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Correction

IMMUNOLOGY AND INFLAMMATION

Correction for “TAp73 represses NF-kB-mediated recruitment
of tumor-associated macrophages in breast cancer,” by Johanna
Wolfsberger, Habib A. M. Sakil, Leilei Zhou, Niek van Bree,
Elena Baldisseri, Sabrina de Souza Ferreira, Veronica Zubil-
laga, Marina Stantic, Nicolas Fritz, Johan Hartman, Charlotte
Rolny, and Margareta T. Wilhelm, which published March 1,
2021; 10.1073/pnas.2017089118 (Proc. Natl. Acad. Sci. U.S.A.
118, €2017089118).

The authors note that Supporting Table S2 in the SI Appen-
dix appeared incorrectly. Regarding this error, the authors
note, “Sanger sequencing primers for the mouse and human
Ccl2 gene have mistakenly been entered in the qPCR primer
table (SI Appendix, Table S2) instead of the qPCR primer
sequences for Ccl2 that were used in this study.”

The authors also note that an error appeared in Fig. 3 and
Fig. S3 in the SI Appendix. In both figures, the histograms are
labeled DMSO but should instead be labeled siCtrl. The cor-
rected figure and its legend appear below. The online version
has been corrected, including the SI Appendix with the cor-
rected Table S2 and Fig. S3.

=
e
=
[~
w
3
e
(=]
(%)

https://doi.org/10.1073/pnas.2117333118 | 1of2

www.manaraa.com



Downloaded at Palestinian Territory, occupied on December 10, 2021

A B C D

MEF E1A/Ras PyMT MEF E1A/Ras PyMT
5 T X 1 309 ] 400 - 50047 "
S |1 1 S 1
S 4 g 400+ .
5 5 5 = 3007 =
e o <V (S S
3 3 3 El E} 300-
3 2 it 5
(s} 24 *% o 10_ ) ° 200" AT A
E & © 1004 ©
N1 N 100-
O Q
O O
0- 0- 0- 0-
TAp73 WT KO WT KO TAp73 WT KO WT KO TAp73 WT KO WT KO TAp73 WT KO WT KO
DMSO SC-514 DMSO SC-514 DMSO SC-514 DMSO SC-514
E F G H
MEF E1A/Ras PyMT MEF E1A/Ras PyMT
357 * 154 2000+ fuleioled 400+
o * o -
S 251 S o — 15004 — 300+
o ° £ £
S 204 Ke) =] [=2]
po b £ 1000 £ 200-
Z '] 2 o o
T 5
£ 10 € © O ool
~ % 5004 100
8 5 3 12
0 0- 0- 0-
TAp73 WT KO WT KO TAp73 WT KO WT KO TAp73 WT KO WT KO TAp73 WT KO WT KO
siCtrl sip65 siCitrl sip65 siCtrl sip65 siCtrl sip65
| \.J Fkkk ns
Ccl2 promoter 2.8kb . 157 7 000201 =
g akald 0.0015:
+HE—h— L § — ‘
4 32 1 § ’g 1.0- 0.0010
Le °
o *%  0.0005
AHE—{ Luc g .
4 32 1 > _g T 0.5 [ 0.0000: "
&~ ' !
Luc © T
R .
0.0 T T T T L
4 32 1 LUC pCDNA + - + - + - + -
TAp733 - + - + - + -+

NF-xB response element
B NF-B resp Ctrl  BS3mut BS4 mut BS3+4 mut

Fig. 3. TAp73 represses NF-kB-mediated regulation of Ccl2 expression. (A) gRT-PCR analysis of Cc/2 mRNA levels in (A) TAp73 WT and KO MEFE'ARas (n = 3)
and (B) PyMT/TAp73 WT or KO cells (n = 4) after 16-h treatment with NF-xB inhibitor SC-514 (100 png/mL). ELISA analysis of Ccl2 protein secretion in condi-
tioned media from (C) TAp73 WT and KO MEFE'ARas (n = 3) and (D) PyMT/TAp73 WT or KO cells (n = 4) after 16-h treatment with SC-514 (100 pg/mL).
(E and F) gRT-PCR analysis of Cc/2 mRNA levels in (E) TAp73 WT and KO MEFE'ARaS (0 = 3) and (F) PyMT/TAp73 WT or KO cells (n = 3) after 48-h treatment
with sip65/RELA. (G and H) ELISA analysis of Ccl2 protein secretion in conditioned media from (G) TAp73 WT and KO MEFE'ARas (n = 3) and (H) PyMT/
TAp73 WT or KO cells (n = 3) after 48-h treatment with sip65/RELA. (/) Schematics showing the murine Ccl2 promoter including NF-kB response elements,
of which the distal BSs 3 and 4 were deleted either individually or simultaneously. (J) WT or mutated Ccl2 promoter luciferase reporter was cotransfected
with TAp73p in HEK293 cells. Luciferase activity was measured 24 h after transfection and normalized to mock control (n = 6). All data are shown as
mean * SD *P < 0.05, **P < 0.01, ****P < 0.0001.
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Infiltration of tumor-promoting immune cells is a strong driver of
tumor progression. Especially the accumulation of macrophages in
the tumor microenvironment is known to facilitate tumor growth
and to correlate with poor prognosis in many tumor types. TAp73,
a member of the p53/p63/p73 family, acts as a tumor suppressor
and has been shown to suppress tumor angiogenesis. However,
what role TAp73 has in regulating immune cell infiltration is un-
known. Here, we report that low levels of TAp73 correlate with an
increased NF-kB-regulated inflammatory signature in breast can-
cer. Furthermore, we show that loss of TAp73 results in NF-xB
hyperactivation and secretion of Ccl2, a known NF-xB target and
chemoattractant for monocytes and macrophages. Importantly,
TAp73-deficient tumors display an increased accumulation of pro-
tumoral macrophages that express the mannose receptor (CD206)
and scavenger receptor A (CD204) compared to controls. The rele-
vance of TAp73 expression in human breast carcinoma was further
accentuated by revealing that TAp73 expression correlates nega-
tively with the accumulation of protumoral CD163* macrophages
in breast cancer patient samples. Taken together, our findings sug-
gest that TAp73 regulates macrophage accumulation and pheno-
type in breast cancer through inhibition of the NF-xB pathway.

p73 | NF-xB | tumor-associated macrophages | breast cancer

Inﬂammation plays an essential role in cancer development and
progression and can promote both protumoral and anti-tumoral
functions. Inflammation, in many cases, is elicited by the tumor
itself and can be induced by several stimuli including cell death,
hypoxia, oncogene activation, or loss of tumor-suppressor func-
tions (1, 2). The nuclear factor kappa beta (NF-xB) pathway acts
as a master regulator of inflammation and activation of NF-kB in
cancer cells leads to secretion of cytokines and chemokines that
attract immune cells to the tumor microenvironment (TME)
(3-5). Macrophages are dominating the immune composition of
most breast cancers and are plastic cells that can acquire a spec-
trum of tumor inhibitory phenotypes with the ability to restrict
tumor growth and tumor cell spreading to secondary tumors (6).
However, as tumors progress, the majority of tumor-associated
macrophages (TAMs) acquire a protumoral phenotype that
stimulates angiogenesis and facilitates tumor cell intravasation and
metastatic dissemination (7-9). High macrophage infiltration has
been found to correlate with poor patient survival in almost all
solid cancers, including breast cancer (7, 10, 11). CCL2 is one of
the key chemokines for monocyte recruitment to the tumor site,
which will differentiate into macrophages that can acquire either a
pro- or antitumoral phenotype. During tumor growth, CCL2 is
highly expressed both at the tumor site and at the metastatic site,
which leads to an extensive macrophage accumulation, promoting
angiogenesis and metastasis. Consequently, its up-regulation has
been associated with poor patient survival in breast cancer
(12, 13).

The p73 gene, a member of the pS3 family, encodes multiple
isoforms with distinct biological functions. Alternative promoters
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give rise to either TAp73 isoforms, which have transactivation
domains and act as transcription factors, or N-terminal truncated
isoforms referred to as ANp73, which lack the transactivation
domain and act as a dominant negative (14). In addition, alter-
native splicing in the C terminus allows for up to seven additional
isoforms (a-n); TAp730/p and ANp73a/p being most abundantly
expressed (15). Unlike p53, the p73 gene is rarely mutated, and it
is thought that a shift in the balance between TAp73 and ANp73
isoforms drives tumorigenesis. An increase of the ANp73 isoform
has been associated with poor prognosis and chemoresistance in a
wide array of cancers, including acute promyelocytic leukemia,
breast, cervical, ovarian, and lung cancers (16-20). ANp73 pos-
sesses oncogenic properties that include impairment of the DNA
damage-response pathway and cellular immortalization (21, 22).
Moreover, it has dominant negative characteristics that inhibit p53
and TAp73 functions and promote cancer stemness, epithelial
mesenchymal transition, hypoxia responses, angiogenesis, invasion
and metastasis, and drug resistance, thus supporting carcinogen-
esis (23-28). In contrast to ANp73, TAp73 functions as a tumor
suppressor similar to p53. It was shown to play a role in migration,
invasion, apoptotic cell death, and macrophage-mediated innate
immunity (29-33). TAp73 knockout (KO) mice spontaneously
develop tumors, mainly lung adenocarcinoma, and TAp73 KO
tumors have increased intratumoral vascularization (27, 32, 34).
To date, little is known about how TAp73 affects immune cell
infiltration in the TME. Here, we report that low levels of TAp73
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in breast cancer strongly correlate with inflammation, immune
cell infiltration, and an increased activation of the NF-kB path-
way. Furthermore, we show that this increase in NF-kB activity
enhances secretion of chemokines that promote chemotaxis and
an increased influx of tumor-promoting macrophages that fuels
tumor progression.

Results

Low TAp73 Expression Correlates with Increased Inflammation and
Activation of the NF-xB Pathway in Breast Cancer Patients. TAp73
and ANp73 have been reported to have both opposing and
overlapping functions in tumor development (35). To investigate
specifically the role of TAp73 in breast cancer, we used the
publicly available TCGA breast cancer data set (36), excluded all
samples that expressed ANp73, and focused only on the ANp73-
nonexpressing patient samples (flowchart in Fig. 14). These
samples were divided into high and low TAp73-expressing groups
and analyzed for differential gene expression (Fig. 1B and Dataset
S1). As expected, the most significantly down-regulated gene in
the TAp73 Low patient group was TP73 (Fig. 1C). In total, 317
genes were found to be down-regulated, including KRTI, previ-
ously shown to inhibit breast cancer cell invasion (37), and several
genes involved in regulating multiciliated cell differentiation
(FOXJ1, CDC20B, and DRCI) (Fig. 1C), confirming previous re-
ports on the important role TAp73 plays in regulating multicilio-
genesis (38). In addition, 746 genes were significantly up-regulated
in the TAp73 Low group compared to the TAp73 High group (Fig.
1B). Interestingly, the most significantly up-regulated are genes
regulating steroidogenesis (CYP1941, AKRIBI15, and CYP11A1I).
CYPI19A1 encodes for the enzyme Aromatase that is involved in
biosynthesis of estrogens (39) and has been reported to be inhibi-
ted by p53 (40), our finding that CYP191A1 is up-regulated in
TAp73 Low tumors may suggest that TAp73, like p53, represses
CYPI91A1 expression.

Breast cancer can be divided into clinical subtypes based on
immunohistochemistry (IHC) for hormone receptors (HR), es-
trogen (ER) and progesterone (PR), and human epidermal growth
factor receptor 2 (HER?2), classifying tumors into HR*/HER2",
HR*/HER2*, HR /HER2*, and triple negative (TNBC [ER™/
PR /HER2"]), with TNBC and HR/HER2* considered the more
aggressive subtypes with high need for additional oncological
therapy (36, 41, 42). Interestingly, we observed a significant in-
crease of HR"/HER2" and TNBC subtypes in TAp73 Low tu-
mors compared to TAp73 High tumors (SI Appendix, Fig. S1 A
and B). Mutations in the TP53 gene are frequent in both HR™/
HER2* and TNBC subtypes (36); we thus analyzed the distribu-
tion of p53 mutations within the TAp73 High and Low subgroups
and found an overrepresentation of p53 mutations in the TAp73
Low group compared to TAp73 High (SI Appendix, Fig. S1C). To
study if the difference in distribution of subtypes between TAp73
High and Low tumors was due to the increase of pS3mut tumors
in TAp73 Low group, we reanalyzed subtype distribution com-
paring p53wt/TAp73 High versus p53wt/TAp73 Low or p53mut/
TAp73 High versus pS3mut/TAp73 Low subgroups. Importantly,
although we observe more TNBC and HR/HER2™" subtype tu-
mors in the p53 mutant group, we observe a significant increase in
TNBC and HR/HER2™ subtypes in the TAp73 Low group com-
pared to the TAp73 High group in both the p53 wild-type (WT) and
mut samples (SI Appendix, Fig. S1D), suggesting that loss of TAp73
correlates with the more aggressive TNBC and HR/HER2" sub-
types and that p53 mutation in combination with TAp73 is even
stronger correlated in TNBC and HR/HER2* subtypes.

To understand which biological pathways are altered depending
on TAp73 expression, we performed gene set enrichment analysis
(GSEA) using the GO, Hallmark, and Reactome gene sets and
found 828 gene sets to be significantly changed between the
TAp73 Low versus TAp73 High tumors (Dataset S2). Enriched
gene sets in the TAp73 ‘Low tumors included interleukin-signal

20f 10 | PNAS
https://doi.org/10.1073/pnas.2017089118

transducer and activator of transcription proteins (STAT) signal-
ing, NF«B signaling, inflammatory responses, and monocyte
chemotaxis (Fig. 1D). Next, a pathway enrichment analysis was
performed using Cytoscape and EnrichmentMap that cluster
closely related gene sets and show gene overlap between gene sets
(43). We identified 64 enriched clusters (containing >3 genesets)
that could be further grouped into 8 main clusters based on bio-
logical function (Fig. 1E and Dataset S3); 7 clusters were enriched
in the TAp73 Low group, while 1 cluster containing gene sets
related to cilium and microtubule assembly was enriched in
TAp73 High expressing tumors, again confirming the importance
of TAp73 in cilia regulation (38).

The majority of enriched gene sets in TAp73 Low tumors were
associated with immune responses (Fig. 1E), and we identified
clusters of gene sets linked to immune cell regulation, chemo-
taxis, cytokine and calcium response, antigen presentation, phago-
cytosis, and immune cell differentiation (Fig. 1 E and F), suggesting
that loss of TAp73 results in an inflammatory tumor milieu that will
affect immune cell infiltration and function.

Considering that the majority of immune responses are regu-
lated by the NF-xB pathway and that several NF-kB-related gene
sets were found up-regulated in TAp73 Low tumors (Fig. 1G and
Dataset S2), we hypothesized that loss of TAp73 would affect NF-
kB activity. However, since p53 gain-of-function mutants have
been shown to enhance NF-kB-mediated responses (44), we
reanalyzed the differential gene expression and GSEA comparing
TAp73 Low versus TAp73 High tumors only within the p53 wt
group or within the p53 mutant group and found that TAp73 Low
tumors showed an enrichment in genes involved in inflammatory
response and NF-xB activation regardless of p53 status (SI Ap-
pendix, Fig. SIE and Dataset S4), suggesting that loss of TAp73
will enhance NF-kB-mediated responses. To test this, a NF-kB
luciferase reporter construct containing NF-kB binding sites (BSsg
was transfected into TAp73*™* and TAp73~~ E1A/H-Ras"!
transformed mouse embryonic fibroblasts (MEF*'AR%) and [u-
ciferase levels were measured as a readout for NF-xB activity.
Significantly higher NF-xB activity was detected in TAp73™"~
MEFEARE compared to TAp73*™™" MEFF'AR® cells (Fig. 1H).
Additionally, several known NF-xB target genes were found up-
regulated in both the TAp73 Low tumors and in TAp73~'~
MEFF!A/Ras (Fig 1] and Dataset S1), altogether suggesting that
low levels or loss of TAp73 results in activation of the NF-xB
pathway.

Loss of TAp73 Leads to Increased CCL2 Levels. Next, we analyzed the
release of NF-kB-regulated cytokines from TAp73*/* and
TAp73~/~ MEF*'Ra% into the cell culture media using a cyto-
kine profiler array. Surprisingly, out of 40 cytokines analyzed, only
7 were found to be secreted at a detectable level (Fig. 24). Of
note, although Cxcl10 messenger RNA (mRNA) expression was
found to be significantly up-regulated in TAp73~/~ MEF-!A/Ras
(Fig. 1I), the Cxcll0 protein secretion was significantly lower in
TAp73™~ MEFF'YR®  compared to TAp73*/* MEFH!ARas
(Fig. 24). Interestingly, of the cytokines analyzed, Ccl2 was among
the most abundantly secreted cytokines with significantly in-
creased levels in TAp73~~ MEFE'R* (Fig, 24). Ccl2 is known
to play an important role as a chemoattractant for monocytes and
has been linked to poor prognosis in breast cancer (13).

To further validate the effect on Ccl2, we first confirmed the in-
crease in Ccl2 mRNA and protein levels in two different TAp73~"~
MEFFARE cell lines (SI Appendix, Fig. S24 and Fig. 2B). In ad-
dition, increased Ccl2 protein secretion in TAp73~~ MEFF! AR
compared to TAp73** MEF-'R4 was confirmed using enzyme-
linked immunosorbent assay (ELISA) (Fig. 2C). To validate the
effect of TAp73 on Ccl2 regulation in a disease-relevant model, we
crossed TAp73™* and TAp73™~ mice with the MMTV-PyMT
breast cancer model, collected spontaneously developing mam-
mary tumors, and isolated PyMT/TAp73*/* and PyMT/TAp737/~
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Fig. 2. TAp73 loss leads to increased Ccl2 expression in breast cancer cell lines. (A, Left) Representative cytokine profiler array analyzing cytokine content in

conditioned media from TAp73 WT or KO MEFE'AR%_(Right) Quantification of

mean pixel intensity of all detected cytokines. (B) Representative Western blot

showing Ccl2 protein levels in TAp73 WT and KO MEFE'Ras \with Ccl2 protein quantification normalized to p-actin (n = 3). (C) ELISA analysis of Ccl2 protein
secretion in conditioned media from TAp73 WT and KO MEFE'AR3s (n = 4)_ (D) A schematic of how PyMT/TAp73 WT and KO cell lines were generated. (E) qRT-
PCR analysis of Ccl2 mRNA levels in PyMT/TAp73 WT and KO cells (n = 3). (F) ELISA analysis of Ccl2 protein secretion in conditioned media from PyMT/TAp73
WT and KO cells (n = 4). (G) Ccl2 promoter luciferase reporter was cotransfected with different TAp73 isoforms in HEK293 cells. Luciferase activity was
measured 24 h after transfection and normalized to mock control (n = 4). qRT-PCR analysis of CCL2 mRNA expression after knockdown of TAp73 using two
different siRNAs against TAp73 in (H) MCF7 (n = 3), () MDA-MB-231 (n = 3), and (J) MDA-MB-468 (n = 3). All data are shown as mean + SD *P < 0.05, **P <

0.01, ***P < 0.001, ****P < 0.0001.

tumors cells (Fig. 2D). Importantly, we confirmed that PyMT/
TAp737" cells express higher levels of Ccl2 mRNA and secrete more
Ccl2 protein compared to PyMT/TAp73*/* cells (Fig. 2 E and F).
Next, we reintroduced TAp73a, TAp73p, or TAp73y in
TAp73~/~ MEFF'ARa and found that TAp73p and TAp73y but
not TAp73a down-regulates Ccl2 mRNA levels (SI Appendix,
Fig. S2 B and C). To further confirm the inhibitory effect of
TAp73p and TAp73y on Ccl2 expression, we coexpressed a Ccl2
reporter construct containing 2.8kb of the murine Ccl2 promoter
cloned upstream of a luciferase gene (45), with TAp73a, TAp73p,
or TAp73y and observed transcriptional repression of the Ccl2
promoter by TAp73p and TAp73y but not by TAp73a (Fig. 2G).
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To substantiate our findings, we knocked down TAp73 using small
interfering RNA (siRNA) in human breast cancer cell lines MCF7,
MDA-MB-231, and MDA-MB-468. Knockdown of TAp73 resulted
in an up-regulation of CCL2 mRNA levels in all three cell lines
(Fig. 2 H-J and SI Appendix, Fig. S2 D-F), while overexpression of
TAp73p, but not TAp73a, led to a significant decrease in CCL2
mRNA levels (SI Appendix, Fig. S2 G-J). The inhibitory effect of
TAp73p on Ccl2 expression was further validated in mouse breast
cancer cell lines 4T1, E0771, and MMTV-PyMT (SI Appendix, Fig.
S2 K-N). Taken together, our data demonstrate that TAp73 re-
presses CCL2 expression, whereas KO or knockdown of TAp73
impedes this repression, resulting in increased CCL2 expression.
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TAp73 Is Regulating Ccl2 Expression via Suppression of the NF-xB
Pathway. Next, we investigated the mechanism by which TAp73
represses Ccl2 expression. Considering previous reports that the
NF-kB pathway is one of the main regulators of Ccl2 (46) and
our observation that NF-xB activity increases upon TAp73 loss,
we inhibited this pathway with the IKKf inhibitor SC-514 that
blocks IkB phosphorylation and subsequent RelA/p65 nuclear
translocation (SI Appendix, Fig. S34). Treatment with the NF-xB
inhibitor resulted in a concomitant decrease in Ccl2 mRNA
levels in both TAp73*'* and TAp73™~ MEF™'AR* (Fig, 34)
and TAp73*'* and TAp73~~ PyMT cells (Fig. 3B). Importantly,
inhibition of the NF-kB pathway reverted Ccl2 protein secretion
levels in TAp73™'~ MEF™'~R% and TAp73™~ PyMT cells to
protein levels observed in TAp73*/* cells (Fig. 3 C and D).
Additionally, siRNA-mediated knockdown of RelA/p65 or
treatment with a specific RelA/p65 inhibitor, JSH-23 (SI Ap-
pendix, Fig. S24), resulted in a drastic decrease in Ccl2 mRNA
levels and protein secretion (Fig. 3 E-H and SI Appendix, Fig.
S3 B-G), suggesting that the increase in Ccl2 in TAp73~~ tumor
cells is mediated by RelA/p65.

The Ccl2 promoter region contains four possible NF-xB re-
sponse elements (Fig. 37). The two most distal BSs (here called
BS3 and BS4) have been shown to be important for RelA/p65-
dependent Ccl2 regulation (45). To further confirm the role of
TAp73 in inhibiting RelA/p65-mediated activation of the Ccl2
promoter, we deleted either BS3 or BS4 individually or together
in the Ccl2 reporter construct and coexpressed it with TAp73p.
Deletion of BS3 or BS4 resulted in a decrease of Ccl2 promoter
activity; however, TAp73p was still able to further decrease it
(Fig. 3/). In contrast, codeletion of BS3 and BS4 drastically re-
duced Ccl2 promoter activity, and addition of TAp73p did not
result in further reduction (Fig. 3/), demonstrating that BS3 and
BS4 are required for Ccl2 promoter activation and that TAp73p
inhibits NF-kB-dependent transcriptional activation of the Ccl2
promoter. Collectively, our data demonstrates that TAp73 is
repressing the NF-kB pathway and that TAp73 loss results in
NF-kB-mediated up-regulation of Ccl2.

Loss of TAp73 Leads to Increased Infiltration of Tumor-Promoting
Macrophages in Experimental Mammary Tumor Models as well as
Human Breast Cancer Patient Samples. CCL2 is one of the main
chemokines regulating monocyte migration and has been shown
to be crucial for attraction of TAMs in breast cancer (13). In-
terestingly, chemotaxis was one of the largest enriched gene set
clusters in TAp73 Low breast cancer samples (Fig. 1E), and, in
particular, we found that loss of TAp73 correlated with mono-
nuclear cell migration as well as monocyte chemotaxis (Fig. 4 4
and B). To study the effect TAp73 loss in tumor cells has on
macrophage migration, we analyzed the migratory capacity of
IC-21 mouse macrophages exposed to conditioned media from
either TAp73*/* or TAp73™~ MEF®'AR2 and TAp73*'* or
TAp73~~ PyMT cells (Fig. 4C). Using a scratch assay, we ob-
served a significant increase of macrophage migration when re-
ceiving conditioned media from TAp73~'~ cells compared to
TAp73*'* cells (Fig. 4 D and E), suggesting that loss of TAp73 in
tumor cells will enhance secretion of chemokines promoting
macrophage recruitment.

We have previously shown that TAp73 KO tumors have in-
creased blood vessel formation and grow faster in nude mice
(27). We analyzed sections of these tumors using the pan-
macrophage marker F4/80 and found significantly more F4/80*
cells in sections from TAp73~~ tumors compared to TAp73*/*
tumors (SI Appendix, Fig. S44). To validate our findings in a
disease-relevant and immunocompetent model, we injected
PyMT/TAp73*'* or PyMT/ TAp73~'~ cells orthotopically into
the mammary fat pad of syngeneic WT C57BL/6 female mice,
thus ensuring that only the tumor cells differ in TAp73 status,
and all other cells are WT and not effected (Fig. 4F) and
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monitored for tumor growth. Interestingly, although we did not
find any differences in proliferation rate in vitro (SI Appendix,
Fig. S4B), we observed significantly faster tumor onset and
growth of PyMT/TAp73~/~ cells compared to PyMT/TAp73*/*
cells in vivo (Fig. 4G and SI Appendix, Fig. S4C). Tumors were
harvested and analyzed by flow cytometry at similar volume and
weight (SI Appendix, Fig. S4 D-F) to allow for comparison of
immune cell infiltration at the same stage of tumor development.
Surprisingly, we could not observe any significant difference in
total immune cell infiltration (CD45") into PyMT/TAp73™'~ tu-
mors (Fig. 4H); however, out of the CD45* immune cells, there
was a significantly higher percentage of macrophages (CD45%/
CD11b*/Ly6G~/F4/80") in PyMT/TAp73~'~ tumors compared to
PyMT/TAp73** tumors (Fig. 4I), demonstrating that loss of
TAp73 leads to increased macrophage migration and infiltration
into the TME.

Macrophage infiltration has been correlated with poor prog-
nosis and advanced disease stage in many types of cancer (47,
48). However, macrophages can play dual roles by either inhib-
iting or supporting tumor development depending on their
phenotype (49). Flow cytometry analysis showed increased sur-
face expression of scavenger receptor A (CD204) and mannose
receptor (CD206) on macrophages in PyMT/TAp73~/~ tumors
(Fig. 4 J and K). Both markers are commonly used to define a
protumoral macrophage phenotype. In contrast, there was no
significant change in markers associated with an anti-tumoral
macrophage phenotype, including CD80, CD86 and MHC II
(Fig. 4L). Similarly, we observed increased levels of CD206™
macrophages in TAp73~~ tumors derived from transformed
MEF®'ARas (ST Appendix, Fig. S5 A and B). These tumors were
also found to have increased mRNA levels of the protumoral
macrophage markers Mrc! (CD206) and Arginase 1, while ex-
pression of the anti-tumoral marker Nos2 (iNOS) remained
unchanged (SI Appendix, Fig. S5C). Altogether showing that loss
of TAp73 leads to increased infiltration of tumor-promoting
macrophages.

Next, we again used the TCGA breast cancer data set to study
if TAp73 status would correlate with macrophage infiltration in
human breast cancer. Indeed, we found a negative correlation
between TP73 expression and the human panmacrophage marker
CD68, as well as markers for tumor-promoting macrophages,
CD163, CD206, and CCL8 (Fig. 5 A-D). To further validate our
findings, we analyzed a cohort of human breast cancer tumor
sections with THC for CD68 or CD163 and correlated it with
TAp73 mRNA expression. In agreement with our previous data,
we found that low levels of T74p73 mRNA expression correlated
with increased infiltration of CD68* and CD163* macrophages
(Fig. 5 E-G). Interestingly, CD68* and CD163" macrophage
infiltration increased with increasing tumor grade and in TNBC
(Fig. 5 H and I). In addition, we observed a concomitated down-
regulation of TAp73 expression with increasing tumor grade, al-
beit not statistically significant (Fig. 5J). In conclusion, our data
shows that loss of TAp73 activates the NF-xkB pathway and the
release of chemokines that change the intratumoral milieu fa-
voring increased infiltration of tumor-promoting macrophages

(Fig. 5K).

Discussion

The composition of the TME plays an important role in deter-
mining tumor growth or repression. Especially the composition
of recruited immune cells and their activation status affects tu-
mor progression among which TAMs are often most abundant
(50). The presence of TAMs correlates with poor prognosis in
the majority of solid tumors (6). TAMs can promote tumor ini-
tiation and dissemination and have been shown to play a direct
role regulating the angiogenic switch (9). Importantly, TAMs can
suppress responses to treatment, including chemotherapy, irra-
diation, and targeted therapy (51). TAMs are a diverse
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Fig. 3. TAp73 represses NF-kB-mediated regulation of Ccl2 expression. (A) qRT-PCR analysis of Cc/2 mRNA levels in (A) TAp73 WT and KO MEFE'ARas (5 = 3)
and (B) PyMT/TAp73 WT or KO cells (n = 4) after 16-h treatment with NF-xB inhibitor SC-514 (100 pg/mL). ELISA analysis of Ccl2 protein secretion in conditioned
media from (C) TAp73 WT and KO MEFE'ARas (5 = 3) and (D) PYMT/TAp73 WT or KO cells (n = 4) after 16-h treatment with SC-514 (100 pg/mL). (E and F) qRT-PCR
analysis of Cc/2 mRNA levels in (E) TAp73 WT and KO MEFE'R (n = 3) and (F) PyMT/TAp73 WT or KO cells (n = 3) after 48-h treatment with sip65/RELA. (G and H)
ELISA analysis of Ccl2 protein secretion in conditioned media from (G) TAp73 WT and KO MEFE'ARs (n = 3) and (H) PyMT/TAp73 WT or KO cells (n = 3) after 48-h
treatment with sip65/RELA. (/) Schematics showing the murine Ccl2 promoter including NF-xB response elements, of which the distal BSs 3 and 4 were deleted
either individually or simultaneously. (J) WT or mutated Ccl2 promoter luciferase reporter was cotransfected with TAp73 in HEK293 cells. Luciferase activity was
measured 24 h after transfection and normalized to mock control (n = 6). All data are shown as mean + SD *P < 0.05, **P < 0.01, ****P < 0.0001.

population of cells, classically divided into proinflammatory (M1,
antitumoral) or anti-inflammatory (M2, protumoral) activity.
However, transcriptome analyses have shown that TAMs cannot
be categorized into distinct categories but display a wide range of
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biological activities based on developmental origin, tissue type,
and surrounding environment (52, 53). TAMs are recruited into
tumors by the chemokine CCL2 secreted from tumor cells. High
CCL2 levels have been linked to increased metastasis in a number
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Fig. 4. TAp73 loss leads to increased macrophage migration and infiltration into mouse mammary tumors. Enrichment plots from GSEA showing significant
enrichment of (A) “mononuclear cell migration” and (B) “monocyte chemotaxis” in TAp73 Low breast cancer tumors. (C) A schematic showing migration
assay setup. A scratch was performed on IC-21 macrophages, which were exposed to conditioned media from TAp73 WT or KO tumor cells. IC-21 migration
was quantified in real time using the IncuCyte system. (D and E) Quantification of IC-21 macrophage migration of a representative of the scratch assay over
time after treatment with conditioned media of (D) TAp73 WT and KO MEFE'ARa (n = 8) and (E) PyMT/TAp73 WT or KO cells (n = 5 to 6). (F) A schematic of
the orthotopic injection of PyMT/TAp73 cells into WT mice used for assessing TAM infiltration in immunocompetent mice. (G) Tumor growth over time of
PyMT/TAp73 WT and KO tumors after orthotopic injection of 6 x 10° cells (presented as tumor volume; n = 6 to 8; P> 0.0001, two-way ANOVA, with multiple
comparisons). (H) Flow cytometric analysis showing percentage of immune cells in PyMT/TAp73 WT and KO tumors, defined as live CD45" cells (n = 12). (/) Flow
cytometric analysis showing percentage of macrophages in PyMT/TAp73 WT and KO tumors, defined as live CD45*/CD11b*/Ly6G /F4/80* cells (n = 12). A
detailed gating strategy can be found in S/ Appendix, Fig. S4F. (J, K) Flow cytometric analysis showing percentage of CD204* and CD206* macrophages,
respectively, in PyMT/TAp73 WT and KO tumors, defined as live CD45*/CD11b*/Ly6G™/F4/80* cells (n = 8 to 9). (L) Flow cytometric analysis showing percentage
of CD80*, CD86*, or MHC II* macrophages in PyMT/TAp73 WT and KO tumors, defined as live CD45*/CD11b*/Ly6G/F4/80* cells (n = 8 to 9). *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.
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of cancers, including esophageal squamous-cell carcinoma, breast,
colon, prostate, and lung cancers (54, 55). In addition to its role in
monocyte and macrophage recruitment, CCL2 has been shown to
contribute to a tumor-promoting phenotype of the recruited
macrophages (56, 57) and to up-regulate CD206 on macrophages
and rendering them more protumorigenic (58). The fact that
CCL2 correlates with enhanced macrophage infiltration and poor
patient survival suggests CCL2 as a promising target for cancer
therapy. Inhibition of CCL2-CCR?2 signaling in preclinical models
has been shown to reduce TAM infiltration in both primary and
metastatic lesions and to enhance the efficacy of therapy (13,
59-63). However, CCL2 blockage was reported to retain mono-
cytes in the bone marrow, and ceasing the treatment resulted in
massive macrophage infiltration into the TME and increased
metastasis (64). Therefore, CCL2 blockage might not be a feasible
treatment strategy, at least as single agent, without taking care of
the excessive monocyte accumulation in the bone marrow.

We show here that TAp73 loss leads to increased expression of
CCL2 and enhanced infiltration of macrophages in both mouse
models and in breast cancer patients. In addition, we show that
the macrophages in TAp73™"" tumors express higher levels of
scavenger receptor A (CD204) and mannose receptor (CD206).
These two receptors are commonly used to define a subset of
tumor-promoting macrophages and are linked to worse prognosis in
cancer patients (65, 66), demonstrating that loss of TAp73 changes
the intratumoral milieu favoring infiltration tumor-promoting TAMs.

Interestingly, using TCGA data, we found that loss of TAp73
results in a global up-regulation of genes involved in immune
responses and inflammation in breast cancer patients. This
agrees with previous reports that complete loss of the Trp73 gene
in mice results in premature death due to chronic infections and
inflammation (67). Furthermore, TAp73~~ mice have been shown
to be more susceptible to septic shock due to impaired resolution
of inflammatory responses and elevated production of TNFa and
IL-6 in TAp73~'~ macrophages (33). We identified NF-kB sig-
naling as a possible mechanism for the up-regulation of immune-
related genes and specifically for the up-regulation of Ccl2 in
TAp73-deficient tumor cells, and inhibition of the NF-xB pathway
and RelA/p65 normalized Ccl2 expression in TAp73™~ cells.
Furthermore, deletion of NF-kB binding sites in the Ccl2 pro-
moter relieved the TAp73-mediated repression of Ccl2 promoter
activity, suggesting that TAp73 is blocking NF-kB-mediated
promoter activity.

Intriguingly, reintroduction of TAp73p or TAp73y, but not the
TAp73a isoform, repressed Ccl2 promoter activity and mRNA
expression. In contrast to TAp73p and TAp73y, TAp73a con-
tains a sterile alpha motif (SAM) domain in the C-terminal part
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