin ligase KPC1 triggers up-regulation of
transcripts of numerous tumor suppressors, suggesting that
p50p50 homodimers control their transcription (rather than the
“canonical” tumorigenic p50p65) (22).
NF-ĸB–dependent modulation of the tumor microenviron-

ment is another essential mechanism that regulates cancer
dynamics—progression or suppression. It can combine two layers
of activity: 1) it can affect immune cells in the adjacent tumor
surroundings, ensuring their reactivity (23); and/or 2) it affects
tumor cells by stimulating secretion of chemokines or generation
of membrane-bound immune checkpoint molecules (24).
An example of a tumor suppression mechanism based on mod-

ulation of the tumor microenvironment is the induction of mito-
chondrial outer-membrane permeabilization that causes activation
of NF-ĸB in tumor cells with subsequent anticancer immune re-
sponse, including macrophage activation and T cell infiltration (25).
In a mouse lung cancer model, activation of NF-ĸB up-regulates the
T cell-recruiting chemokines CCL2 and CCL5, resulting in tumor
rejection. In lung cancer patient specimen, NF-ĸB activity was
linked to high infiltration of T cells to the tumor (26).
Chemokines play an important role in cancer progression not

only through the direct autocrine effect on the tumor cells, but
also through recruitment of specific immune cells (27). Genomic
expression signature of 12 chemokines (CCL2, CCL3, CCL4,
CCL5, CCL8, CCL18, CCL19, CCL21, CXCL9, CXCL10,
CXCL11, and CXCL13) was identified in genomic arrays of
colorectal carcinoma (28) and of ∼15,000 distinct solid tumors. It
was correlated with the presence of tertiary lymph node-like
structures and was associated with better survival of a subset of
melanoma patients (29).
An additional significant feature of immune cells invasion of

different cancers is the surface expression of inhibitory ligands,
programmed cell death-ligand 1 (PD-L1), for example (30). It is
highly accepted that the PD-1/PD-L1 axis is one of the main
mechanisms that inhibits the anticancer activity of T cells and
macrophages (31). Recently, it was shown that PD-1 and PD-L1
blockade elicited a strong natural killer (NK) cell antitumoral
activity (32). NF-κB can be involved in the regulation of immune
checkpoints on the surface of tumor cells (24). For instance, p65-
containing NF-ĸB dimers were shown to up-regulate CSN5—a
deubiquitinating enzyme—which resulted in stabilization of PD-
L1, thus bypassing immune suppression of the cancer cells (33).
The current study expands our previous findings that the

ubiquitin ligase KPC1 acts as a tumor suppressor via its excessive
activity on the p105 NF-ĸB precursor, generating excess of the
p50 subunit. Our initial results demonstrated that p50 stimulates
transcription of a broad array of tumor suppressors (22). Here
we show that excess of p50 down-regulates the surface expression
of PD-L1. In addition, it also up-regulates expression of the
proinflammatory cytokines CCL3, CCL4, and CCL5, that recruit
NK cells and macrophages to the tumor. These yet unreported
findings of p50 reveal multilayered mechanisms that are mostly
driven by a change in the cellular equilibrium between the dif-
ferent NF-ĸB subunits which determine the Dr. Jekyll and Mr.
Hyde character of this transcription factor—moving on the
broad range between a tumor promoter and suppressor.

Results
Suppression of Tumor Growth via Generation of Stoichiometric Excess
of p50 over the p65 Subunit. The different transcriptional programs
of NF-ĸB are dependent on different compositions of the tran-
scription factor dimers. In our previous work, we demonstrated
that the tumor-suppressive effect of KPC1 is mediated via gen-
eration of excess of the p50 subunit, that probably homodimerizes.
This in turn resulted in significant up-regulation of tumor sup-
pressors in U87-MG glioblastoma and MDA–MB-231 breast (22)
cancer cells-derived tumor. In order to further investigate the
contribution of excess of p50 to the tumor-suppressive phenom-
enon, we overexpressed in the glioblastoma cells p65, the canon-
ical oncogenic partner of p50. As can be seen in Fig. 1, the
suppressive effect of p50 (Fig. 1A) was partially abrogated by a
concomitant expression of p65: tumors in which we expressed both
proteins were significantly larger compared to tumors that express
p50 alone (compare Fig. 1A, iii to Fig. 1B, iii).

Excess of the p50 Subunits Suppresses Expression of PD-L1. When
investigating tumor suppression mechanisms, immune check-
points are certainly important targets. Therefore, we decided to
study the effect of p50 on PD-L1 expression in tumor cells and
found that overexpression of either KPC1 or FLAG-p50 down-
regulates its expression (Fig. 2A). In order to check if the re-
duction in the PD-L1 level is due to the transcriptional activity of
p50, we compared the relative levels of PD-L1 messenger RNA
(mRNA) isolated from U87-MG cells expressing V0, KPC1, or
FLAG-p50 using quantitative real-time PCR (qRT-PCR). As
can be seen in Fig. 2B, the level of PD-L1 mRNA is decreased
significantly following expression of either KPC1 or FLAG-p50,
which explains the corollary decrease in PD-L1 protein level.
The finding in cells was further corroborated in tumors. To show
this, we generated in nude mice U87-MG–derived xenografts
stably expressing V0 or FLAG-p50. After 4 wk, the tumors were
removed (Fig. 2C, i), and PD-L1 was monitored in the cell ly-
sates (Fig. 2C, ii). Again, we found that p50 overexpression re-
sults in a significant decrease in the expression of PD-L1. In
addition, we used mass cytometry by time-of-flight (CyTOF) of
single-cell suspensions generated from the tumors to monitor the
presence of the PD-L1 ligand on the surface of the human tumor
cells. Since the bulk of the invading mouse immune cells is sig-
nificant, we used anti-mouse CD45 to remove them from the
analysis. We found that only ∼5% of p50-expressing tumor cells
also expressed a high level of PD-L1 compared to ∼25% of cells
expressing V0 (Fig. 2C, iii).
To confirm the hypothesis that tumorigenesis in this model of

glioblastoma relies, among other factors, on the difference be-
tween the transcriptional programs set by different pairs of NF-
ĸB factors made of either putative dimers of p50 or heterodimers
of p50 and p65, we checked the PD-L1 level in p65 over-
expressing cells. As can be seen in Fig. 2D, we found that ex-
pression of p65 in either U87-MG cells expressing V0 or p50 up-
regulates PD-L1 protein level. The level of PD-L1 mRNA was
similarly increased (Fig. 2E). Moreover, we found that over-
expression of PD-L1 in the presence of overexpressed p50
weakens the suppressive effect of the later in tumors, giving rise
to tumors which are larger than those expressing only p50
(Fig. 2F). This finding suggests that recruiting the immune sys-
tem might be one of the mechanisms that p50 utilizes to suppress
tumors. Silencing of PD-L1 in U87 cells does not reduce the
tumors’ size (Fig. 2F). This is probably due to the fact that sev-
eral factors are involved in the suppressive effect (including p50-
induced expression of a broad array of tumor suppressors (22)
and that PD-L1 expression is not involved in recruiting immune
cells, but rather in inhibiting their activity once recruited (see
also under Discussion).
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Recruitment of the Host Immune Cells to the Microenvironment of
KPC1- and p50-Overexpressing Glioblastoma Tumors. Since expres-
sion of the inhibitory ligand PD-L1 on the surface of cancer cells is
a major feature of tumors which is “used” by them to inhibit im-
mune cells, we wanted to test if the reduction in PD-L1 level is
associated, in parallel and independently, with infiltration of im-
mune cells to the tumor’s niche.
Hematoxylin eosin and immune staining for CD45 (pan-leukocyte

marker) of xenografts derived from U87-MG cells expressing V0,
KPC1, or p50 revealed that both KPC1- and p50-overexpressing tu-
mors are highly infiltrated with leukocytes (Fig. 3A).
In addition, we used the conditional medium of U87-MG cells

that overexpress V0 or p50 in order to test whether it attracts
macrophages in a transwell migration assay. As can be seen in
Fig. 3B, the medium that is derived from p50-overexpressing
cells attracts a significantly higher (∼2.5-fold) number of mac-
rophages compared to a medium derived from control cells.
Last, in order to identify the leukocytes attracted to the p50-

overexpressing cells, we immunostained the tumors for specific
markers of neutrophils (myeloperoxidase), B cells (B220), NK
cells (NCR1), and macrophages (F4/80). We found that the p50-
expressing tumors were infiltrated with macrophages (Fig. 3C, i)
and NK cells (Fig. 3C, ii), but not with neutrophils (Fig. 3C, v) or
B cells (Fig. 3C, vi). Notably, the NK cells infiltrated to the p50-
expressing tumors were activated, as is evident from the positive
staining for the NKG2D (Fig. 3C, iii) and Granzyme B (Fig. 3C,
iv) markers. We suggest that activation of NK cells was possible
due to the reduced expression of PD-L1 on the surface of p50-
expressing U87-MG cells.

Involvement of Immune Cells in the p50-Mediated Tumor-Suppressive
Mechanism. Since the p50-overexpressing tumors recruit the host
immune cells, it was important to study whether the recruited cells
are involved in tumor suppression. For this purpose, we compared
growth of xenografts derived from U87-MG cells overexpressing V0
or FLAG-p50 cells in several types of immune-compromised mice:
1) nude mice that lack only T cells; 2) severe combined immuno-
deficiency (SCID) mice that lack T and B cells; and 3) Nod SCID
gamma (NSG) mice that lack T, B, and NK cells, and macrophages.

We found that in NSG mice, the tumor-suppressive effect of p50
was significantly smaller than that observed in SCIDmice compared
to nude mice (Fig. 4 A and B). This result strongly suggests the
contribution of NK cells and/or macrophages to the suppressive
mechanism of p50. To demonstrate directly the effect of NK cells
on tumor growth, we generated in NSG mice xenografts of U87-
MG cells expressing V0 or p50. We then replenished to NSG mice
NK cells isolated from either mice or human peripheral blood
mononuclear cells (PBMCs). Reappearance of NK cells from both
origins in the host’s circulation significantly added to the suppressive
effect of p50 (Fig. 4 C and D). Furthermore, we injected isolated
mouse monocytes that delayed significantly the “escape” of p50-
suppressed tumors from the suppressive effect. The effect of
monocytes was further strengthened by injection of both mono-
cytes and NK cells (Fig. 4E). It should be noted that the escape
from suppression seen in tumors that overexpress p50 (Fig. 4E, i) is
probably typical to NSG mice that lack almost all elements of the
immune system. Similar tumors grown in nude mice completely
regressed after several weeks.

p50 Regulates Expression of the Chemokines CCL3, CCL4, and CCL5
that Suppress Tumor Growth via Recruitment of Immune Cells. The
finding that host’s immune cells populate p50-expressing tumors
prompted us to study the mechanism of their attraction. For that,
we monitored the level of different modulators of the immune
system that might have been released to the medium of p50-
expressing cells. We found that CCL3, CCL4, CCL5, and vascu-
lar cell adhesion molecule (VCAM) are significantly up-regulated
in p50-overexpressing cells (Fig. 5A). Therefore, it was important
to examine whether the increase in their level is involved in the
recruitment of the immune cells and the subsequent tumor sup-
pression. For this purpose, we generated glioblastoma xenografts
that overexpress the chemokines under control of the doxycycline
(DO) promoter. As can be seen in Fig. 5B, i, expression of CCL3,
CCL4, and CCL5 suppressed completely tumor growth. More-
over, the expression of the chemokines recruited NK cells to the
tumors (Fig. 5B, ii). This result is in line with our observation that
p50-coding tumors express a high level of these chemokines
(Fig. 5A) and as a result, are infiltrated with immune cells (Fig. 3).

Fig. 1. p50-dependent and KPC1-mediated tumor suppression is attenuated by p65. (A) Growth rates (i) and weights (ii) of tumors derived from U87-MG
cells that overexpress V0, KPC1, or FLAG-p50. (iii) The corresponding expressing tumors 4 wk after inoculation. (B) Growth rates (i) and weights (ii) of tumors
derived from U87-MG cells that overexpress V0, FLAG-p50, or FLAG-p50 and p65. (iii) The corresponding expressing tumors 3 wk after inoculation. *
represents P value <0.05.
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Fig. 2. PD-L1 is down-regulated in KPC1- and p50-, but not in p65-overexpressing cells. (A) Overexpression of KPC1 or FLAG-p50 down-regulates PD-L1 in
cells. U87-MG cells were stably transfected with an empty vector (V0) (lanes 1 and 2), myc-KPC1 (lanes 3 and 4), or FLAG-p50 (lanes 5 and 6). Cells were grown
to confluence of ∼80%, lysed, and resolved via SDS/PAGE. Proteins were visualized using anti–PD-L1, anti-KPC1, anti-FLAG (for detection of p50), anti-p65, or
anti-actin antibodies, as indicated. (B) Relative level of PD-L1 transcripts isolated from U87-MG cells expressing V0, Myc-KPC1, or FLAG-p50. Expression of the
transcripts was analyzed using qRT-PCR as described underMaterials and Methods. (C) Overexpression of FLAG-p50 down-regulates PD-L1 in U87-MG–derived
tumors. (i) Shown are tumors expressing V0 or FLAG-p50 3 wk after inoculation. (ii) Tumors were lysed, and proteins were resolved via SDS/PAGE, blotted
onto nitrocellulose membrane, and detected using the appropriate antibodies. (iii) Single-cell suspensions were generated from tumors expressing FLAG-p50
or V0, and cells were stained with human anti–PD-L1 and mouse anti-CD45 (to remove mouse immune cells in the CyTOF analysis) antibodies, followed by
CyTOF analysis. Numbers represent percentage of human PD-L1–positive cells from the CD45-negative population. (D) Overexpression of p65 increases the
level of PD-L1 in U87-MG glioblastoma cells. U87-MG cells were stably transfected with V0 (lanes 1 and 2) or FLAG-p50 (lanes 5 and 6) and then transiently
transfected with p65 (lanes 3, 4, 7, and 8). Cells were grown to confluence of ∼80%, lysed, and resolved via SDS/PAGE. Proteins were visualized using anti–PD-
L1, anti-FLAG (for detection of p50), anti-p65, or anti-actin antibodies, as indicated. (E) Relative level of PD-L1 transcripts isolated from U87-MG cells
expressing V0, FLAG-p50, or p65. Expression of the transcripts was analyzed using qRT-PCR as described under Materials and Methods. (F) Overexpression of
PD-L1 in U87-MG cells that also express p50 attenuates the tumor-suppressive effect of p50. (i) Silencing of PD-L1 (lane 2) or overexpression of FLAG-p50 (lane
3) or FALG-p50 and PD-L1 (lane 4) in U87-MG cells. Cells were lysed, and proteins were resolved via SDS/PAGE, blotted onto nitrocellulose membrane, and
detected using the appropriate antibodies. Growth rates (ii) and weights (iii) of tumors derived from the U87-MG cells described under F, i. * represents P
value < 0.05. NS represents nonsignificant. (iv) Shown are the corresponding tumors 5 wk after inoculation. RQ, relative quantification.
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In contrast, silencing of VCAM in U87-MG p50-overexpressing
cells had no effect on the tumor-suppressive effect of p50 (Fig.
5B, iii).
To bring this finding closer to the clinical reality, where tumors

are diagnosed when they are already developed, it was interest-
ing to check if expression of the chemokines can suppress the
growth after the tumor has already been established (rather than
inducing their expression on the day of inoculation). We found
that CCL5, that its expression initiated 23 d after inoculating the
cells in the mouse, has nevertheless exerted its suppressive effect
on tumor growth (Fig. 5C).
In order to explore further the mechanism of recruitment of

immune cells to the p50-expressing tumor, we examined the
contribution of each chemokine. For that, we attracted macro-
phages to the conditional medium of U87-MG cells expressing
either V0 or p50 and added to the medium neutralizing antibodies
to CCL3 and CCL4 (a single antibody) or CCL5. We demon-
strated that the antibody to CCL3 and 4 inhibited macrophages
attraction, and the addition of the antibody to CCL5 strengthened
this effect even further (Fig. 5D). Surprisingly, the antibody to
CCL5 by itself did not alter the attractive effect of the conditional
medium (Fig. 5D), although overexpression of the chemokine did
attract NK cells (Fig. 5B, ii; although its effect was weaker than
that of CCL3 and 4) and suppressed tumor growth (Fig. 5 B, i and
C, i). The difference may be due to a dose effect.

Discussion
The discovery of involvement of the host’s immune system in
attenuating tumor growth and the resulting development of
different modalities of immune therapy have revolutionized the
landscape of cancer treatment in recent years. The immune
system can be recruited to combat tumors in several different
ways, among them inhibition of immune checkpoints, generation
of specific CAR-Ts, immunization against specific tumor anti-
gens, and administration of cytokines that recruit the cellular
immunity machineries (34).
In a previous study (22) we demonstrated that processing of

the long and inactive NF-ĸB p105 precursor to the active p50
subunit is mediated by the KPC1 ubiquitin ligase. The generation
of stoichiometric excess of p50 over its canonical oncogenic p65
partner turned out to have a strong tumor-suppressive effect. Initial
dissection of the mechanism of tumor suppression revealed that the
putative p50 homodimers stimulate—under conditions when KPC1
is overexpressed—expression of a broad array of tumor suppressors
(22). A further search for the mechanism(s) that underlie the effect
of the tumor suppressors with the expectation that apoptosis might
be involved unraveled a surprising finding—the shrinking tumors
were infiltrated with the host’s (mouse) leukocytes, and the infil-
tration was dependent on the presence of either overexpressed
KPC1 or p50 (Fig. 3). The immediate obvious questions raised are
the nature of these white blood cells and the mechanism(s) that
mediates their attraction to the tumor. Use of a variety of antibodies

Fig. 3. KPC1 and p50 recruit immune cells to the U87-MG–derived xenografts. (A) Hematoxylin eosin staining (i) and immunohistochemical staining for CD45
(ii) in xenografts of U87-MG cells stably expressing V0, Myc-KPC1, or FLAG-p50. All scale bars (in the upper left corner of each panel), 50 μm. Arrows indicate
infiltrated immune cells. Tumors were grown in nude mice and stained as described under the Materials and Methods. (B) Conditional medium of U87-MG
cells expressing FLAG-p50 recruits immune cells in a transwell migration assay. Representative microscopic images of macrophages that migrated through the
chamber membrane to the lower compartment that contained the conditional medium. The numbers in red represent the average number of cells/field (out
of at least three fields counted) migrated through the membrane. (C) Immunohistochemical staining of the macrophage marker F4/80 (i), the NK
markers—NCR1 (ii), NKG2D (iii), and granzyme B (iv), the neutrophils marker myeloperoxidase (v), and the B cells marker B220 (vi) in U87-MG cells-derived
tumors expressing either V0 or FLAG p50.
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against different immune system’s cells and of different mice with
different repertoires of immune cells revealed that the infiltrating
cells are mostly macrophages and activated NK cells (Figs. 3 and 4).
To test whether the infiltrating immune cells have an effect on tu-
mor growth, or whether they are bystanders, we replenished NK
(human and mouse) and monocytes (mouse; that are converted to
macrophages in the tumor) to mice that lack functional immune
cells. Replenishment of the cells resulted in tumor growth inhibition
(Fig. 4). As for the mechanism of their attraction, measurement of
cytokines secreted by the tumor cells showed that the p50-containing
transcription factor stimulates secretion mostly of CCL3, 4, and 5
(Fig. 5). These cytokines led, in turn, to recruitment of the NK cells
and macrophages (Fig. 5). In sum, we describe an aspect of in-
volvement of the immune response against tumors where the KPC1
ubiquitin ligase ubiquitinates the long and inactive p105 precursor of
NF-ĸB which is consequently processed by the 26S proteasome to
the active p50 subunit. Excess of this subunit generates apparently a
form of a transcription factor, which is probably a p50 homodimer,
which is joined by an as yet unknown third subunit that has a
transactivation domain. This factor initiates a transcription program
that transcribes an array of cytokines which are secreted by the tu-
mor cells and lead to recruitment of immune cells to the tumor

which in turn help to suppress its growth (the sequence of events of
this pathway is depicted in Fig. 6).
Interestingly, we found an additional mechanism by which p50

mediates its tumor-suppressive effect. It down-regulates the ex-
pression of the immune checkpoint molecule PD-L1, which also
results in tumor shrinkage (Fig. 2).
Thus, it appears that KPC1 and its downstream product p50

act on several layers to suppress tumor growth. They 1) activate
transcription of tumor suppressors; 2) suppress expression of
PD-L1; and 3) recruit immune cells via stimulation of secretion
of an array of cytokines. It should be noted that our data con-
cerning the recruitment of the immune system is an additional
and independent decaying mechanism to the already strong ef-
fect of the p50-induced expression of tumor suppressors.
Therefore, it is not an all or none effect, but rather a partial one.
Furthermore, trying to isolate each immune effect independently
from the other (e.g., the effect on tumor growth by over-
expressing PD-L1, or the effect of replenishing the white blood
cells) is even more partial. It should be noted, however, that all
partial effects are nevertheless statistically significant.
The study also unraveled an interesting, yet still elusive aspect

of the mode of action of the family of NF-ĸB transcription fac-
tors. It has been known that NF-ĸB can be both oncogenic and

Fig. 4. Infiltrated immune cells contribute to the tumor-suppressive effect of p50. (A and B) The suppressive effect mediated by p50 is partially abrogated in
tumors grown in NSGmice lacking active macrophages and NK cells. Growth rates (i) and weights (ii) of tumors derived from U87-MG cells expressing V0 or FLAG-p50
in SCID and nude (A) or in NSG and nude (B) mice. (iii) The corresponding tumors 4 wk after inoculation in either SCID (A, iii), NSG (B, iii), or nude (A, iii and B, iii) mice.
(iv) Immunohistochemical staining for CD45 of U87-MG cells overexpressing V0 or FLAG-p50 in nude and SCID (A, iv), or in nude and NSG (B, iv) mice. (C) Growth rates
(i) and weights (ii) of tumors derived from U87-MG cells expressing V0 or FLAG-p50 in NSG mice in the presence (reconstituted) or absence of mouse NK cells. (iii)
Immunohistochemical staining for NKG2D in tumors derived from U87-MG cells expressing V0 or FLAG-p50 in the presence (reconstituted) or absence of mouse NK
cells. (D) Growth rates (i) and weights (ii) of tumors derived from U87-MG cells expressing V0 or FLAG-p50 in NSG mice in the presence (reconstituted) or absence of
human NK cells. (E) Growth rates (i) and weights (ii) of tumors derived from U87-MG cells expressing V0 or FLAG-p50 in NSG mice in the presence (reconstituted) or
absence of mouse monocytes or monocytes and NK cells. * in the relevant panels represents P value < 0.05. NS represents nonsignificant.
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tumor-suppressive (35). It appears that these Dr. Jekyll and Mr.
Hyde characteristics depend not only on tissue context and the
tumor’s microenvironment, but also on the dimeric composition
of the factor. Thus, while p50p65 is oncogenic, the suggested
homodimeric p50 is tumor-suppressive. Indeed, reconstitution
of the “normal” stoichiometric relationship between the two by
overexpressing p65 in p50-overexpressing cells abrogated—
although partially—the tumor-suppressive effect of p50 (Fig. 1)
and resulted in reinitiation of expression of PD-L1 (Fig. 2). The
partial effect may be due to the fact that even under conditions

where p65 is overexpressed, there is a sufficient quantity of p50
dimers to still exert the suppressive effect. An interesting and
obvious question that is related to the quantitative relationship
between the two major subunits of NF-ĸB—p50 and p65—has
to do with tumor initiation, development, and aggressiveness.
One can imagine that the effect is continuous: with a very high
proportion of p50, the overall effect is suppressive (a situation
that may prevail in normal tissues). As the proportion gradually
changes, the suppressive effect disappears and is gradually
converted and becomes oncogenic. While it is difficult to titrate

Fig. 5. p50 up-regulates cytokines expression that have a tumor-suppressive effect mediated via recruitment of immune cells. (A) Analysis of cytokines secreted by U87-
MG cells expressing V0 or FLAG-p50. Representative images (i) and quantification (ii) of cytokines analyzed in a human cytokine array. (B) (i) Growth rates of tumors
derived from U87-MG cells overexpressing V0, CCL3, CCL4, or CCL5, induced with DO from day 0 after inoculation of the cells in nude mice. (ii) Immunohistochemical
staining for CD45 and NCR1 of V0-, CCL3-, CCL4-, or CCL5-expressing tumors. (iii) Growth rate of tumors derived from U87-MG cells overexpressing FLAG-p50 and in which
VCAMwas silenced. (C) Growth rates (i) and weights (ii) of tumors derived from U87-MG cells expressing V0 or CCL5 induced with DO on day 23 after inoculation of the
cells in nude mice. (iii) Shown are tumors derived from cells expressing V0 or CCL5 5 wk after inoculation. Induction of CCL5 was done by addition of DO to the drinking
water of the mice at day 23. (D) Representative microscopic images of macrophages that migrated through the chamber membrane to the lower compartment that
contained conditional medium of U87-MG cells that express V0 or p50, in the presence or absence of anti-CCL3/4, and/or anti-CCL5, as indicated. The numbers in red
represent the average number of cells/field migrated through themembrane. At least three fields were counted. * represents P value < 0.05. NS represents nonsignificant.
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and monitor the proteins’ level in a transfection experiment, we
can imagine that in different “real” tumors, the proportion
varies and, accordingly, so does the aggressiveness of the tu-
mors. Therefore, it will be interesting to monitor directly the
levels of the transcripts of the two subunits in different tumors
and healthy tissues (and, if possible, the level of the appropriate
proteins) and to compare them to the development of the tu-
mor and its aggressiveness—both histologically and clinically.

Materials and Methods
Materials. Tissue culture sera, media, and supplements for growing U87-MG
American Type Culture Collection HTB 14 (ATCC HTB14), human embryonic
kidney (HEK)293T, and bone marrow-derived macrophage (BMDM) were
from Biological Industries. For growing primary human NK cells, we pur-
chased cell culture media from CellGenix, sera from Sigma, supplements
from Biological Industries, and human interleukin (IL)-2 from Peprothec.
Collagenase I was from Sigma, and Dispase II was from Roche. Murine MCSF,
granulocyte-macrophage colony-stimulating factor (GM-CSF), Interferon
(INF)γ, and IL-4 were from Peprothec. Lipopolysaccharides (LPS) was from
Sigma. Eosin 1% Aqueous and Haematoxylin (Harris) were from Pioneer
Research Chemicals Ltd (PRC). Rabbit anti-CD45 (ab 10558), anti-F4/80 (ab
111101), anti-NCR1 (ab 199128), anti-NKG2D (ab 203353), anti-Granzyme B
(ab 4059), and rat anti-CD45R/B220 (RA3-6B2; ab64100) antibodies for im-
munohistochemistry were from Abcam. Polyclonal antimyeloperoxidase was
from Dako. iVIEW DAB Detection Kit for immunohistochemistry staining was
from Ventana Medical Systems. Mouse anti-CCL5/RANTES (21445) and anti-
CCL3/CCL4 (93321) antibodies for neutralization of the appropriate proteins
were from R&D Systems. For Western blotting, mouse anti-FLAG (M2) anti-
body was from Sigma, rabbit anti–PD-L1 (E1L3N) antibody was from Cell
Signaling Technology, and rabbit anti-p65 (C-20) antibody and mouse anti-
actin were from Millipore. Peroxidase-conjugated (for Western blotting)
secondary antibody was from Jackson ImmunoResearch Laboratories. Brad-
ford reagent and materials for SDS/PAGE were from Bio-Rad. CalFectin
Mammalian DNA Transfection Reagent was from Signagen Laboratories.
Short hairpin RNAs (shRNA) were synthesized by Dharmacon. TaqMan Gene
Expression Assay and TaqMan Fast Universal PCR Master Mix were from Applied
Biosystems. Oligonucleotides were from Syntezza Bioscience. Restriction en-
zymes were from New England Biolabs. Falcon Permeable Support for 24-well
plate with transparent polyethylene terephthalate (PET) membrane was from

Corning. Doxycycline Hyclate was from Sigma. Proteome Profiler Human XL
Cytokine Array Kit was from R&D Systems. EasySep Human NK Cell Isolation Kit,
EasySep Mouse NK Cell Isolation Kit, and EasySep Mouse Monocyte Isolation Kit,
were from STEMCELL technologies. Human PBMCs as a source for isolating hu-
man NK cells were from AllCells. Mouse anti-CD274 (PD-L1) (29E.2A3) andmouse
anti-CD45 (HI30) for mass cytometry were from Bio Legend. BALB/cOlaHsd-
Foxn1nu and C.B-17/IcrHsd-Prkdcscid mice were from Envigo, and NOD.Cg-
Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were from Jackson Laboratories (36) (JAX
stock #005557). RNA purification kit was from Macherey-Nagel, and comple-
mentary DNA (cDNA) synthesis kit was from PCR Biosystem Ltd. Lenti-X Tet-
One Inducible Expression System (pLVX) was from Invitrogene.

Methods.
Plasmid construction. cDNAs coding for Myc-KPC1 and FLAG-p50 were described
previously (22). cDNAs coding for p65 and PD-L1 were amplified and cloned
into the NSPI-CMV MCS lentiviral expression vector (37) between BamHI and
XhoI, or XhoI and AgeI, respectively. CCL3, CCL4, and CCL5 were amplified and
cloned into the pLVX lentiviral expression vector between EcoRI and BamHI.
Cultured cells. Dulbecco’s Modified Eagle Medium (DMEM) that contains
penicillin–streptomycin and 10% fetal calf serum was used for growing U87-
MG and HEK293T cells (at 37 °C and 5% CO2). Primary human NK cells were
grown at 37 °C and 5% CO2 in Good Manufacturing Practice Stem Cell
Growth Medium (GMP SCGM) medium supplemented with 10% human AB
plasma, 1 mM sodium pyruvate, 1% nonessential amino acids, penicillin–
streptomycin, 10 mM Hepes, and 300 Unit/mL IL-2 (38). Mouse BMDM were
grown at 37 °C and 5% CO2 in Iscove’s Modified Dulbecco’s Medium (IMDM)
supplemented with 10% fetal calf serum, penicillin–streptomycin, and 10 ng/
mL macrophage colony-stimulating factor (MCSF) or 10 ng/mL MCSF and IL-4.
Stable transfection. U87-MG cells were transfected with cDNAs coding for
Myc-KPC1, FLAG-p50, p65, PD-L1, CCL3, CCL4, and CCL5, or with shRNA
against PD-L1 (clones V2LHS_53668 and V3LHS_315809) using a lentiviral
transduction system. Cells that stably expressed the proteins or shRNA were
selected by adding puromycin (5 μg/mL) to the growth medium.
Tumorigenicity. U87-MG cells that stably express Myc-KPC1, FLAG-p50, p65,
PD-L1, CCL3, CCL4, and CCL5 were harvested at the exponential growth
phase. Cells were dissociated with trypsin, washed with phosphate buffered
saline (PBS), and diluted to 60 × 106 cells/mL. Cell suspension (6 × 106 cells;
0.1 mL) was injected s.c. at both flanks of 6- to 10-wk-old BALB/cOlaHsd-
Foxn1nu, C.B-17/IcrHsd-Prkdcscid, or NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG)
mice. Grown xenografts were measured, resected, and prepared for further

Fig. 6. A graphical scheme describing the mechanism of tumor suppression by the ubiquitin ligase KPC1. Overexpressed KPC1 (Right) stimulates the limited
processing of the NF-ĸB p105 inactive and long precursor to yield excess of the p50 subunit of the mature dimeric transcriptional regulator. In the absence of
stoichiometrically available partner—typically p65—p50 probably homodimerizes. Along with an as yet unidentified additional subunit that contains a trans-
activation domain (X), it suppresses the expression of PD-L1 and stimulates the expression of a set of chemokines. This in turn attracts to the tumor activated NK
cells and macrophages. Along with stimulation of expression of tumor suppressors (22), the overall effect of overexpressed KPC1 is strong tumor suppression.
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analysis as described previously (22). Animal experiments were approved by
the Animal Care Committee of the Technion in Haifa, Israel.
qRT-PCR. RNAswere isolated (using an RNA purification kit) fromU87-MG cells
overexpressing Myc-KPC1, FLAG-p50, p65, or an empty vector. cDNAs were
obtained from RNAs in a reverse transcription reaction using cDNA Synthesis
Kit. The qRT-PCR was performed in triplicates with primers for PD-L1 or HPRT
(control) genes using the TaqMan Gene Expression Assay.
Isolation of primary NK cells and monocytes. Primary human NK cells were iso-
lated from frozen PBMCs using the negative isolation-based EasySep Human
NK Cell Isolation Kit according to the manufacturer’s protocols.

Primary mouse NK cells and Primary Mouse Monocytes were isolated from
spleens or bone marrow, respectively, of C57BL/6JOlaHsd mice using the
negative isolation-based EasySep Mouse NK Cell or EasySep mouse mono-
cytes isolation kits, respectively, according to the manufacturer’s protocols.
Xenogeneic NK cells adoptive transfer. NSG mice were infused i.v. (IV) with 4–5 ×
106 human NK cells once a week following i.p. (IP) administration of 10 μg
hu-IL-2 every other day along the duration of the experiment.
Allogeneic NK cells and monocytes adoptive transfer. NSG mice were infused (IV)
with 0.5–1 × 106 mice NK cells and/or with 1–2 × 106 monocytes once a week
along the duration of the experiment.
BMDM differentiation and transmigration. Bonemarrow from the tibia and fibula
of C57BL/6JOlaHsd mice was flushed out and prepared for culture as de-
scribed above (39). BMDMs were grown in complete IMDM supplemented
with 10 ng/mL MCSF. After 7 d, the growth medium was replaced with
complete IMDM supplemented with 10 ng/mL MCSF and 10 ng/mL IL-4.
On day 10, the growth medium was changed to a starvation medium that
contained 1% fetal bovine serum (FBS). After 24 h of starvation, 2 × 105

BMDMs were seeded on a Falcon permeable chamber with 8.0 μm trans-
parent PET membrane. To produce the conditional medium, 24 h prior to the
transmigration assay, the growth medium of exponentially growing U87-
MG cells that expressed either an empty vector (V0) or FLAG-p50 was
changed to a starvation medium supplemented with 1% FBS. The media
were then filtered using a 45-μm polyvinylidene fluoride (PVDF) filter and
added to the lower part of the transmigration chamber. The BMDMs placed
in the upper chamber were allowed to migrate (at 37 °C for 3 h) into the
lower compartment that contains the conditional medium isolated from the

U87-MG cells that express V0 or FLAG-p50. Antibodies that neutralize CCL5
and/or CCL3/4 were added to the conditional medium as indicated.

After the incubation, the membranes of the transmigration chamber were
fixed with 4% Paraformaldehyde (PFA) for 10 min, stained with 0.4% Crystal
Violet (70% ethanol solution) for 10–15 min, and extensively washed with
H2O, followed by removal of cells’ debris from the upper side of the mem-
brane with cotton swabs. Quantification (of the cells adhering to the lower
side of the membrane) was carried out by Image-Pro Premier.
Cytokine profiling. U87-MG cells that overexpress V0 or FLAG-p50 were grown
in DMEM supplemented with 1% FBS. After 48 h, the conditional media
were collected and incubated with The Proteome Profiler Human XL Cyto-
kine Array membrane according to the manufacturer’s protocols.
Immunohistochemistry. Immunohistochemical staining of 5-μm tissue sections
of formalin-fixed, paraffin-embedded, U87-MG–derived tumors was per-
formed using a Ventana BenchMark ULTRA IHC/ISH system. Sections were
immunostained for CD45 (1:3,000), CD45R/B220 (1:200), myeloperoxidase
(1:5,000), F4/80 (1:500), NCR1 (1:200), NKG2D (1:200), and Granzyme B
(1:100). Visualization was carried out using the Ventana iVIEW DAB detec-
tion according to the manufacturer’s protocols.
Mass cytometry analysis of tumors. Twenty-five days after injection of U87-MG
cells that overexpress either FLAG-p50 or V0, xenografts were resected and
prepared as single-cell suspensions as described previously (40). Cells were
stained using different metal-tagged antibodies. The acquisition was per-
formed using Fluidigm CyTOF mass cytometry. FlowJo v9.3 (TreeStar) soft-
ware was used for the analysis of the FCS 3.1 files.
Statistical analysis. Data in graphs represent the mean ± SD. Experiments were
statistically analyzed by the two-tailed Student’s t test. A P value < 0.05 was
considered as statistically significant.

Data Availability. All study data are included in the article.
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