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Lgr5+, Inflammatory, Ki67+, and Ribosomal) (Fig. 3A, B). These
included a subtype characterized by high expression of the
colonic stem cell marker Lgr5 and elevated Wnt signaling, a
subtype with high levels of the pan-differentiation marker Krt20,
and a subtype of proliferating cells, which were positive for Ki67
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(Fig. 3B). These 3 subtypes were more abundant in Mir34a™" CACs
(Fig. 3Q). In contrast, a subtype characterized by inflammatory
chemokine and cytokine signaling was increased in Mir34a”"®
CACGs (Fig. 3C, D). These cells expressed pro-inflammatory genes,
such as Cd74, S100a8, and S7100a9, which have been shown to
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Fig.4 scRNA-Seq analysis of CAC-associated neutrophils in mice with myeloid-specific deletion of Mir34a. A UMAP plot showing subtypes
of neutrophils in CACs derived from Mir34a*™¢ and Mir34a™" mice. B Heatmap of the top ten differentially expressed genes in each neutrophil
subtype. € UMAP plot showing the Palantir pseudotime of neutrophils. The color indicates pseudotime directionality from the earliest (blue)
to the latest (red). D UMAP plot showing the Monocle analysis of neutrophils. The color indicates pseudotime directionality from the earliest
(blue) to the latest (yellow). E UMAP plot showing the Slingshot analysis of neutrophils. Terminal cell lineages are indicated. F RNA velocity
analysis of neutrophil subtypes with vector fields representing RNA velocity projected onto the UMAP plot. G Expression trends of indicated
Neutrotime mRNAs for the indicated neutrophil lineages. H Proportions of neutrophil subtypes in Mir34a**¢ and Mir34a™" CACs. I Enrichment
of indicated MsigDB Hallmark gene sets in differentially expressed genes for each neutrophil subtype. J Volcano plot of genes differentially
expressed between Mir34a*¢ and Mir34a™" neutrophils. Predicted and published miR-34a targets are indicated in blue and red, respectively.
K Expression of indicated miR-34a target mRNAs in Mir34a” and Mir34a™ neutrophils. Significance was determined as described in the
methods section scRNA-Seq data analysis (p < 0.001***). The mRNAs not marked with asterices did not reach significance in their differential

expression.

contribute to the progression of various cancer types [44, 45]
(Fig. S2). Beside epithelial markers, such as Epcam, these cells also
expressed macrophage marker genes, including Csf1r and Adgrel
(F4/80), as well as the macrophage fusion receptor Tyrobp (DAP12)
(Fig. 3E). We also analyzed the expression of Tyrobp mRNA in the
publicly available RNA-Seq data (SRP097890) obtained with the
iKAP mouse model of metastatic CRC. The iKAP mouse model
harbors conditional alleles of the most common mutations found
in human CRC allowing to recapitulate CRC progression, i.e., K-RAS,
APC and p53 [46]. The expression of Tyrobp was lowest in normal
colon (NCQ), increased in non- and low-invasive tumors (TA and T1)
and reached its highest level in tumors that invade through the
serosa and the outer intestinal wall (T4) and was still elevated in
the corresponding liver metastases (Fig. S3A). In human CRC
patients, high expression of Tyrobp was significantly associated
with poor survival in the majority of ten analyzed CRC patient
cohorts (Fig. S3B). Since Mir34a®™® CACs showed increased
invasion (Fig. 1E), we analyzed the expression of EMT-associated
genes, which play an important role in tumor invasion [47]. The
expression of epithelial cell state-associated genes Cdh1, Rbm47,
Krt8, Cldn7, and Cldn4 was decreased in Mir34a®™¢ CAC cells,
whereas the expression of the mesenchymal cell state-associated
gene Zeb2 was increased (Fig. 3F). However, the expression of the
mesenchymal cell state associated genes Vim, Snail, Snai2, and
Zeb1 did not differ (Fig. 3F), suggesting that CAC cells in Mir34a*"¢
tumors underwent a partial EMT. Epithelial cell state-associated
genes including Cdh1 were pre-dominantly expressed in the
more differentiated, Krt20™ CAC cells and decreased in the
inflammatory CAC cells (Fig. 3G). In contrary, the mesenchymal cell
state associated gene Zeb2 was mainly expressed in the
inflammatory CAC cells (Fig. 3G). In the iKAP mouse model the
expression of Zeb2 increased from normal colon (NC) towards
non- and low-invasive tumors (TA and T1) and reached its highest
level in tumors that invade through the serosa and the outer
intestinal wall (T4) (Fig. S3C). In human CRC patients, high
expression of Zeb2 was significantly associated with poor survival
in the majority of ten analyzed CRC patient cohorts (Fig. S3D).
Taken together, myeloid Mir34a-deficient CACs show a prominent
increase of cancer cells with enhanced inflammatory signaling,
which display a partially mesenchymal signature and may
therefore represent cancer cells with enhanced migratory and
invasive capacities.

scRNA-Seq analysis of neutrophils in the TME

Sub-clustering of neutrophils (1128 cells from Mir34a®™¢ CACs
and 1115 cells from Mir34a™ CACs) revealed nine subtypes
(Fig. 4A, B). Differentiation trajectory and RNA velocity analyses
predicted three lineages of neutrophil differentiation, which
initiate at subtype Neutro1, continue via subtypes Neutro2 and
Neutro3, and terminate at subtypes TAN1, TAN2, and TAN3
(Fig. 4C-F). Recently, a “neutrotime” transcriptional signature has
been characterized, which includes mRNAs encoding factors
relevant for differentiation of pre-neutrophils residing in the bone
marrow into mature neutrophils in blood and spleen [48]. Our
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results show that during neutrophil differentiation in Mir34a™" and
Mir34a®™e CACs the expression of early neutrotime genes
decreases, whereas the expression of late neutrotime genes
initially increases and then also decreases (Fig. 4G). These results
suggest that the differentiation of neutrophils from subtype
Neutrol to subtypes Neutro2 and Neutro3 recapitulates the
neutrotime lineage in healthy neutrophil populations, whereas
other subtypes might represent tumor associated neutrophils
(TAN). The abundance of neutrophil subtypes between Mir34a™*
and Mir34a®"” mice was similar except for subtype TANS5, which
was present primarily in Mir34a®¥¢ mice (Fig. 4H). These
neutrophils showed an enrichment of IL6/STAT3 and reactive
oxygen species (ROS) signaling (Fig. 4l). Finally, we determined
differential mRNA expression between Mir34a™" and Mir34a*™*
neutrophils (Fig. 4J and extended data 1) and showed that 40 (14
expressed in at least 50% of the cells) published miR-34a targets,
such as Mmp9, Notch2, Nampt, Cd44, Foxp1 and Csf1r, were among
the mRNAs upregulated in Mir34a®"" neutrophils (Fig. 4K).
Moreover, 59 significantly upregulated genes in Mir34a®"¢
neutrophils represent potential, not yet published miR-34a targets,
with 26 of them expressed in at least 50% of the cells (extended
data 1). Among these miR-34a targets the increased levels of
Matrix metalloproteinase 9 (Mmp9) might play an important role
in the enhanced progression of Mir34a”"¢ CACs, because it has
been shown that neutrophil-secreted Mmp9 can break down
collagen and remodel the ECM to promote tumor cell invasion
and metastasis [49]. Mmp9 was primarily expressed in Neutro1-3
neutrophil subtypes (Fig. S4). Taken together, Mir34a®™¢ neu-
trophils show an increased expression of the miR-34a target
Mmp9, which could contribute to the promotion of tumor
progression and invasion. Furthermore, the TAN5 subtype, which
showed enrichment in IL6/STAT3 and ROS signaling, was almost
exclusively present in Mir34a®™¢ mice.

scRNA-Seq analysis of macrophages in the TME of CACs

Sub-clusterin% analysis of macrophages and monocytes (2508 cells
from Mir34a®™¢ CACs and 2090 cells from Mir34a”* CACs) identified
one monocyte (Ly6c2™) and six macrophage subtypes (Mrc1™,
Cdk8*, Spp1™, Mitochondrial®, Nr4a*, and Nos2™) (Fig. 5A, B).
Differentiation trajectory analyses using three algorithms (Palantir,
Monocle3, and Slingshot) revealed three major lineages of
macrophage differentiation: from monocytes towards Mrc1™,
Nos2™, and Cdk8" macrophages (Fig. 5C-E). Similar results were
obtained by RNA velocity analysis, which also showed a directional
flow of vector fields from monocytes towards the Mrc1™, Nos2™,
and Cdk8" macrophage lineages (Fig. 5F). The Spp1*, Mitochon-
drial™, and Nr4a' subtypes presumably represent intermediate
stages of macrophages. High expression of Mrc1 is typical for M2-
polarized macrophages, which exhibit pro-tumorigenic and anti-
inflammatory features [50], whereas high levels of Nos2 charac-
terizes M1-polarized macrophages with anti-tumorigenic and pro-
inflammatory characteristics [51]. The Mrc1™ macrophages were
more abundant in Mir34a®"”¢ CACs (Fig. 5G), while Nos2™*
macrophages were more abundant in Mir34a™" CACs (Fig. 5G).
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These results suggest that the loss of Mir34a shifts the polarization
of macrophages towards the M2-like state. Mir34a*"”¢ CACs also
showed a strong increase of the Cdk8' macrophage subtype
(Fig. 5G). Cdk8 was shown to enhance B-catenin and MYC activity
[52]. Consistently, these macrophages also expressed high levels of
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MYC target genes (Fig. 5H). Furthermore, Cdk8" macrophages
expressed elevated levels of mRNAs encoding enzymes involved in
oxidative phosphorylation, which has been associated with M2
macrophage polarization [53]. Next, we determined, which mRNAs
display differential expression in  Mir34a™ vs. Mir34a®"e
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Fig. 5 scRNA-Seq analysis of CAC-associated macrophages and monocytes in mice with myeloid-specific deletion of Mir34a. A UMAP plot
showing subtypes of macrophages/monocytes from CACs, derived from Mir34a®*”¢ and Mir34a™" mice. B Heat-map of top ten differentially
expressed genes in each macrophage/monocyte subtype. € UMAP plot showing the Palantir pseudotime of monocytes and macrophages.
The color indicates pseudotime directionality from the earliest (blue) to the latest (red). D UMAP plot showing the Monocle analysis of
monocytes and macrophages. The color indicates pseudotime directionality from the earliest (blue) to the latest (yellow). E UMAP plot
showing the Slingshot analysis of monocytes and macrophages. Terminal cell lineages are indicated. F RNA velocity analysis of monocyte/
macrophage subtypes with vector fields representing RNA velocity projected onto the UMAP plot. G Proportions of monocyte/macrophage
subtypes in Mir34a**¢ and Mir34a™" CACs. H Enrichment of indicated MsigDB Hallmark gene sets in differentially expressed genes for each
monocyte/macrophage cluster. | Volcano plot of differentially expressed genes between Mir34a”" and Mir34a™* monocyte/macrophage.
Predicted and published miR-34a targets are indicated in blue and red, respectively. J Expression of indicated miR-34a target mRNAs in
Mir34a®™¢ and Mir34a™" monocytes/macrophages. K UMAP plots of monocytes/macrophages colored by the expression of indicated miR-34a
target mRNAs. Significance was determined as described in methods section scRNA-Seq data analysis with p < 0.05% p < 0.01**

and p < 0.007#***,
<

macrophages (Fig. 51 and extended data 1). Among the mRNAs
significantly upregulated in Mir34a®"® macrophages were 21
published miR-34a targets, five of them expressed in at least 50%
of the cells: Csflr, Axl, Foxp1, Ccr1, Nampt, and Tgfbr2 (Fig. 5J). The
expression of these miR-34a targets was highest in Mrc1t M2-like
macrophages (Fig. 5K) and upregulated during differentiation into
this macrophage lineage as determined by pseudotime analysis
(Fig. S5A). Recently, Zhang and colleagues identified two TAM
subtypes expressing Maf and Mgl2 which were sensitive to anti-
Csf1r treatment [54]. Here, Maf and Mgl2 were predominantly
expressed in the Mrc1™ macrophage subtype, which also expresses
Csf1r but not Nos2 (Fig. S5B). According to our recent miR-34a target
meta-analysis [55], 32 of the significantly upregulated mRNAs in
Mir34a®™¢ macrophages represent potential, not yet published
miR-34a targets, with seven of them expressed in at least 50% of
the cells: Btg2, Mbin1, Ell2, Prkcb, Capl, Nfl, and Synj1 (extended
data 1). The increased levels of Csfir expression might play an
important role in the enhanced progression of Mir34a”"¢ CACs,
because Csf1r plays an important role in macrophage recruitment
and polarization [40]. Moreover, several other published and
potential miR-34a targets that were upregulated in Mir34a”"¢
macrophages, such as Axl, have been associated with M2-
polarization and pro-tumorigenic functions in TAMs and might
therefore also be involved in the progression of Mir34a**¢ CACs
[56-58]. In addition, Pdgfc, which promotes angiogenesis (reviewed
in ref. [59]) and the immunosuppressive cytokine Interleukin 10
(I110), that contributes to tumor immune evasion (reviewed in ref.
[60]), were upregulated in Mir34a®"” macrophages, particularly in
the Mrc1™ subtype (Fig. S6A, S6B). Finally, we analyzed which
factors, that are secreted by macrophages, might promote tumor
cell invasiveness. CellChat analyzes showed that the semaphorin
signaling, which has been previously implicated in tumor progres-
sion (reviewed in ref. [61]), is elevated in Mir34a”"”¢ CACs (Fig. S6C).
The Sema4d ligand was expressed in macrophages, neutrophils,
mast cells, T-cells, and B-cells (Fig. S6D, S6E) and upregulated in
Mir34a®™¢ CACs (Fig. S6F). Notably, Sema4d is a potential miR-34a
target according to our recent miR-34a target meta-analysis [55].
The PIxnb2, which is a receptor for Sema4d, showed the highest
expression in tumor epithelial cells (Fig. S6D), suggesting that the
elevated levels of Semadd in Mir34a®”¢ CACs might have an
impact on tumor cells towards increased invasiveness. Taken
together, these results show that myeloid Mir34a-deficiency leads
to an increase of macrophages harboring pro-tumorigenic capa-
cities (Mrc1™), presumably by upregulation of Mir34a target mRNAs,
such as Csf1r and Axl.

Mir34a-deficiency promotes migration and M2 polarization
in BMDMs

On the functional level, deletion of Mir34a in BMDMs resulted in
increased migration when compared to Mir34a-proficient BMDMs
(Figs. 6A and S7A). When murine CT-26 CRC cells were co-cultured
with Mir34a-deficient BMDMs their migration was increased when

Cell Death & Differentiation (2025) 32:225 - 241

compared to co-culture BMDMs
(Figs. 6B and S7B).

Next, we hypothesized that Mir34a expression might be
induced by NO, which is released by different immune cells
during inflammation [62], as it has been reported that p53 is
activated by NO in a CAC model [38]. Indeed, treatment of BMDMs
with the NO-donor spermine nonoate induced the expression of
pri-Mir34a (Fig. 6C). Furthermore, the induction of pri-miR-34a by
NO is p53-dependent, since p53-proficient HCT116 cells, but not
p53-deficient HCT116 CRC cells showed an induction of pri-miR-
34a after addition of an NO-donor (Fig. 6D). These results provide
a model as to how myeloid Mir34a expression is induced under
physiological conditions.

Next, we aimed to confirm the increase in M2-like macrophages
in Mir34a-deficient CACs detected by scRNA-Seq (see Fig. 5G). In
Mir34a-deficient BMDMs a significant elevation of Arginase-1 and
Mrc1 and a significant decrease of Nos2 mRNA levels was detected
when compared to Mir34a-proficient BMDMs (Fig. 6E). Treatment of
BMDMs with IL-4 led to significantly elevated levels of Arg-7 and
Mrcl in BMDMs compared to their untreated control (Fig. 6F-G).
BMDM s treated with LPS + INFy showed increased Nos2 expression
compared to untreated control BMDMs (Fig. 6H). Unexpectedly,
after IL4-treatment, the induction of Mrc1 was significantly less
pronounced in Mir34a-deficient BMDMs when compared to Mir34a-
proficient BMDMs, whereas the repression of Nos2 was more
pronounced in Mir34a-deficient BMDMs (Fig. S7C). After LPS/IFNy
treatment Nos2 was more induced in Mir34-deficient BMDMs,
whereas the minor induction of Mrc1 and Arg1 was not affected by
Mir34a deletion (Fig. S7D). In addition, using immunohistochemical
detection of protein markers, we observed, that the number of
stromal cells displaying expression of the M2-marker Arginase-1 was
significantly elevated in Mir34a®"”¢ CACs, whereas stromal cells
positive for the M1 marker Nos2 were decreased when compared to
control CACs (Fig. 6l). In the iKAP mouse model the expression of
M2 markers Argl and Mrcl increased from normal colon (NC)
towards non- and low-invasive tumors (TA and T1) and reached its
highest level in tumors that invade through the serosa and the
outer intestinal wall (T4) and liver metastases (Fig. S8A, S8B),
whereas the M1 marker Nos2 showed the opposite expression
pattern (Fig. S8C). In human CRC patients, high expression of M2
makers ARGT and MRC1 was significantly associated with poor
survival, whereas high expression of the M1 marker NOS2 was
significantly associated with good survival in the majority of ten
analyzed CRC patient cohorts (Fig. S8D-F). Overall, these results
imply that Mir34a may prevent CAC migration and invasion by
inhibiting polarization of macrophages towards M2.

with  Mir34a-proficient

Reduction of tumor burden in Mir34a®"’¢ CACs by
concomitant deletion of Csfir

The receptor tyrosine kinase Csflr plays an important role in
macrophage recruitment and has been validated as a miR-34a
target in CRC cells relevant for the formation of murine intestinal
adenomas and human CRCs [18, 19]. As shown above, our scRNA-
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Seq analysis detected increased expression of Csf1r and its ligand
CSF1 in Mir34a®™e vs. Mir34a™ macrophages and neutrophils
(Figs. 4K and 5J). In Mir34a-deficient BMDMs, we could observe an
increased expression of Csfir on mRNA and protein levels when
compared to Mir34a-proficient BMDMs (Fig. 7A, B; uncropped

SPRINGER NATURE

Western blot membrane: see Supplementary Material). The
number of cells positive for the macrophage marker F4/80 was
significantly increased (Fig. S9A) in CACs of Mir34a*™¢ mice when
compared to Mir34a*¢ and Mir34a™" mice. Csf1r positive, stromal
cells were also more abundant in the CAC stroma of Mir34a”"¢
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Fig. 6 Mir34a-deficiency increases migration and polarization towards M2-like macrophages. A Fold change of migrated BMDMs after 4
and 24 h (n = 3). Assay was performed in triplicate inserts. B Percentage of wound closure of CT-26 cells after co-culture with Mir34a-proficient
or -deficient BMDM s for 24 h (n = 4). C pri-Mir34a expression in Mir34a-proficient BMDMs after treatment with 0.5 mM NO-donor (n = 3). D pri-
miR34a expression after treatment of HCT116 p53 wildtype and p53 knockout cells (n = 3) with a 1 mM NO-donor for 24 h. Expression was
normalized to GAPDH. E Mrc1; Arginase-1 and Nos2 expression in Mir34a-proficient and Mir34a-deficient BMDMs (n = 3). F Expression of MrcT;
(G) Arginase-1 and (H) Nos2 in Mir34a-proficient and Mir34a-deficient BMDMs after treatment with IL-4 or LPS + INFy for 4h (n=3).
I Immunohistochemical analysis of Arginase-1 (Arg-1) and Nos2 in CACs of Mir34a™, Mir34a®¢ and Mir34a®"t mice (n=3 mice per
genotype). Scale bar represent 40 um. (A-l) Students t-test was used to determine significance. Values represent the mean + SEM with

p <0.05% p<0.01**; p<0.001%** and p < 0.0001****,
«

mice when compared to Mir34a*¥ and Mir34a™" mice (Fig. S9B),
suggesting that the Mrci* macrophage subtype identified by
scRNA-Seq might contribute to this cell population (Fig. 5K).
Furthermore, an increase of Csfir mRNA expression in CACs of
Mir34a®™¢ mice was observed (Fig. 7C). In addition, CSF1R
expression was highest in the CMS4 and CRISB molecular subtypes
of CRCs in cohorts of CRC patients (Fig. S9C). These subtypes are
associated with EMT, metastasis and poor prognosis [36, 63].
Furthermore, scRNA-Seq analysis of human CRCs [54] (GSE81861)
revealed that CSFIR is predominantly expressed in myeloid cells
(Fig. S9D). In the iKAP mouse model the expression of Csfir was
lowest in normal colon (NC), increased in non- and low-invasive
tumors (TA and T1), and reached its highest level in tumors that
invade through the serosa and the outer intestinal wall (T4) and
was still elevated in the corresponding liver metastases (Fig. S9E).
In addition, we analyzed the expression of Csfir in publicly
available RNA-Seq data from the KPN model of metastatic CRC
[64], which combines mutant K-Ras (K), p53 (P) deletion and
NOTCHT1 (N) activation. KP and KPN mice develop lymph node and
liver metastases, whereas AP and APN mice do not. The expression
of Csfir was elevated in KP and KPN mice when compared to AP
and APN mice (Fig. S9F). Taken together, these results imply that
the elevated expression of Csf1r caused by Mir34a-deficiency may
play a major role in tumor progression via TME—tumor cell
interactions in the mouse model analyzed here.

In order to determine whether the observed upregulation of
Csflr in macrophages is required for the effects of Mir34a-
deficiency we generated Mir34a-deficient mice with concomitant
heterozygous and homozygous deletion of Csf1r in myeloid cells.
Csf1*™ mice were used as additional controls. Interestingly,
concomitant Csf1r deletion—heterozygous as well as homozygous
—reduced the number of CACs when compared to Mir34a*"e
mice (Fig. 7D, E). Csfir deletion alone had no effect when
compared to Mir34a™" mice. Furthermore, the increased size of
CACs with a myeloid Mir34a deletion was reduced by concomitant
Csf1r inactivation (Fig. 7F). In Mir34a®™ mice we observed in
almost every mouse at least one invasive CAC. Therefore, the
percentage of invasive CACs as well as mice with invasive CACs
was significantly increased in Mir34a®™® mice when compared to
Mir34a™ or Csf1r*™¢ mice, and was significantly decreased by
concomitant deletion of Csfir when compared to Mir34a*™¢ mice
(Figs. 7G-1 and S10A).

Next, we determined whether inactivation of Csflr in this
context also influences proliferation and apoptosis. Concomi-
tant homozygous deletion of Csfir and Mir34a indeed reduced
the number of Ki-67-positive cells significantly, whereas the
number of Cleaved-Caspase 3 positive cells increased
(Figs. 7J, K and S10B) indicating that deletion of Csfir in
Mir34a-deficient myeloid cells reduces proliferation and
increases apoptosis. Concomitant myeloid-specific deletion of
Csf1r with Mir34a resulted in a reduction of cells expressing the
M2 marker Arginase-1 in CACs when compared with CACs in
Mir34a®™® mice. Nos2, a M1 marker, showed the opposite
pattern of expression. Concomitant homozygous deletion of
Csf1r and Mir34a increased the number of Nos2-positive cells
significantly to the level present in CACs of Mir34a™” and
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Csf1*™© mice (Figs. 7L, M and S10B). Taken together, these
results demonstrate that the increase in Csflr expression is a
required mediator of the effects of Mir34a inactivation on
myeloid cells. The results imply that Mir34a inhibits CAC
progression and M2-like polarization, at least in part, by
decreasing Csf1r expression levels.

Inhibition of Csf1r in Mir34a®"® mice reduces tumor burden
Since CAC-associated macrophages with Mir34a-deficiency dis-
played an elevated level of Csf1r expression (Fig. 5J, K), they may
be dependent on Csf1r signaling and therefore especially sensitive
to its inhibition. Therefore, we asked whether therapeutic
inhibition of Csf1r has a preferential effect on Mir34a-deficient
CAGs. To induce CACs, mice were subjected to AOM/DSS as
described above and received the small molecule Csf1r inhibitor
GW2580 from day 60 onwards. In Mir34a-deficient mice treatment
with GW2580 significantly decreased the number of CACs and
invasiveness (Figs. 8A, B, D and E; S11A). In wild-type mice
treatment with GW2580 significantly reduced CAC size although
the number of CACs showed a minor increase (Fig. 8B, C). GW2580
had no effect on invasion of CACs in wild-type mice (Fig. 8D, E).
Treatment of Mir34a®™¢ mice with the GW2580 resulted in
decreased proliferation and increased apoptosis in CACs, whereas
it had no effect in Mir34a™" mice (Fig. 8F and G; S11B).
GW2580 significantly decreased the number of Arg-1-positive
cells in CACs in wild-type mice, but in CACs of Mir34a*™¢ mice no
significant effect was evident (Fig. 8H). For both genotypes the
number of Nos2-positive cells increased with GW2580 treatment
by ~2%. However, this effect did not reach significance
(Figs. 8l and S11B). Taken together, these results demonstrate
that CACs with Mir34a-deficient myeloid cells and therefore
increased Csf1r expression levels are sensitive to treatment with a
Csf1r inhibitor. In addition, these results partially agree with the
observations obtained by genetic inactivation of Csfir in Mir34a-
deficient myeloid cells and further confirm Csf1r-inhibition as an
important mediator of non-tumor-cell autonomous suppression of
CACs by miR-34a.

DISCUSSION
Here we show that deletion of Mir34a in myeloid cells promotes
CAC formation and progression (see summarizing model in Fig. 8J).
Therefore, Mir34a functions as a non-cell autonomous suppressor
of CAC formation in tumor-associated myeloid cells. Notably,
myeloid-specific inactivation of Mir34a increased CAC invasiveness
to a larger extent than intestinal epithelial cell-specific deletion of
Mir34a. Among other Mir34a target mRNAs, Csf1r was upregulated
in Mir34a-deficient myeloid cells in CACs. In mice with inactivation
of Mir34a in myeloid cells concomitant Csfir deletion as well as
therapeutic inhibition of Csf1r resulted in decreased proliferation,
elevated apoptosis, less invasiveness of CACs and decreased
macrophage polarization towards M2. Therefore, Csfir is a
required mediator of the effects of Mir34a inactivation in tumor-
associated myeloid cells.

We found that deletion of Mir34a in myeloid cells increased the
number of macrophages and neutrophils. In particular, the
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in Mir34a®"¢ CACs. Since these subtypes of macrophages are
known to promote cancer [65, 66], their increased abundance may
also promote progression of CACs. In a study of lung cancer, it was
shown that under hypoxic stress tumor cells suppress exosomal
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miR-101 [65]. This suppression of miR-101 enhanced CDK8 in
macrophages which promoted the expression of pro-
inflammatory cytokines IL1A and IL6 in macrophages. Impairment
of those cytokines suppressed tumor cell growth in vitro and
in vivo. Interestingly, in a study by Zhang and colleagues, two TAM
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Fig. 7 Concomitant deletion of Csf1r reverses the effects of myeloid-specific Mir34a-deletion on CACs. A Csfir expression in Mir34a-
proficient and Mir34a-deficient bone-marrow derived macrophages (BMDMs) (n =3 mice per genotype). B Western blot analysis of Csfir in
Mir34a-proficient and Mir34a-deficient BMDMs. C Csflr expression in CACs of Mir34a™", Mir34a™C and Mir34a®™"® mice (n=3 mice per
genotype). D Histology of CACs with indicated genotypes, scale bars are 1600 um. E CAC incidence in Mir34a™, Csf1*Me, Mir34a®"e,
Mir34a®™eCsf1AM* and Mir34a®YCsf1r*™¢ mice (n = 8 mice per group). F CAC size of mice with indicated genotypes, CAC areas measured
by computerized image analysis (n = 8 mice per group). G Example of CAC invasion in Mir34a*”¢ mice. Scale bars are 100 um. H Percentage of
invasive CACs of indicated genotypes. I Number of mice with invasive CACs/total number of mice of indicated genotype.
J Immunohistochemical quantification of Ki-67, (K) Cleaved-Caspase 3, (L) Arginase-1 (Arg-1) and (M) Nos2 in CACs of indicated genotypes
(n =3 per genotype). (A, B, C, E, F, H, |, J, K, L, M) Students t-test was used to determine significance. Values represent the mean + SEM with

p <0.05% p <0.01**; p<0.001*** and p < 0.00071****,
<

subtypes expressing Maf and Mgl2 were identified which are
sensitive to anti-Csf1r treatment [54]. These genes were pre-
dominantly expressed in the Mrc1™ subtype of TAMs, which also
expressed Csf1r and therefore might also be especially sensitive to
Csf1r treatment. Additionally, Zhang et al. compared the scRNA-
Seq data from murine and human CRCs and concluded that they
are similar [54] suggesting that the new therapeutics or druggable
pathways identified here in murine CRCs may be transferred
to human.

We showed that Csfir deletion or inhibition reprogrammed
the macrophages from M2-like towards M1-like, especially in
Mir34a®™ mice. Lv et al. showed that the treatment of human
M2-like BMDMs with the CSF1R inhibitor PBX17 also reprograms
them to M1-like macrophages [67]. They co-cultured human CRC
organoids with M2- macrophages and CD8" T-cells and showed
that CSF1R inhibition reduces the viability of CRC organoids.
However, CSF1R inhibition had no effect on CRC organoid viability
without co-culture. These findings indicate that CSF1R inhibition
promotes an anti-tumor immune response of CD8" T cells by
facilitating the reprogramming of M2-like macrophages towards
M1-like macrophages. Consistently, CSF1R inhibition enhanced
the therapeutic activity of a PD-1-specific mAb in subcutaneous
xenograft mouse models of CRC by improving the infiltration and
activation of CD8" T cells in tumors [67]. Since PD-L1 is a miR-34a
target [68, 69], which is expressed in macrophages, multimodal
therapy studies with Csf1r and PD-1 inhibitors in Mir34a**¥¢ CACs
should be performed in the future.

It has been reported that p53-deficient mice display an
increased risk of developing severe chronic inflammation ([70];
reviewed in ref. [71]) and CACs when exposed to DSS ([72],
reviewed in ref. [73]) and that p53 inhibits M2-like polarization
[74]. In the APCmin mouse model of FAP/familial adenomatous
polyposis deletion of p53 in myeloid cells leads to a higher level of
inflammatory cytokines, increased M2-like polarization of TAMs
and tumor progression, whereas p53 activation had the opposite
effects [37]. Therefore, p53 functions as a non-cell autonomous
tumor suppressor in macrophages (also reviewed in refs. [38, 73]).
Here, inactivation of the p53 target gene miR-34a in myeloid cells
associated with CACs had similar effects. Therefore, our results
imply that Mir34a presumably represents an important mediator
of the effects of p53 on macrophages and of the suppression of
CAC formation by p53.

During inflammation NO is released from macrophages.
Notably, NO was shown to activate p53 [38]. Therefore, Mir34a is
presumably activated by p53 during inflammation and may direct
macrophage polarization towards an M1-like state. In contrast, loss
of p53 or, as shown here, Mir34a inactivation in macrophages
enhances their polarization towards an M2-like state. We recently
showed that miR-34a expression is induced by ROS donors, such
as curcumin and H,0,, via the KEAP/NRF2 pathway in a p53-
independent manner [75]. Since inflammation is known to
generate ROS (reviewed in ref. [76]), it is conceivable that miR-
34a is induced by ROS under such circumstances. Therefore, miR-
34a may also function to suppress M2-like-polarization in the
absence of p53 activation.
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Here, the expression of Csflr, which is a conserved miR-34a
target mRNA [18, 19], was elevated in macrophages, neutrophils
and dendritic cells in Mir34a®"”¢ CACs. Consistently, the presence
of CSF1R-positive macrophages is associated with poor survival
[11]. We could show that Csf1r inhibition or deletion in myeloid
cells decreases the growth and progression of CACs. Therefore,
Csf1r-positive macrophages presumably represent important
therapeutic targets. Furthermore, CACs harboring Mir34a-deficient
myeloid cells with increased Csfir expression were more sensitive
to treatment with the Csf1r-inhibitor GW2580 than CACs of wild-
type mice. This presumably resulted from an increased depen-
dency on Csf1r signaling. Inhibitors of CSF1R or its ligand CSF1
interfere with tumor-promoting TAMs or other myeloid cells in the
TME and are currently being tested in clinical trials for treatment
of several types of malignancies, such as CRC, melanoma or
ovarian cancer (reviewed in refs. [11, 77]). Here we did not study
the effect of myeloid Csfir deletion or Csf1r inhibition on overall
survival of mice, because we focused on the differences in CAC
characteristics at a specific time point. The effect on overall
survival should be determined in the future.

Notably, our scRNA-Seq analysis revealed a CAC cell subtype,
designated as inflammatory cancer cells, which was almost
exclusively present in Mir34a®™® CACs. These cells expressed
pro-inflammatory genes, such as Cd74, which contributes to
inflammation-driven epithelial cell regeneration in IBD [78].
Furthermore, CD74 was shown to promote a pro-inflammatory
tumor microenvironment in pancreatic cancer by inducing the
secretion of ST00A8/A9 via activation of TRAF6-NF-kB [44]. $100a8
and S$700a9 were also highly expressed in the inflammatory cluster
of Mir34a-deficient CACs. These proteins contribute to the
progression of inflammatory diseases and cancer [45]. Interest-
ingly, the inhibition of S100A8/A9 with chemical inhibitors
decreased tumor burden in the AOM/DSS-induced mouse model
of CAC [79]. Therefore, increased levels of Cd74 and S100a8/9 in
the inflammatory CAC cell subtype may drive migration and
invasion in myeloid Mir34a-deficient CACs.

Furthermore, the inflammatory cancer cell subtype identified
here expressed high levels of the EMT transcription factor Zeb2,
particularly in Mir34a®™ CACs. Interestingly, it has been shown
that mice with intestinal epithelial cell-specific, ectopic expression
of Zeb2 develop invasive CRCs, which are driven by myeloid cell-
induced inflammation [80]. Thus, the increased expression of Zeb2
may also play an important role in the enhanced invasion of
Mir34a*™¢ CACs.

Among the M2-like macrophage-derived factors with a known
role in tumor progression, Pdgfc and /10 were upregulated in
Mir34a-deficient macrophages, particularly in the Mrc1™ subtype.
Pdgfc promotes angiogenesis (reviewed in ref. [59]) and 1110
contributes to tumor immune evasion (reviewed in ref. [59]),
suggesting that these factors might contribute to the enhanced
progression of Mir34a®™¢ CACs. Our results also demonstrate that
the semaphorin signaling is elevated in Mir34a®"® CACs. The
Sema4d ligand, which represents a potential miR-34a target was
upregulated in Mir34a-deficient macrophages and neutrophils. It
has been shown that TAM-derived Sema4d promotes angiogen-
esis, invasion, and metastasis in breast and gastric cancer [81, 82].
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Fig. 8 Effects of chemical inhibition of Csf1r in mice with myeloid-specific deletion of Mir34a deletion. A Histology of CACs with indicated
genotypes, scale bars are 1600 um. B CAC incidence in Mir34a™, Mir34a™" + GW2580, Mir34a*™ and Mir34a™"¥¢ + GW2580 mice (n = 7-8
mice per group). C CAC size of mice with indicated genotypes, CAC areas measured by computerized image analysis (n = 7-8 mice per group).
D Percentage of invasive CACs of indicated genotypes. E Number of mice with invasive CACs/total number of mice of indicated genotype.
F Immunohistochemical quantification of Ki-67, (G) Cleaved-Caspase 3, H Arginase-1 (Arg-1) and (I) Nos2 in CACs of indicated genotypes

(n = 3 per genotype). J Model summarizing the results and main conclusions. (B, C, E-l) Students t-test was used to determine significance.
Values represent the mean + SEM with p < 0.05* and p < 0.01**,
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Furthermore, elevated expression of Sema4D in macrophages was
associated with poor prognosis in ovarian cancer and facilitated
the differentiation of macrophages toward the M2-like lineage
[83]. Therefore, the elevated semaphorin signaling might also
contribute to the enhanced progression of Mir34a®™¢ CACs.
However, to achieve a better understanding of the crosstalk
between myeloid Mir34a-deficient stromal cells and CAC cells and
to identify myeloid cell-secreted factors that promote tumor
progression, further investigations are needed.

Matrix metalloproteinase 9 (Mmp9) showed elevated expression
levels in Mir34a®™ neutrophils and represents a known miR-34
target [84]. Neutrophils release Mmp9, which degrades collagen
and thereby remodels the ECM to promote tumor cell invasion
and metastasis [49]. Moreover, Mmp9 promotes VEGF activation
and tumor angiogenesis [85]. Interestingly, neutrophils are the
only cells that can release Mmp9 from its endogenous inhibitors,
the tissue inhibitors of metallo-proteinases [86]. Thus, Mmp9 in
neutrophils may represent a potential therapeutic target in cancer.

Taken together, our study provides evidence that myeloid
Mir34a prevents CAC progression by inhibiting M2-like polariza-
tion of TAM which is, at least in part, mediated by the
downregulation of Csfir signaling. Furthermore, we identified
multiple, additional hallmarks of CACs harboring Mir34a-deficient
myeloid cells, such as increased expression of Mmp9 in
neutrophils and elevated expression of Zeb2 in an inflammatory
subtype of CAC tumor cells. In Mir34a-deficient macrophages the
miR-34a target mRNA encoding the Axl receptor-tyrosine-kinase,
an already approved drug target [87], was upregulated. Also,
engulfment and cell motility protein 1 (ELMO]1) displayed increased
expression in Mir34a-deficient macrophages. As shown previously,
elevated ELMOT expression in stromal cells may promote CRC
progression and is associated with poor survival [88]. Furthermore,
the predicted Mir34a target protein kinase C beta type (Prkcb) was
elevated in macrophages and neutrophils of Mir34a*" CACs.
Interestingly, Prkcb was reported to have tumor-promoting
properties in breast cancer [89]. This may also apply to CACs.
Targeting these and additional, deregulated factors in myeloid
cells within the TME identified in this study may improve therapy
of CAC in the future.
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