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1 | INTRODUCTION

Abstract

The immune-suppressive tumor microenvironment promotes metastatic spread and
outgrowth. One of the major contributors is tumor-associated myeloid cells. However, the
molecular mechanisms regulating their differentiation and function are not well under-
stood. Here we report lamin A/C, a nuclear lamina protein associated with chromatin
remodeling, was one of the critical regulators in cellular reprogramming of tumor-
associated myeloid cells. Using myeloid-specific lamin A/C knockout mice and triple-
negative breast cancer (TNBC) mouse models, we discovered that the loss of lamin A/C
drives CD11b*Ly6G" granulocytic lineage differentiation, alters the production of
inflammatory chemokines, decreases host antitumor immunity, and increases metastasis.
The underlying mechanisms involve an increased H3K4me3 leading to the upregulation of
transcription factors (TFs) Gfi-1 and C/EBPe. Decreased lamin A/C and increased Gfi-1 and
C/EBPe were also found in the granulocytic subset in the peripheral blood of human cancer
patients. Our data provide a mechanistic understanding of myeloid lineage differentiation

and function in the immune-suppressive microenvironment in TNBC metastasis.
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targeting TNBC.*®> However, our understanding of the cellular

complexity and context-dependent behaviors of the immune micro-

Distant metastasis is the most common cause of cancer-associated
death.r In particular, the triple-negative breast cancer (TNBC)
subtype has the highest mortality of all breast cancers.?® Patients
with TNBC have no targeted therapy and the current treatments are
very inefficient. The understanding and targeting of immune
checkpoint inhibitors and recent success using adoptive T-cell

therapy provide encouraging options that could be applicable in

Abbreviations: CTL, cytotoxic T lymphocyte; LADs, lamina-associated domains; MDSCs,
myeloid-derived suppressor cells; TNBC, triple-negative breast cancer.

environment is limited in TNBC. Moreover, acquired resistance has
been a challenge in achieving therapeutic success.®’
Tumor-associated chronic inflammation promotes a prometa-
static microenvironment where certain immune cells are preferen-
tially recruited and suppress cytotoxic T lymphocyte (CTL)-mediated
antitumor immunity.2? The majority of prometastatic immune cells
are tumor-associated myeloid cells that show apparent functional
plasticity, protumor (M2 or N2) or antitumor (M1 or N1) pheno-
types.*®!! These include immature myeloid cells or myeloid-derived

suppressor cells (MDSCs), tumor-associated macrophages, and
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tumor-associated neutrophils.®*? Increased MDSCs in peripheral
blood (PB) and tumor sites are recognized as a poor prognosis factor
in patients with several cancer types.!*?® There are two major
subsets of MDSCs, monocytic (CD11b*Ly6C*) and granulocytic
(CD11b*Ly6G*) MDSCs that have strong tumor-promoting proper-
ties.1®1” Myeloid transforming growth factor-§ signaling is critical for
the production of cytokines and chemokines that are important in
establishing and maintaining the immunosuppressive microenviron-
ment and premetastatic niche.'®?

The expansion, differentiation and the functional properties of
tumor-associated myeloid cells are transcriptionally and epigen-
etically regulated by distinct signals from the metastatic micro-
environment.??"22 Chromatin remodeling alters the accessibility of
nucleosomal DNA to enhance transcription factor (TF) binding to
gene promoters. The physical interactions between chromatin and
nuclear structures are critical in this process.2®?4 In particular,
nuclear lamina proteins (ie, lamin A/C and lamin B1) prominently
interact with heterochromatin through lamina-associated domains
(LADs) to suppress gene transcription.?>2¢ Interestingly, muta-
tions or protein deficiency of lamin A/C has been shown to affect
in vitro differentiation of neutrophils as well as normal hemato-
poietic stem or progenitor cells through chromatin remodel-
ing.2”2® However, the role of lamin A/C in cellular reprogramming
of tumor-associated myeloid cells during metastasis remains to be
investigated.

Here, we report that the loss of lamin A/C in myeloid cells
enhanced CD11b*Ly6G" lineage differentiation, decreased host
antitumor immunity, and increased distant metastasis. The under-
lying mechanisms involve H3K4me3-mediated upregulation of
TFs C/EBPe and Gfi-1, which are critical for granulocyte lineage
differentiation, altered production of inflammatory chemokines, and
decreased antigen presentation capacity. These data provide
mechanistic insight in understanding the immune microenvironment
in TNBC metastasis and point out the systemic correction of immune
suppression through epigenetic mechanisms should be considered to
enhance the efficacy of cancer immunotherapy.

2 | MATERIALS AND METHODS

2.1 | Mice and cell lines

BALB/c, C57Bl/6, and FVB/N mice (female, 6- to 8-week-old) were

flo/flox mouse line was

purchased from Charles River. The Lmna
obtained from Center for Advanced Preclinical Research at
National Cancer Institute (NCI).2° Lmna®/f°* mice were bred
with LysM-Cre (B6.129P2-Lyz2t™2lerelifo/J) mice from the Jackson
Laboratory to generate the Lmna deletion in myeloid cells
(Lmna™YeX®). MMTV-Neu and MMTV-polyoma middle T antigen
(PyMT) mice (female, 9- to 10-month-old) were purchased from the
Jackson Laboratory. The Pmel-1 [B6.Cg-/Cy Tg(TcraTcrb) 8Rest/J]
transgenic mice, specific to human glycoprotein 100 (hgp100) 25 to

33 peptide, were obtained from Dr. Suman K. Vodnala in Surgery

Branch, CCR, NCI. All animal protocols were approved by the
National Cancer Institute’s Animal Care and Use Committee.
Murine 4T1 and EO771 cell lines, which are categorized into
TNBC, were purchased from the American Type Culture Collection
and used for in vivo tumor studies. A highly metastatic EO771 cell
line, EO771-M1, was established from metastatic lung nodules
using three sequential rounds of EO771-M1 tumor transplantation.
Cells were cultured in Dulbecco’s modified Eagle’s medium,
supplemented with 10% heat-inactivated fetal bovine serum,
500 U/mL penicillin and 500 mg/mL streptomycin at 37°C in a
humidified atmosphere containing 5% CO, and confirmed to be

mycoplasma negative.

2.2 | Spontaneous or experimental metastasis and
in vivo myeloid cell depletion

For orthotopic metastasis, the 3 to 5 x 10° mammary tumor 4T1 or
E0771-M1 cells were injected into the #2 MFP. The number of lung
metastases was evaluated after 4 to 5 weeks by Indian ink staining.*®
For experimental metastasis, the 1 x 10° Lewis lung carcinoma (LLC)
cells were injected through the tail vein. The number of metastatic
nodules in the lung was evaluated after 2 weeks by Indian ink
staining through the trachea.

For in vivo myeloid cell depletion, InVivoMab anti-mouse Ly6G
(1A8; 25 ug/mouse), anti-mouse Ly6C (Monts; 25 ug/mouse), or
I1gG2a isotype control (2A3; 25 ug/mouse) were intraperitoneally
injected every 2 days starting from day O of EO771-M1 injection until
mice were killed.

2.3 | Ex vivo myeloid cell differentiation or
trans-differentiation assay using tumor-explant
supernatant

Approximately, 1cm® E0771-M1 tumor was excised and minced into
very small pieces under sterile conditions. After transfer into the T75
flask, minced tissues were incubated in 15mL completed the
Rosewell Park Memorial Institute (RPMI)-1640 medium for 48 hours.
Fresh and warmed tumor-explant supernatant (TES) was used for ex
vivo myeloid cell differentiation assay.

For ex vivo myeloid cell differentiation, sorted 5 x 10° hemato-
poietic stem/progenitor cells (HS/PCs) or myeloid progenitors from
bone marrow (BM) were incubated in completed RPMI-1640 medium
with a cocktail of cytokines (20 ng/mL SCF, 20 ng/mL TPO, 20 ng/mL
FLT3-L, and 10 ng/mL IL-6) for 24 hours. The incubated cells were
further cultured in a 12-well plate with conditioned medium (EQ771-
M1 TES:completed PRMI1640 = 1:1) for 72 hours to differentiate
into immature myeloid cells. For ex vivo trans-differentiation assay,
sorted CD11b*Ly6C* and CD11b*Ly6G" cells from spleens were
directly incubated in 24-well plate with a conditioned medium for
48 hours. The percentage of myeloid cell subsets was evaluated by

flow cytometry analysis.
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2.4 | RNA-sequencing and chromatin
immunoprecipitation-sequencing analysis

For RNA-sequencing, the sequencing quality of the 51 to 77 million
reads per sample was assessed using FastQC (version 0.11.5), Preseq
(version 2.0.3), Picard tools (version 1.119), and RSeQC (version
2.6.4). Reads were then trimmed using Cutadapt (version 1.14) to
remove sequencing adapters, before mapping to the mm10 mouse
genome using STAR (version 2.5.2b) in two-pass mode. Overall
expression levels were quantified using RSEM version 1.3.0 with
GENCODE annotation M12. DESeq2 (version 1.20.0) was used for
differential expression analysis. For differential gene expression,
q < 0.05 and absolute fold change greater than or equal to 1.5 were
used to define significant changes.

For the chromatin immunoprecipitation (ChlP)-sequencing
analysis, ChlP-sequencing data (GSE59636) was downloaded from
SRA using SRAtoolkit (version 2.9.2). Sequencing was done on
Illumina HiSeg-1500 and pooled libraries were sequenced at a
sequencing depth of ~10 to 15 million aligned reads per sample.

Sequencing quality was assessed using FastQC (version 0.11.5),
Preseq (version 2.0.3), Picard tools (version 1.119), and deeptools
(version 2.5.0.1). lllumina sequencing adapters were trimmed from
reads using cutadapt (version 1.14). Reads were aligned to the mouse
genome version mm10 using BWA (version 0.7.15). Duplicate reads
of the polymerase chain reaction (PCR) were removed using Picard
MarkDuplicates before peak calling. Peaks were called using MACS2
(version 2.1.1) in broad mode. DiffBind (version 2.8.0) and DESeq2
(version 1.20.0) were used for differential binding analysis. Signifi-
cantly differential bound peaks located within promoter regions were
annotated using homer (version 4.10.1). Viewer tracks in WashU
Epigenome Browser with Cistrome database were used for compar-
isons of H3K4me3 or H3K27ac peaks between granulocyte and
monocyte. To identify the significant genes targeted by lamin A/C in
myeloid cells, differentially expressed genes were first listed up
from intersections between lamin A/C-deficient and wild-type
(wt)-monocytic subsets (#1), between lamin A/C-deficient and
wt-granulocytic subsets (#2), and between wt-monocytic and
wt-granulocytic subsets (#3). Because there were no differences
in lamin A/C expression between lamin A/C-deficient and
wt-granulocytic subsets, genes in the list from intersection #2 were
identified as background. Thereafter, overlapped genes of intersec-
tion #1 with #3, where the genes from intersection #2 were
subtracted, were picked up. All high-throughput data were deposited
into GEO (GSE GSE141124).

2.5 | RNA interference

ON-TARGETplus small interfering RNAs (siRNAs) for C/EBPt¢ or
Gfi-1 were purchased from Dharmacon. Transfection of each siRNA
into myeloid progenitor cells (5 x 10%) was performed using electro-
poration (mode: Y-001; Nucleofector IlI/2b Device) with Amaxa
Mouse Macrophage Nucleofector Kit (VPA-1009; Lonza). The final
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concentration of the siRNAs was 20 nM. Transduced cells were used
for ex vivo differentiation assay.

2.6 | Mixed Lineage Leukemia 1 inhibitor
treatment

MM-102 (S7265; Selleckchem.com), a selective inhibitor targeting
MLL1 that is H3K4 methyltransferase, was diluted with dimethyl
sulfoxide (DMSO) to 10 mM and stored in small aliquots at -80°C.
Sorted CD11b*Ly6C* cells were treated with 25 uM MM-102 or
DMSO control for 24 hours, and total RNA were extracted from

treated cells.

2.7 | Flow cytometry, cell sorting, and interferon-y
intracellular staining

Single-cell suspensions were made from spleens, PB, or BM of healthy

MyekO mice.

control or tumor-bearing mice as well as wt and Lmna
After hemolysis for 10minutes at 4°C, cells were labeled with
fluorescence-conjugated antibodies including CD3 (145-2c11, 1:100;
BD Biosciences), CD4 (GK1.5, 1:100; BD Biosciences), CD8 (53-6.7,
1:100; BD Biosciences), CD19 (1D3, 1:100; BD Biosciences), CD45R/
B220 (RA3-6B2, 1:100; BD Biosciences), CD11b (M1/70, 1:100; BD
Biosciences), Ly6C (AL-21, 1:200; BD Biosciences), Ly6G (1A8, 1:100;
BD Biosciences), lineage cocktail (558074; BD Biosciences), CD117
(2B8, 1:100; BD Biosciences), Scal (E13-161.7, 1:100; Biolegend),
CD34 (RAM34, 1:50; BD Biosciences), Sytox blue nucleic acid stain
(511348, 1:2000; Thermo Fisher Scientific), and 7-AAD (BD Bios-
ciences), and analyzed on a FACS Calibur, Canto Il or LSR Il flow
cytometer. For sorting, CD3*CD4" or CD3"CD8" T cells, CD19"B220"
B cells, Gr-1"CD11b*, CD11b"Ly6C"- or CD11b"Ly6G*-myeloid cells,
or Lin"CD117*Scal"CD34" progenitor cells were sorted by the
FACSAria flow cytometer (BD Biosciences) or magnetically activated
cell sorting with Ly6G, and Ly6C microbeads per the manufacturer’s
protocol (Miltenyi Biotec). HS/PCs were enriched by using immuno-
magnetic column (Stem Cell Technologies). For human monocytic and
granulocytic subsets, PB samples were obtained from patients with
advanced gastrointestinal (Gl) cancer (n=8) at the Gl Malignancies
Section, Medical Oncology Branch at NCI. Written consent was
obtained from all patients before blood sampling on a research protocol
approved by the NCI Institutional Review Board (NCI-11-c-0112). Cells
were enriched by anti-human CD14 (Miltenyi Biotec), anti-human
CD15 (Miltenyi Biotec), and anti-HLA-DR microbeads (Miltenyi Biotec)
as previously reported.'® For interferon-y (IFNy) intracellular staining
of CD3*CD8"* T cells from metastatic lungs of tumor-bearing mice,
a single-cell suspension was obtained after lung dissociation with
1 mg/mL collagenase, 120 pg/mL dispase, and 200 ug/mL DNase. The
cells were then fixed and permeabilized by a Fixation/Permeabilization
kit (BD Biosciences) and stained for IFNy (XMG1.2, 1:100; BD
Biosciences). FlowJo software (Tree Star, Ashland, OR) was used for

the analysis of flow cytometry data.
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2.8 | Mouse cytokine antibody array

Mouse cytokine antibody array C1000 (Ray-biotech) was used to
determine the secretory cytokines from monocytic or granulocytic
myeloid cells sorted from wt and Lmna™¥e“® mice with E0771-M1
tumor. The whole-cell lysates (100 pg/sample) from these sorted
cells were used for assay and a mouse cytokine antibody array was
conducted as per manufacturer’s protocol. The amounts of various
cytokines were detected using SuperSignal West Dura (Thermo
Fisher Scientific) and dot density was determined by using the
ImageJ software. Heatmaps were made based on the quantification
of dots.

2.9 | Proliferation and CTL assay of CD8 T cells

For antigen-specific CD8 T-cell proliferation regulated by myeloid
cells, total splenocytes from Pmel-1 transgenic mice were labeled
with CFSE dye (carboxyfluorescein succinimidyl ester; C34554
1:1000; Thermo Fisher Scientific), which were then cocultured with
myeloid cell subsets sorted from spleens of E0771-M1-bearing

wt and Lmna™veke

mice in culture medium containing 100 IU/mL rIL-2
and 1ug/mL hgpl00 peptide,2>3® with a 1:1 ratio (myeloid
cells:labeled splenocytes) for 3 days to expand CD8 T cells. The
suppressive effect of myeloid cells on CD8 T-cell proliferation was
evaluated by flow cytometry analysis of the CFSE-labelling intensity
of CD8 T cells.

For antigen-specific cytotoxicity T-cell activities regulated by
myeloid cells, whole splenocytes from Pmel-1 transgenic mice
were cultured in RPMI-1640 medium containing 100 IU/mL rIL-2
and 1 ug/mL hgp100 peptide?>32 for 4 days to expand antigen-
specific CD8 T cells. CFSE (1:1000)-labeled B16 melanoma cells
expressing hgp100 (1x 10°) were cocultured with 2 x 10° ex-
panded CD8 T cells with the addition of myeloid cell subsets
sorted from spleens of E0771-M1-bearing wt and Lmna™ek® mice
at 1:1 ratio (myeloid cells:T cells) for 24 hours. The suppressive
effect of myeloid cells on antigen-specific CTL was evaluated by
flow cytometry analysis of dead tumor cells. The percentage of
dead CFSE* tumor cells targeted was analyzed by Sytox blue

(which labels dead cells).

2.10 | Isolation of genomic DNA, total RNA, and
reverse-transcription quantitative PCR

Genomic DNA and total RNA was extracted from sorted cells or
subsets using ZR-DUCT DNA/RNA Miniprep kit (Zymo Research) and
RNeasy Mini kit (Qiagen), respectively. Complementary DNA (cDNA)
was synthesized with a high-capacity cDNA reverse transcription kit
(Applied Biosystems #4368813). Conventional PCR was performed
with Tag DNA Polymerase (1U/uL), dNTPack (Roche) to observe
Reverse-transcription quantitative PCR
(RT-gPCR) was performed using FastStart Universal SYBR Green

Lmna recombination.

Master (Rox) (04913850001; Roche) and ABI 7500 Fast real-time
PCR system (Applied Biosystems). Primers are listed in Table S3. The
relative expression level of mRNA transcripts was normalized to that
of internal control Glyceraldehyde 3-phosphate dehydrogenase by
using the 2-24% cycle threshold method.

2.11 | ChIP-PCR

ChIP was performed using the ChIP EZ-Magna ChIP A/G One-Day
Chromatin Immunoprecipitation Kits with the following antibodies
against mouse H3K4me3 (Ab8580, 1:1000; Abcam) and normal
rabbit immunoglobulin G (IgG) (SC-2027, 1:1000; Santa Cruz). A
total of 3x10° sorted cells was fixed and cross-linked by 1%
formaldehyde for precisely 10 minutes with gently shaking
(300 rpm). The fixation of chromatin was stopped by 0.125 mol/L
glycine. After cell lysis with 200 uL nuclear lysis buffer, sonication
was done under 4°C (30 seconds on and 30 seconds off x 15 cycles).
After sonication, DNA fragmentation to a length between 200 to
500 base pairs was checked on 1.5% agarose gel. A part of the
sheared DNA sample (10%) was used as input. After immunopre-
cipitation, reverse cross-links of protein/DNA complexes to free
DNA was performed by proteinase K at 62°C. The H3K4me3
binding to a promoter of targeted genes (Cebpe and Gfi-1) was
evaluated by RT-qPCR using FastStart Universal SYBR Green
Master (Rox) (04913850001; Roche) and ABI 7500 Fast real-time
PCR system (Applied Biosystems). Primers are listed in Table S3.
Percent input method was used for evaluation: %input=

100 x 2[(Clnput_3'32)_ct-l3K4me3 or IgG control]

tween WT and Lmna

, which were compared be-

Myeko mice.

2.12 | Western blot analysis

from Gr-1"CD11b*, CD11b*Ly6C*, and
CD11b*Ly6G" cells were analyzed by Western blot analysis. The
following primary antibodies were used: lamin A/C (SC-6214, 1:1000;
Santa Cruz), Gfi-1 (ab21061, 1:2000; Abcam), C/EBPs (NBP1-85446,
1:1000; Novus) Acetyl-H3 (9649S, 1:1000; CST), Histone 3 (142695,
1:1000; CST), and B-actin (SC69879, 1:2000; Santa Cruz). Anti-
mouse/rabbit/goat secondary antibodies were purchased from Bio-
Rad (1:3000-5000 dilution). The blotting images were taken by
ChemiDoc Touch Imaging System (Bio-Rad), and Image Lab software

Protein  extracts

(Bio-Rad) was used for analysis.

2.13 | Immunofluorescence

Cells were fixed in 100% cold methanol for 10 minutes and
permeabilized for 10 minutes in 0.3% Triton X-100 in phosphate-
buffered saline. After blocking with 5% normal Donkey serum
(Ab7475; Abcam) for 1 hour, cells were incubated overnight at 4°C
with following primary antibodies: lamin A/C (sc6215, 1:100; Santa
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Cruz), lamin B1 (ab16048, 1:100; Abcam 1:1000), H3K4me3
(ab8580, 1:500; Abcam), and H3K9me3 (ab8898, 1:500; Abcam).
The cells were then incubated with Alexa Fluor 488 and 594 donkey
anti-goat/rabbit 1gG (H+L) (A-11055/R-37119, Life Technologies
1:500) for 2hours, and then mounted with Antifade Mounting
medium with DAPI (4’,6-diamidino-2-phenylindole) (VECTASHIELD).
Fluorescence was examined by microscopy (Olympus IX-81) or
confocal laser scanning microscope (LSM710; Zeiss). The fluores-
cence intensity of lamin A/C in each cell was measured by the Image)

software.

2.14 | Human correlative studies

Publicly available datasets of human peripheral mononuclear cells
(PBMCs) from patients with breast cancer (GSE27567) was used to
investigate the correlation of Lmna-targeted gene expression levels.
GEO2R analyzer was used for collecting expression values of samples
in each data set. The logarithm with base 2 (expression value/median

value) was calculated in each sample.

2.15 | Statistical analysis

GraphPad Prism was used for graphs and for statistics. Unless
otherwise indicated, all data were analyzed using the one-tailed
Student t test and are expressed as mean + standard error of the
mean. Differences were considered statistically significant when the

p-value was <.05.

3 | RESULTS

3.1 | Lamin A/C expression in granulocytic or
monocytic myeloid cell differentiation

We first noticed a gradual decrease of lamin A/C in immature myeloid
cells or Gr-1"CD11b" cells during mammary tumor progression in both
EQ771-M1- and 4T1 tumor models (Figure 1A). This result was also
observed in genetically engineered MMTV-PyMT and MMTV-Neu
transgenic mice (Figure S1A). Gr-1"CD11b" cells are composed of
monocytic and granulocytic myeloid subsets.'” The granulocytic subset
showed a clear lack of lamin A/C expression compared with that of a
monocytic subset (Figure 1B), with no difference in lamin B1 expression
(Figure S1B). This difference in lamin A/C expression between the two
myeloid subsets was further verified in sorted CD11b*Ly6G" cells
from healthy control and E0771-M1 or 4T1 tumor-bearing mice
(Figures 1C,D and S1C). Notably, the CD11b*Ly6G" granulocytic
subset but not the CD11b*Ly6C* monocytic subset was expanded
during metastatic progression in both E0771-M1 and 4T1 tumor
models (Figure 1E). Thus, we speculate that lamin A/C may have a role
in myeloid cell lineage differentiation under tumor conditions. In

addition, lamin A/C expression was decreased in PBMCs from breast
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cancer patients compared to those from healthy donors (Figure 1F;
GSE27567 data set).

3.2 | Myeloid-specific lamin A/C knockout
promotes a granulocytic lineage differentiation that
enhances tumor metastasis

Lamin A/C has been shown to modulate human hematopoietic
differentiation programs.?® To examine whether lamin A/C has
any effect on myeloid lineage differentiation, mice with Lmna
gene deletion specifically in myeloid cells (Lmna™Y¢k®) were
generated through the cross-breeding of Lmna floxed mice with
LysM-Cre transgenic mice (Figure S2A). Gr-1*CD11b* myeloid
cells, but not CD19*B220" B cells or CD3* T cells, showed lamin
A/C downregulation in Lmna™Ye¥® mice (Figure S2B). Within the
myeloid compartment, Lmna recombination was observed in both
granulocytic and monocytic subsets, which was validated by
RT-gPCR and immunofluorescence analysis (Figures 2A and S2C).
Interestingly, Lmna™e€® mice bearing E0771-M1, a TNBC
breast cancer cell line variant from EO771 with high metastatic
capacity, showed an increase in metastatic lung nodules but with
no effect on primary tumor size when compared with wt mice
(Figures 2B and S2D). A similar result was observed in the
experimental metastasis of LLC cells (Figure 2C). These results
suggest that lamin A/C has critical functions in suppressing
cancer metastasis.

There was no difference in the number of CD3*CD4" T cells,
CD3*CD8" T cells, and CD19B220" B cells comparing E0771-M1

MyeKO

tumor-bearing wt with Lmna mice (Figure S2E). However,

Lmna™e%® mice bearing E0771-M1 tumors showed an increased
number of CD11b*Ly6G* cells in PB, spleen, and BM when
compared to those from wt mice, while the CD11b*Ly6C" cells
were decreased in PB but no changes in the spleen or BM
(Figure 2D). Consistently, HS/PCs from Lmna™®*® mice showed
enhanced differentiation into CD11b"Ly6G" cells in E0771-M1
tumor-conditioned medium in ex vivo culture (Figures 2E and S2F).
Moreover, lamin A/C knockout enhanced trans-differentiation to
granulocytic CD11b*Ly6G" cells in ex vivo culture compared to
those from wt mice (Figures 2F and S2G). In contrast, CD11b*Ly6G*
cells were not able to trans-differentiate into CD11b*Ly6C" cells
(Figure 2F). These data suggest that loss of lamin A/C promotes and
accumulates granulocytic lineage differentiation in tumor-bearing
mice. To examine whether the increased granulocytic subset due to
loss of lamin A/C is responsible for enhanced lung metastasis,
CD11b*Ly6G" cells were depleted with Ly6G neutralizing antibody
(Figure S2H), which showed a decreased number of metastatic

MyeKO

nodules in EO771-M1 tumor-bearing Lmna mice (Figure 2G). In

contrast, depletion of CD11b*Ly6C" cells did not significantly affect
metastatic phenotype in EO771-M1 tumor-bearing Lmna™¥e<® mice
(Figure S2l1). These data demonstrate that myeloid-specific lamin
A/C knockout increases lung metastasis via increased granulocytic

myeloid cells.
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FIGURE 1 Lamin A/C expression is decreased in granulocytic myeloid cells. A, Lamin A/C Western blot analysis of CD11b*Gr1*cells from
spleens of E0771-M1 (upper) or 4T1 (lower) tumor-bearing mice. B, Immunofluorescence (IF) of lamin A/C (red) and DAPI (blue) in splenic
Gr1*CD11b" cells of healthy (upper) and 4T1 tumor-bearing mice (lower). Monocytic (arrow heads) and granulocytic (arrows) are indicated. The
quantitative data of lamin A/C mean fluorescence intensity per cell is on the right (n = 10 cells evaluated). C, Lamin A/C expression in myeloid
cell subsets: Left: gating strategy. Right: lamin A/C Western of splenic CD11b*Ly6C" and CD11b*Ly6G" cells from healthy control and EQ771-
M1 (upper right) or 4T1 (lower right) tumor-bearing mice. D, Lamin A/C IF (green) and DAPI (blue) in sorted CD11b*Ly6C"* and
CD11b*Ly6G*cells from spleens of 4T1 tumor-bearing mice (left). The quantitative data of lamin A/C mean fluorescence intensity per cell is on
the right (n = 10 cells evaluated). E, Percentage of CD11b*Ly6G" granulocytic subset and the CD11b*Ly6C* monocytic subset during metastatic
progression in E0771-M1 and 4T1 tumor models. F, Lamin A/C expression levels in human peripheral blood mononuclear cells (PBMCs) from
breast cancer patients (n = 57) and healthy donors (n = 31) (GSE27567). Data are represented as mean * standard error of the mean. All scale
bars = 10 um. DAPI, 4',6-diamidino-2-phenylindole; NS, not significant. *P <.05; ***P <.001
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FIGURE 2 Myeloid-specific deletion of lamin A/C decreases lung metastasis through the correction of myeloid lineage differentiation. A,
Percentage of splenic CD11b*Ly6C™ cells (blue) and CD11b*Ly6G*cells (red) in time-course experiments for E0771-M1 (left) or 4T1 (right)
tumor-bearing mice at indicated days after tumor injection. Left: RT-qPCR for fold change of lamin A/C and Right: lamin A/C IF (green) and
DAPI (blue) in CD11b*Ly6C* and CD11b*Ly6G" cells from the spleen of EO771-M1 tumor-bearing wt or Lmna™¢K® mice. B, C, Left: the number
of metastatic nodules in the lungs of wt and Lmna™eX® mice with E0771-M1 breast tumor (n = 9-10, B) or the LLC experimental metastasis
(n=9, C). Representative lungs stained by Indian ink on the right panels. D, The number of CD11b*Ly6C* and CD11b*Ly6G" cells in 10*
leukocytes of peripheral blood, spleen, and bone marrow of EO771-M1 tumor-bearing wt mice or Lmna™eK® mice. Representative flow
cytometry analysis for peripheral blood samples is shown on the right. E, Ex vivo differentiation of hematopoietic stem/progenitor cells (HS/
PCs) from wt or Lmna™¥e*® mice bearing E0771-M1 tumors. Left: representative flow cytometry analysis. Right: percentage of CD11b*Ly6C*
and CD11b*Ly6G" cells. F, Ex vivo trans-differentiation of CD11b*Ly6C* and CD11b*Ly6G" cells from wt or Lmna™eK® mice bearing EO771-
M1 tumors. Left panels: flow cytometry analysis of Ly6C* monocytic and Ly6G* granulocytic subsets. Arrows indicate myeloid trans-
differentiation. Right: percentage of CD11b*Ly6C" cells and CD11b*Ly6G" cells. G, The number of lung nodules in EO771-M1 tumor-bearing wt
and Lmna™¥eX® mice (n = 5) with or without in vivo depletion of CD11b*Ly6G* cells. The data are represented as mean + standard error of the
mean. DAPI, 4',6-diamidino-2-phenylindole; IF, immunofluorescence; KO, knockout; LLC, Lewis lung carcinoma; RT-gPCR, reverse-transcription
quantitative polymerase chain reaction; wt, wild-type. *P < .05; **P <.01; ***P <.001

MyeKO

3.3 | Loss of lamin A/C elicits H3K4me3-mediated Lmna mice, we first noticed the deformed and partially

enhancing the expression of transcription factors
enabling granulocytic cell differentiation

Lamin A/C prominently interacts with heterochromatin through
LADs to suppress gene transcription.?>2¢ To dissect the molecular

mechanisms in the enhanced granulocytic lineage differentiation in

segmented nuclei in CD11b*Ly6C" cells similar to that CD11b*Ly6G*
cells (Figure 3A). This led us to investigate whether loss of lamin A/C
causes chromatin remodeling, and changes in H3K4me3 and
H3K9me3, markers of euchromatin and heterochromatin, respec-
tively. H3K4me3 was visibly higher in Gr1*CD11b" cells expressing

low levels of lamin A/C compared with those expressing high levels of
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lamin A/C (Figure 3B). H3K4m3-high and lamin A/C-low cells also
showed hyperlobular nuclear shape (Figure 3B). In contrast, there
was no difference in H3K9me3 (Figure 3B). The higher H3K4me3
level was further validated in lamin A/C-deficient CD11b"Ly6C" cells
compared with wt control, which is comparable to that of wt-
CD11b*Ly6G" cells showing decreased lamin A/C (Figure 3C). These
data indicate that loss of lamin A/C causes epigenetic activation in
nuclei of immature myeloid cells.

RNA-seq for monocytic and granulocytic myeloid cells from wt

MyeKO mice revealed 608 differentially expressed genes

and Lmna
associated with the presence of lamin A/C (Figures 3D and S3A).
Among those, 180 genes were upregulated in lamin A/C-deficient
CD11b*Ly6C* cells (Table S1). Analysis of public datasets of
H3K4me3-ChlP-seq for monocytes or granulocytes (Cistrome
database) showed increased H3K4me3 peaks at promoter regions
of monocytic markers (eg Csflr, Ccr2, and Ly6C) or granulocytic
markers (eg Lyé6G, S100a8, and S100a9), respectively (Figure S3B).
The intersection of H3K4me3 peaks with 180 increased genes in
lamin A/C-deficient CD11b*Ly6C* cells revealed 28 genes
(Figure 3D and Table S2). Among them, there were two TFs,
growth factor independent 1 (Gfi-1) and CCAAT/enhancer-binding
protein (C/EBPeg), which are critical for granulocytic lineage
differentiation (Figure 3D). Upregulation of these TFs was
confirmed by H3K4me3-ChlP-seq analysis (Cistrome database)
and ChIP-PCR, RT-qPCR, and Western blot analysis (Figures 3E,F
and S3C). When treated with an inhibitor of MLL1, a writer for
H3K4me3, the increased expressions of C/EBPt and Gfi-1 in the
A/C-deficient CD11b*Ly6C* cells were
(Figure 3G). C/EBP¢ and Gfi-1knock down by siRNA in lamin
A/C-deficient Lin"CD117*Scal " CD34" myeloid progenitors dimin-
ished the enhanced granulocytic lineage
(Figures 3H,l and S3D,S3E). Together these data suggest that loss
of lamin A/C elicits H3K4me3-mediated upregulation of C/EBP¢
and Gfi-1 that promote a granulocytic lineage differentiation.
For human studies, monocytic (CD11b*CD14"HLA-DR”) and

lamin minimized

differentiation

Ca

granulocytic (CD11b*CD14 CD15") subsets from PB of advanced
Gl cancer patients were isolated and evaluated. RT-qPCR analyses
revealed a lower level of lamin A/C expression in the granulocytic
subset than that in the monocytic subset, and the lamin A/C
expression was inversely correlated with C/EBPe and Gfi-1 levels
(Figure 3J), which is consistent with the observation from mouse
models, suggesting the correlation of decreased lamin A/C with
increased C/EBPe and Gfi-1.

3.4 | Loss of lamin A/C increased immune-
suppressive function of CD11b*Ly6C" cells

RNA-seq analysis indicated that loss of lamin A/C decreased the
expression of genes that are critical for antigen-presenting path-
ways such as MHC (major histocompatibility complex) class Il (H2-
Aa, H2-Ab1, and H2-Eb1), CD74, CD86, and Ciita in CD11b*Ly6C*
cells, which was confirmed by RT-gPCR (Figure 4A). The monocytic
myeloid cell subset is already known to be immunosuppressive.3%-31
Loss of lamin A/C apparently further decreased the antigen-
presenting capacity of these monocytic myeloid cells (Figure 4A).
Cytokine protein array analysis showed a decreased immune-
stimulatory chemokine profile in lamin A/C-deficient CD11b*Ly6C"*
cells compared to wt control (Figure 4B). This is likely critical in
trafficking of antigen-presenting cells into lymph node and cancer
tissues as antigen presentation to effector cells is strictly regulated
by secretory cytokines and chemokines.®2 Unexpectedly, there was
no obvious difference in M1/M2 cytokine profile between wt and
lamin A/C-deficient CD11b*Ly6C" cells as both IL-12 (M1 cytokine)
and IL-4 (M2 cytokine) were decreased in lamin A/C-deficient
cells (Figure S4A). In functional assays, lamin A/C-deficient
CD11b*Ly6C" cells inhibited CD8 T-cell proliferation (Figure 4C)
and antigen-specific cytotoxicity of CTLs (Figure 4D). Consistently,
IFNy"CD8" T cells were also decreased in metastatic lungs
of E0771-M1 tumor-bearing Lmna™e® mice compared with

<

FIGURE 3 Deletion of lamin A/C promotes H3K4me3-mediated epigenetic activation and granulocytic lineage differentiation. A,

Hyperlobular nuclear morphology in lamin A/C-deficient CD11b"Ly6C" cells sorted from spleens of E0771-M1 tumor-bearing Lmna

MyeKO

compared to the wt mice. B, Lamin A/C IF (green), H3K4me3 or H3K9me3 (red) and DAPI (blue) in a monocytic subset (arrow heads) and a
granulocytic subset (arrows) from 4T1 tumor-bearing mice. C, Left: lamin A/C IF (green), H3K4me3 (red), and DAPI (blue) in CD11b*Ly6C* cells
from spleens of EO771-M1 tumor-bearing wt and Lmna™ek® mice. CD11b*Ly6G*cells from wt mice as positive control for H3K4me3. Right: the
quantitative data of H3K4me3 mean fluorescence intensity per cell (n = 9-10 cells evaluated). D, Schematic identification of key TFs C/EBPs and
Gfi-1 (in red). Transcriptome from CD11b*Ly6C* and CD11b*Ly6G* cells of wt and Lmna™eK® mice was intersected with the public H3K4me3-
ChlIP-seq data set. Green shows the differential expressed genes comparing lamin A/C deficient with wt-CD11b*Ly6C" cells. E, H3K4me3-ChlIP-
PCR for C/EBPz or Gfi-1 expression. Ptprc and Cdh5 as positive and negative controls respectively. F, C/EBPzt or Gfi-1 RT-gPCR (left) and
Western blot analysis (right). E, F, Both myeloid subsets were sorted from spleens of wt and Lmna™Ye%® mice. G, C/EBPs or Gfi-1 RT-qPCR of
sorted CD11b*Ly6C* cells treated with MLL1 inhibitor MM-102. H, C/EBPs or Gfi-1 RT-qPCR of sorted Lin"CD117"Scal CD34" progenitor
cells from E0771-M1 tumor-bearing wt and Lmna™¥e“° mice with siRNA knockdown of C/EBP¢ or Gfi-1. I, Ex vivo myeloid lineage
differentiation from progenitor cells of wt and Lmna™®K® mice. Upper: representative flow cytometry of CD11b*Ly6C* and CD11b*Ly6G"*
cells. Lower: quantitative data. J, RT-qPCR of lamin A/C (left), C/EBP¢ (middle), and Gfi-1 (right) in monocytic (Mono) and granulocytic (Gra)
subsets in peripheral blood from advanced Gl cancer patients (n = 8). The data are represented as mean + standard error of the mean. All Scale
bars = 10 um. ChIP, chromatin immunoprecipitation; DAPI, 4’,6-diamidino-2-phenylindole; IF, immunofluorescence; I1gG, immunoglobulin G; KO,
knockout; MLL1, mixed lineage leukemia 1; NS, not significant. RT-qPCR, reverse-transcription quantitative polymerase chain reaction; wt, wild-
type. *P < .05, **P < .01, ***P <.001
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FIGURE 4 Lamin A/C deletion suppresses antigen-presenting function and hosts antitumor immunity. A, RT-qPCR validation of genes
targeted by lamin A/C in CD11b*Ly6C* cells from spleens of E0771-M1 tumor-bearing wt and Lmna™¥¢*° mice (n = 3). B, Cytokine protein
array (left), and Heatmap of stimulatory and inhibitory chemokines (right) of CD11b*Ly6C* cells from E0771-M1 tumor-bearing wt and
Lmna™ek® mice. C, CD8 T-cell proliferation in coculture with sorted CD11b*Ly6C* cells (Ly6C*) from spleens of EO771-M1 tumor-bearing wt
and Lmna™¥e%® mice (n = 3) (left), with quantitative data (right). D, CTL assays: flow cytometry of CFSE dye-labeled B16 tumor cells expressing
gp100 (Pmel) in coculture with splenocytes from TCR-Pmel-transgenic mice, with or without the addition of sorted CD11b"Ly6C" cells (Ly6C*)
from spleens of EO771-M1 tumor-bearing wt and Lmna™¥¥® mice. E, Flow cytometry of IFNy*CD8" T cells in metastatic lungs from E0771-M1
tumor-bearing wt and Lmna™eK® mice (n = 3). F, Schematic hypothesis of lamin A/C functions in myeloid cell differentiation and host antitumor
immunity. Quantitative data on the right. All data are represented as mean * standard error of the mean. CFSE, carboxyfluorescein succinimidyl
ester; CTL, cytotoxic T lymphocyte; IFNy, interferon-y; KO, knockout; RT-qPCR, reverse-transcription quantitative polymerase chain reaction;
TCR, T-cell receptor; wt, wild-type. *P <.05, ***P <.001

wt control (Figure 4E and S4B). These data suggest that loss of 4 | DISCUSSION
lamin A/C not only promotes the granulocytic lineage differentia-
tion but also negatively regulates monocytic myeloid cell function, We report for the first time that myeloid-specific lamin A/C

leading to attenuating antitumor immunity (Figure 4F). attenuation promotes tumor metastasis through increased granulocytic
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lineage differentiation and decreased CTL-mediated antitumor immu-
nity. These studies demonstrate the importance of lamin
A/C-H3K4me3-mediated epigenetic regulation of C/EBPe and Gfi-1
in myeloid lineage differentiation, function as well as host antitumor
immunity.

Our data provide insight to the molecular mechanisms of well-
noted immune suppression, dysregulation of myelopoiesis under
tumor conditions.??3%%1 Previous report showed a role of lamin
B receptor in all trans-retinoic acid induced granulopoiesis, which was
accompanied by downregulation of lamin A/C.2% In addition, over-
expression of lamin A/C impaired nucleus shape transition which is
important for granulopoiesis.>* However, the detailed mechanism of
loss of lamin A/C in granulocytic differentiation was largely unknown.
In our studies, loss of lamin A/C is a causal factor in driving
granulocytic lineage differentiation. Lamin A/C is a nuclear lamina
component that retains nuclear shape and makes physical connec-
tions with chromatin and loss of lamin A/C causes chromatin
remodeling and altered gene transcription profiles.?>2% Intersection
of the transcriptome from Lmna-deficient myeloid cell subsets with
public H3K4me3-ChIP-seq®® provided creditable profiles of genes
that were epigenetically regulated by lamin A/C. We found lamin A/C
is associated with chromatin remodeling in myeloid cells through
H3K4me3-mediated expression of C/EBPec and Gfi-1 which are
important in granulocytic lineage differentiation of immature myeloid
cells.®*%7 In fact, the abnormal differentiation of HS/PCs in BM leads
to an expansion of immune-suppressive granulocytic subset by
several transcrption factors, such as STAT3, IRF8, C/EBP@, and
RB1.°® We identify two TFs C/EBPe and Gfi-1 in promoting
granulocytic lineage differentiation and in driving a prometastatic
microenvironment.

In addition to the granulocytic lineage differentiation, we revealed
that loss of lamin A/C also contributes to decreased immune
surveillance. Lamin A/C deficiency affects two major aspects of host
antitumor immunity: attenuation of the antigen-presenting pathway
and decreased chemoattractant for interaction with effector T cells.
For the first aspect, the monocytic subset under tumor condition shows
impaired antigen presentation which is consistent with published
reports.2%3! Loss of lamin A/C negatively regulates monocytic myeloid
cell function, leading to attenuated antitumor immunity. The second
aspect is particularly interesting. Our data suggest that the critical
chemokines that bring the APC and effector T cells into approximate
interactions are at stake when lamin A/C expression is reduced
(Figure 4B). Our observations are supported by previous studies
reporting that lamina-associated domains contain genes important in
host immune response and loss of lamin-mediated chromatin remodel-
ing affects the regulation of those genes.2

In conclusion, our studies provide mechanistic insight for lamin
A/C mediated epigenetic regulation of myeloid lineage differentiation
and immune-suppressive function, suggesting that proper epigenetic
inhibitors could be utilized to redirect myeloid lineage differentiation
and to enhance host antitumor immunity. This systemic correction of
the immune-suppressive microenvironment provides additional op-

tions to enhance the efficacy of cancer immunotherapy.
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