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Pro-inflammatory megakaryocyte gene expression

in murine models of breast cancer

Harvey G. Roweth'?, Michael W. Malloy’, Gregory J. Goreczny'?, Isabelle C. Becker®?,
Qiuchen Guo'?, Elizabeth A. Mittendorf*>®, Joseph E. Italiano Jr.23,

Sandra S. McAllister>”8, Elisabeth M. Battinelli'->*

Despite abundant research demonstrating that platelets can promote tumor cell metastasis, whether primary
tumors affect platelet-producing megakaryocytes remains understudied. In this study, we used a spontaneous
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murine model of breast cancer to show that tumor burden reduced megakaryocyte number and size and disrupted
polyploidization. Single-cell RNA sequencing demonstrated that megakaryocytes from tumor-bearing mice exhibit
a pro-inflammatory phenotype, epitomized by increased Ctsg, Lcn2, S100a8, and S100a9 transcripts. Protein
S100A8/A9 and lipocalin-2 levels were also increased in platelets, suggesting that tumor-induced alterations to
megakaryocytes are passed on to their platelet progeny, which promoted in vitro tumor cell invasion and tumor
cell lung colonization to a greater extent than platelets from wild-type animals. Our study is the first to demon-
strate breast cancer-induced alterations in megakaryocytes, leading to qualitative changes in platelet content

that may feedback to promote tumor metastasis.

INTRODUCTION

Blood platelets are small, anucleate cells produced by megakaryocytes
(MKs) to act as essential mediators of primary hemostasis. While
most platelets remain quiescent within circulation, activated platelets
release bioactive compounds from specialized granules and establish
adhesive connections between neighboring platelets and damaged
blood vessels to preserve vascular integrity (I). However, inappro-
priate platelet activation can contribute to nonhemostatic processes,
particularly cancer progression (2-6). Extensive studies have char-
acterized how platelets mediate several hallmarks of cancer, including
evasion of the immune system (7-9), tumor-supportive inflamma-
tion (10), and neoangiogenesis (11, 12).

Despite an intense focus on platelet-tumor interactions (13), it
remains an understudied topic of research whether and how primary
tumors affect platelet-producing MKs and thrombopoiesis. Tumor-
derived interleukin-6 up-regulates hepatic thrombopoietin (TPO)
production, leading to paraneoplastic thrombocytosis in ovarian
cancer patients (14). In preclinical murine models, Lewis lung car-
cinoma increased levels of anti-angiogenic thrombospondin 1 (Thbs1)
in both MKs and platelets (12), and hyperglycemia, which is an
established risk factor for tumor metastasis, was shown to alter MK
metabolism, leading to the production of platelets with increased
in vitro adherence to melanoma cells (15). However, despite its
prevalence (16) and ability to systemically manipulate the bone
marrow (BM) microenvironment (17), the impact of breast cancer
on MKs has not been investigated.
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In this work, we characterized MK development, maturation, gene
expression, and protein levels in several murine models of breast
cancer. BM MKs from tumor-bearing mice displayed abnormal ploidy
and a pro-inflammatory phenotype, with increased expression of
various genes associated with tumor growth and metastasis, most
notably Ctsg, Lcn2, S100a8, and $100a9 (18-23). Changes in MK gene
expression were reflected in the protein content of circulating platelets
and likely contribute to the platelet-tumor interactions that pro-
mote tumor cell invasion and metastasis. Both murine models and
breast cancer patients had elevated serum but not plasma S100A8/
A9, which was not observed in cancer-free controls, suggesting that
activated platelets contribute to circulating SI00A8/A9 in breast
cancer. However, serum levels between breast cancer patients and
cancer-free controls were comparable. Our findings highlight a
tumor-induced generation of pro-inflammatory platelets that occur
via alterations to BM MKs.

RESULTS
Morphological differences in MKs from tumor-bearing mice
To assess megakaryopoiesis in breast cancer, we used several pre-
clinical breast cancer models, predominantly MMTV-PyMT transgenic
mice, which form palpable autochthonous tumors in mammary fat pads
from 8 weeks of age and were sacrificed at 13 weeks of age (Fig. 1A).
We also used transplantable Met-1 and AT-3 cell lines, which were
initially isolated from PyMT-driven tumors in FVB/NJ and C57BL/6]
mice, respectively (24, 25). Mice were sacrificed 21 or 33 days after
implantation of Met-1 or AT-3 cells, respectively (Fig. 1, B and C).
Femurs from 13-week-old PyMT mice had significantly fewer
(P = 0.0074) and smaller (P = 0.0280) MKs compared to their
PyMT-null [wild type (WT)] littermate controls (Fig. 1D), whereas
the number and size of MKs from the Met-1 or AT-3 models were
comparable to vehicle control [phosphate-buffered saline (PBS)]-
injected animals (Fig. 1, E and F). Plasma levels of TPO showed a
trending increase in PyMT mice (1.60-fold, P = 0.072) but were un-
affected in either Met-1 or AT-3 models (fig. S1, A to C). MKs from
PyMT mice appeared to have otherwise normal ultrastructure as

10f12


mailto:embattinelli@bwh.harvard.edu

SCIENCE ADVANCES | RESEARCH ARTICLE

A B C
_ PyMT Met-1 AT-3
e
E “E 1500 “ 1500
= € €
: 2000 '@ £ E
[} (o]
2 £ 1000 £ 1000
> =) =
5 1000 5 S
5 5 500 5 500
= ¥ 2 y 2
» 0 0 0
8 10 12 14 0 7 14 21 28 35 0 7 14 21 28 35
Age (weeks) Post-inoculation (days) Post-inoculation (days)
D
300{ P=o0.0074 Fanz
~_ 200 - 4
£ o
A oL
=100
0 e "PBS Mot1
VT Py PBS Met-1
__ 7501 P=o02s - P=035
< é E
§ 500 + : g F
s =2 &
S 2
ag, 250 5
o ]
z z
0
WT PyMT PBSMet-1 &= PBS AT-3
G H |
* 50
7l Bawr = _ 501 mpes _ E3 PBS
2 BEd PymT 2 Ed Met-1 2 B3 AT-3 ﬁ
=0 » 5 @
2 £ 50 = L 40 o 28
£8 g £85s
Qi * * * 2 ge
o8 - g eg
x §25 * ;5;,20 T % Eh E.
£ * = = — =
_+ - - = - # -
O N TaN 8N TeN N saeN L Y 8N 16N 32N >32N R 8N 16N 32N >32N
DNA content DNA content DNA content

Fig. 1. Morphological characterization of MKs from mice with breast cancer. Spontaneous tumor growth within the mammary fat pads of (A) MMTV-PyMT (PyMT)
mice and tumor growth in mice orthotopically inoculated with either Met-1 (B) or AT-3 (C) cells. Arrows depict age of PyMT animals or days post-inoculation upon sacrifice.
n=5 to 10 mice per condition. (D to F) Femurs from PyMT and wild-type (WT) mice, or orthotopically injected animals were immunofluorescently stained for MKs (CD41,
cyan), nuclei (DAPI, gray), and blood vessels (laminin, magenta). Phosphate-buffered saline (PBS)-injected mice were used as orthotopic tumor-naive controls. Scale bars,
50 um; n=4to 5 mice per condition. P values were determined by two-sample t tests. (G to ) Polyploidization of native MKs from either PyMT and WT mice or orthotopic
Met-1 and AT-3 models. n=4to 5 mice per condition. *P < 0.05 and **P < 0.01, as determined by one-way ANOVA.

determined by electron microscopy (fig. S2A). MKs from the BM of
PyMT mice displayed abnormal ploidy, with increased numbers of
2N, 4N, and 32N MKs at the expense of 8N and 16N MKs (Fig. 1G).
Despite increased 32N MKs in Met-1-implanted mice, no other
abnormalities in MK polyploidization were observed in either the
Met-1 or AT-3 orthotopic models (Fig. 1, H and I).

Given that MK size and polyploidization were altered in PyMT
mice, we next assessed whether breast cancer affected progenitor
differentiation during the early stages of megakaryopoiesis. Clear
decreases were observed in early MK-erythroid progenitors but not
terminally differentiated MK progenitors (fig. S3, A and B) and
were associated with down-regulated red blood cells (RBCs; fig.
S4A). We also detected myeloid expansion in the BM of both PyMT
and Met-1 tumor-bearing mice, highlighted by increased myeloid-
biased multipotent progenitors (MPP3; fig. S3, A and B) and white
blood cells (WBCs; fig. S4, B and C). These findings suggest that
despite alterations in MK polyploidization and size, there were no
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apparent abnormalities to early megakaryopoiesis in murine breast
cancer.

Extramedullary MKs also reside outside of the BM niche (26),
which prompted us to quantify MKs in the spleens of 13-week-old
PyMT mice. PyMT mice had clear (WT = 0.11 £ 0.01 g; PyMT =
0.21 + 0.05 g) splenomegaly (fig. S5, A and B) likely due to granulo-
cytic hyperplasia (27), and absolute numbers of MKs were increased
(fig. S5, C and D). However, when the spleen area was normalized
to account for splenomegaly, PyMT mice had unaltered numbers of
splenic MKs (fig. S5D). There was also no change in the number of
CD41" cells in the lungs of PyMT mice (fig. S6, A and B), suggesting
organ-selective effects of this model on BM-resident MKs.

Differential gene expression in MKs from

tumor-bearing mice

Several studies have identified altered RNA and protein content in
platelets of cancer patients (28-31). Since it is unknown whether
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these changes arise from altered platelet production or a modified
uptake from the circulation, we next assessed RNA and protein ex-
pression in murine MKs. Slngle cell RNA sequencing (scRNA-seq)
of fluorescently sorted (CD41", DAPII°W) BM cells from 13-week-
old PyMT and WT mice revealed three MK subpopulations (MKI,
MK?2, and MK3) based on a predetermined panel of MK-associated
genes (Fig. 2A and fig. S7, C to E). Two MK progenitor populations
(G; and G,/M) were also identified on the basis of transcripts asso-
ciated with early MK maturation (Gatal, Runxl, Etv6, Itga2b, Pf4,
and Vwf) (fig. S7, C and E) and trajectory analysis (fig. S3, D and E).
Dimensionality reduction using Uniform Manifold Approximation
and Projection (UMAP) segregated G,, G»/M, MK1, MK2, and MK3
clusters from contaminating lymphocyte, monocyte, and neutrophil
progenitors that expressed low levels of CD41 (Fig. 2A and figs. S7TA
and S8). Projecting UMAP coordinates of cells from PyMT (n = 3817)
and control mice (n = 5213) suggested that cell clusters from both
cohorts were evenly represented (Fig. 2B). Differential gene expres-
sion of MKs from PyMT mice was most prominent within the MK2
and MK3 subpopulations (Fig. 2C), with significant alterations in gene
ontologies associated with hematological function, cell development,
and inflammatory responses (Fig. 2D). Genes with increased expres-
sion were predominantly related to the innate immune response (MK2:
Ctsg, 5.96-fold; Len2, 4.91-fold; Elane, 4.13-fold; Camp, 2.72-fold; $100a8,

3.21-fold; S100a9, 2.48-fold). Four genes associated with inflamma-
tory responses were selected for subsequent investigation, including
§100a8 and S100a9, whose expression was increased across all MK sub-
populations (Fig. 2E), Ctsg, and Thbs1, the latter of which has previously
been shown to increase in MKs of mice with Lewis lung carcinoma (12).

To assess whether the abnormal transcriptional profile of breast
cancer MKs resulted in altered protein content, BM MKs were sub-
jected to bulk proteomics 3 weeks after orthotopic implantation of
Met-1 cells (tumor mass = 0.68 + 0.22 g). Blinded hierarchal clustering
segregated samples from Met-1 tumor-bearing and vehicle control
(PBS)-implanted cohorts (Fig. 3A). We identified statistically sig-
nificant differences for 49 of 1046 identified proteins (36 up-regulated
and 13 down-regulated, P < 0.01), which were predominantly asso-
ciated with cancer and abnormal hematopoiesis (Fig. 3, Band C). In
line with our scRNA-seq experiments on PyMT-derived MKs, S100A8,
lipocalin-2 (Lcn-2), and cathepsin G (Ctsg), protein levels were in-
creased in BM MKs from Met-1 tumor-bearing mice (Fig. 3D). To
validate these findings in our PyMT model, we quantified SI00A8/
A9 levels in MKs from 13-week-old PYMT and WT mice by enzyme-
linked immunosorbent assay (ELISA) and found that PyMT-derived
MKs expressed higher levels of SI00A8/A9 (P = 0.013). These findings
collectively demonstrate that breast cancer induces pro-inflammatory
gene expression in BM MKs.
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Fig. 2. Transcriptomic profiling of MKs from a model of murine breast cancer. CD41* DAPI®Y cells were isolated from the BM of a 13-week-old PyMT mouse and a WT

littermate for scRNA-seq. (A) Dimensionality reduction using Uniform Manifold Approximation and Projection (UMAP) of pooled PyMT and WT samples. Cells of MK lin-
eage (orange) were separated into five clusters (Gy = 1699, Go/M = 1395, MK1 =871, MK2 = 537, and MK3 = 344 cells) based on differential gene expression. Gray cells from
non-MK clusters (n=4184 cells) were excluded. (B) Overlay of PyMT (red, n=3817) and WT (blue, n=5213) cells. (C) Heatmaps clustered according to average log fold
change depicting the top 50 differentially expressed genes between PyMT and WT cells in MK1, MK2, and MK3. Scatterplots depict gene expression of all recorded tran-
scripts. Red lines model no change in gene expression between WT and PyMT samples. (D) Diseases and functions associated with differentially expressed genes in MKs
from PyMT mice. (E) Expression levels of thrombospondin 1 (Thbs1), cathepsin G (Ctsg), S100a8, and S100a9 mRNA transcripts among MK subclusters.
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Fig. 3. MK protein expression from mice with mammary tumors. (A) Heatmap of differentially expressed (P < 0.01) proteins from native BM MKs of mice bearing Met-
1 tumors for 21 days or tumor-naive controls (PBS); n=>5 mice per condition. (B) Diseases and functions of differentially expressed proteins from Met-1 and PBS-only in-
jected mice. The number of proteins associated with each disease or function is shown to the right of the plot. (C) Volcano plot highlighting differentially expressed
proteins. Factors of interest are annotated. (D) Protein expression of candidate proteins ST00A8 (S100a8), lipocalin-2 (Lcn2), and cathepsin G (Ctsg). n =5 mice per condi-
tion. P values were determined by two-sample t tests. (E) STO0A8/A9 levels in MKs isolated from 13-week-old PyMT and WT mice as determined by ELISA. n =5 mice per

condition. P value determined by two-sample t test.

Increased platelet size, RNA, and protein expression

in platelets from PyMT mice

To determine whether abnormal megakaryopoiesis translates into
altered platelet production, we assessed the number, size, life span,
and activity of platelets from PyMT and WT mice. Despite no dis-
cernible change in platelet count, platelets from PyMT mice had
increased mean platelet volume (MPV), platelet distribution width
(PDW), and an elevated immature platelet fraction (IPF) (Fig. 4A).
These findings suggested an increase in the proportion of large
and reticulated platelets, which was confirmed by thiazole orange
staining of platelet RNA (Fig. 4B). In vivo labeling of circulating
platelets with biotin determined that platelet clearance was unal-
tered (Fig. 4C), suggesting that platelets from PyMT mice have ele-
vated RNA content throughout their life span. While platelet count,
PDW, MPV, and IPF were unchanged in Met-1 tumor-bearing
mice (fig. S9, A to D), we observed a significant (P = 0.005) increase
in platelet counts in AT-3 tumor-bearing mice (fig. SOE). Plasma
platelet factor 4 (PF4) levels were unchanged in 13-week-old PyMT
mice when compared to littermate PyMT-null controls (Fig. 4D),
and there were no differences in surface P-selectin (CD62p) expres-
sion upon thrombin stimulation (Fig. 4E), implying that basal
degranulation and sensitivity to platelet agonists were unchanged.
There was also no difference in the proportion of platelet-leukocyte
aggregates (WT = 2.58 + 0.14%; PyMT = 1.95 + 0.28%) in the blood
of 13-week-old WT and PyMT mice (fig. S10).
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We next sought to determine whether the same factors that were
elevated in MKs were also increased in circulating platelets, which
would imply their transfer from MKs during thrombopoiesis. SI00A8
and the S100A8/A9 heterodimer were elevated in platelets of 13-week-
old PyMT mice (Fig. 4, F and H), whereas Ctsg and Thbs1 were
unchanged (fig. S11). Serum but not plasma levels of SI00A8/A9
were also increased in PyMT mice (Fig. 4G), implying that SI00A8/
A9 secreted by platelets during clot formation can contribute to
circulating levels in this breast cancer model. Len-2 levels were also
increased in both platelets (Fig. 4H) and plasma (Fig. 4G), demon-
strating that several pro-inflammatory regulators are up-regulated
in circulating platelets.

Platelets from tumor-bearing mice potentiate tumor cell
invasion and lung colonization

We and others have previously demonstrated that the releasate of
activated platelets promotes cancer cell invasion (3, 32). On the ba-
sis of our findings of enhanced inflammatory protein signatures in
platelets of tumor-bearing mice, we next tested whether the releas-
ate of activated platelets from tumor-bearing mice promotes tumor
cell migration and invasion to a higher extent than that of WT con-
trols. Time-lapse imaging of fluorescently labeled tumor cells showed
no difference in their migratory capacity between PyMT and WT
releasates but revealed a statistically significant (P = 0.015) increase
in tumor cell invasion upon incubation of tumor cells with PyMT
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Fig. 4. Platelet characteristics and protein expression in PyMT mice. (A) Platelet counts, mean platelet volume (MPV), platelet distribution width (PDW), and immature
platelet fraction in 7- to 13-week-old PyMT and WT mice. n= 10 mice per condition. *P <0.05 and **P < 0.01, as determined by one-way ANOVA. (B) Thiazole orange (TO)
staining of platelets from PyMT and WT mice. n =6 to 7 mice per condition. P values were determined by two-sample t tests. (C) Proportion of biotin* platelets isolated from
PyMT and WT mice following in vivo labeling with biotin (0 hours). Dashed line depicts basal signal from unlabeled platelets. n =5 mice per condition. Error bars depict SEM.
(D) Plasma levels of platelet factor 4 (PF4) from PyMT and WT mice. n=9 to 11 mice per condition. P values were determined by two-sample t tests. (E) Surface expression of
P-selectin (CD62p) on the surface of platelets isolated from PyMT or WT mice following thrombin stimulation. n =4 to 5 mice per condition. Error bars depict SEM. (F) ST00A8
and S100A8/A9 levels in platelets from PyMT and WT mice. n =9 to 19 mice per condition. P values were determined by two-sample t tests. (G) ST00A8/A9 from the plasma
of PyMT and WT mice. n=4 to 7 mice per condition. (H) Lcn-2 levels of platelets from 13-week-old PyMT and WT mice. n =5 mice per condition. P values were determined
by two-sample t tests. (1) Lcn-2 levels from the plasma of PyMT and WT mice. n =3 mice per condition. P values were determined by two-sample t tests.

releasates (Fig. 5E and fig. S12). These results demonstrate that
platelets produced in tumor-bearing mice increase the invasive

releasates (Fig. 5, E and F) and found increased levels of Lcn-2,
which was also elevated in the platelets (Fig. 4H) and BM MKs

capacity of tumor cells. Pretreating the releasate of PyMT-derived
platelets with paquinimod (a direct S100A8/A9 inhibitor) partially
reduced the number of migrating tumor cells (fig. S12). However,
cell migration was only marginally inhibited, suggesting that other
platelet cytokines contribute toward tumor cell chemotaxis. To elu-
cidate other cytokines in the PyMT platelet releasate that may pro-
mote tumor cell invasion, we conducted cytokine arrays on platelet

Roweth et al., Sci. Adv. 8, eabo5224 (2022) 12 October 2022

(Fig. 3D) of tumor-bearing mice.

In addition to pro-invasive signals from cytokines, platelets can
directly bind tumor cells in blood circulation, which may impair
immunosurveillance (8). We, therefore, tested whether platelets
generated in the setting of cancer bind more readily to tumor cells
by coincubating green fluorescent protein (GFP)-expressing Met-1
cells with blood from either WT or PyMT mice. There was no

50f 12



SCIENCE ADVANCES | RESEARCH ARTICLE

Cell migration Cell invasion
3000 6 hours 2000 _— 24 hours
B oo 042 B oo 2500 0015,
2 2 e ') 2
3 wr 8 3000 @ B 1500 wr 8 2000
B 2000{ = Pwr 2 * 3 = e 3
g = § 8 1500
2 22000 Z 1000 £
5 5 s s
5 1000 ° 3 2 1000
£ S 1000 E 500 2
5 - £ E £ 500
z E] i =
0 0 0 0
9 > < 6 12 18 24
Time (hours) oo\" s& Q§ Time (hours) S
QO )
E F Platelet releasate
- 5 A 5 - Pentraxin 2 1
[0} 3 8 4 LIX 2
- E Angiopoietin-{ {SE—
g ' AHSG —
[] 42 7 10 Adiponectin 6
o) oo 2 CDp2p {7
— Cystatin C {e——"g
*0-5 .o - 5 oo |GFBP-2 {e— o
° 6 3 8 4 Serpin E1 {em—o
= = RBP4 fm—
© = PDGF-BB {— 1> wr
= & 4
O | 14 2 13 9 OPN fm— 3 e
12,810 < oo LCN-2 e 14
- NS 0 5 10 15 20 25
Pixel intensity (x1000)
G PYMT (WT) Blood Platelets CMFDA* cells
8 Mpl~ Mpl™ (flow cytometry)
PYMT*~ (PyMT) \ g&"
1. No platelets
/2 WTplatelets (2% 10°) ) 2.5x 105’AT—3 cells
| 3 PYMT platelets (2% 10°) _guor™ (CMFDAY)
L J L JL L ]
Platelet isolation Platelet transfusion Tumor cell lung colonization ~ Harvest lungs
(-2 hours) (0-48 hours)
Platelet Experimental
All events transfusion Single cells metastasis
Platelets 6 0.79
™ ) L0y
2 'é)’ EE
< o84 2 5§
o = O E E=
(&) oz 0% e cE
g2 ° £E
[ 1 2
0
SN
& & &
obégbé\ &bo‘\ &
< < §

Fig. 5. Tumor cell migration, invasion, and lung colonization in response to platelets and activated platelet releasate. Time-lapse quantification of (A) migrating
or (C) invading Met-1 cells toward the releasate of activated platelets. n =4 mice per condition for migration and n =8 mice per condition for invasion. Error = 95% confi-
dence interval of the difference. Control indicates serum-free medium as the attractant. Endpoint quantification of the number of (B) migratory or (D) invaded cells per
well. n =4 mice per condition for invasion and n = 8 mice per condition for invasion. P values were determined by unpaired two-sample t tests. (E and F) Cytokine profiling
of pooled (n =5) activated releasate from the platelets of either 13-week-old PyMT or WT mice. (G) Experimental design for AT-3 tumor cell lung colonization following
the transfusion of either PyMT- or WT-derived platelets into Mp/™~ recipients. Schematic created using BioRender.com. (H) Representative gating strategy to quantify
platelets (CD41%, FSC') from blood sampled before and after platelet transfusion. FSC, forward scatter. (I) Fold change in platelet count 2 hours after transfusion. P values
were determined by unpaired two-sample t tests. (J) Selection criteria and (K) quantification of CMFDA™ AT-3 cells in the lungs of Mpl™~ mice 48 hours after intravenous
injection. P values were determined by unpaired two-sample t tests; n =5 recipient mice per condition.

statistically significant (P = 0.12) difference in platelet expression  mice lacking the TPO receptor Mpl (Mpl™"), which have approxi-
on tumor cells incubated with blood from WT or PyMT animals  mately 10% the number of circulating platelets (fig. S14). CellTracker™
(fig. S13), suggesting that platelets of tumor-bearing mice have an ~ Green CMFDA-labeled AT-3 cells were injected 2 hours after platelet
increased propensity for influencing tumor cells through cytokine transfusion, and experimental lung metastasis was quantified after
release and not direct cell-cell interactions. 48 hours (Fig. 5G). Transfusion of either PyMT-derived or WT plate-

To test whether platelets generated in the setting of cancer pro-  lets similarly increased circulating platelet counts in recipient mice
mote metastasis more than those created under normal conditions,  (Fig. 5, H to I), and platelet counts did not correlate with the num-
platelets from PyMT or WT mice were transfused into recipient ber of tumor cells colonizing the lung (fig. S15), implying that any
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change in tumor cell number was instead driven by platelet content
or function. There was a statistically significant (P = 0.0078) increase
in the number of tumor cells colonizing the lungs of mice that received
PyMT-derived platelets (Fig. 5, ] and K), suggesting that platelets
generated in the setting of cancer potentiate tumor cell metastasis.

Enhanced S100A8/A9 secretion from platelets of early-stage
breast cancer patients

Given the pro-inflammatory protein expression of platelets from
PyMT mice (Fig. 4), we next investigated whether similar changes
occurred in platelets isolated from 10 newly diagnosed and untreated
breast cancer patients. Platelet counts and MPV were within normal
ranges (Fig. 6A), and plasma PF4 was unchanged when compared
to age-matched cancer-free controls (Fig. 6B), indicating no change
to basal platelet activation. Platelet levels of SI00A8/A9 were also
unchanged in relation to cancer-free controls, although platelet
S100A8/A9 may increase in later-stage (II to III) patients (Fig. 6C).
As with PyMT mice, serum levels of S100A8/A9 were higher than
that of plasma, but only in breast cancer patients (Fig. 6D), suggest-
ing that activated platelets selectively contributed to circulating
S100A8/A9 in breast cancer patients. However, the trending but not
statistically significant increase (P = 0.13) in SI00A8/A9 serum levels
of cancer patients compared to cancer-free controls (Fig. 6D) leads
us to conclude that further studies are required to definitively deter-
mine platelet and serum levels of SI00A8/A9 in breast cancer patients.

A

Breast cancer patient demographics
Median  SD N

Age 66.5 183 10
(years)
Platelet count 287 487 9
(10%liter)
MPV 9.1 149 9
(fl)
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Fig. 6. Enhanced release of S100A8/A9 from platelets of early-stage breast can-
cer patients. (A) Median age, platelet count, and MPV from recently diagnosed and
untreated patients with early-stage (I to lll) breast cancer. (B) Plasma levels of PF4 from
breast cancer patients and age-matched cancer-free female controls. n =6 control
subjects and 9 patients per condition. (C) Levels of STO0A8/A9 in platelets isolated
from cancer-free subjects and early-stage breast cancer patients. n=6 to 10 subjects/
patients per condition. (D) ST00A8/A9 levels in the plasma and serum of cancer-free
subjects and early-stage breast cancer patients. n=5 to 10 subjects/patients per con-
dition. N/A in cancer patients indicates no assigned stage due to the lack of lymph
node examination. P values were determined by one-way ANOVA.
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DISCUSSION

Platelets influence several hallmarks of cancer through diverse mech-
anisms (33); however, few studies have examined whether primary
tumors affect platelet-producing MKs within the BM niche. In this
study, we used a genetically engineered murine model of breast cancer,
PyMT, that recapitulates human breast cancer progression (34, 35).
PyMT mice had fewer and smaller BM MKs with abnormal poly-
ploidization (Fig. 1, D and G), while no changes were observed in
WT mice implanted with cell lines derived from PyMT tumors (Fig. 1,
E and F and H and I). Such discrepancies suggest that tumor-induced
changes to MKs predominantly occur in spontaneous and chronic
models, which closely reflect human breast cancer progression (34, 35).
Simultaneously, acute tumor generation following orthoptic implan-
tation of tumor cells may not provide adequate time to influence
megakaryopoiesis and platelet production. Recent findings from
Sun et al. (36) suggest that polyploidization correlates to noncon-
ventional functions of MKs within the BM, with 2N, 4-8N, and 16-
32N cells linked to inflammatory responses, active cell cycling, and
hematopoietic stem cell niche-support, respectively. In line with
our data, they also observed that 2N MKs were smaller than other
MK subpopulations. Therefore, the significant increase in 2N MKs
and decrease of 16N MKs in PyMT mice (Fig. 1G) suggest that breast
cancer enhances the proportion of inflammatory response MKs while
lowering those involved in niche regulation. In line with this cor-
relation, we also observed a shift toward an inflammatory and cancer
gene signature in PyMT BM MKs (Figs. 2 and 3). Beyond the BM,
lung MKs, which are predominantly 2N and smaller than BM MK,
have been associated with immunomodulatory roles (37). Given the
well-established effects of breast cancer on the lung microenviron-
ment (38, 39), we examined CD41" cells in the lungs of 13-week-old
WT and PyMT mice and found no difference in cell number (fig. S6B).
Similar observations were also made in the spleen (fig. S5, C and D),
suggesting that MK reprogramming in cancer predominantly occurs
within the BM niche.

In line with previous reports (40), we did not detect differences in
platelet counts between WT and PyMT mice (Fig. 4A). However,
platelets from PyMT mice had increased size (Fig. 4A) and RNA
content (Fig. 4B), indicating qualitative changes to platelet produc-
tion. Typically, platelets with high levels of RNA are referred to as
immature (41), are hyperactive (42), and have been implicated in
several diseases including non-small cell lung carcinoma (43). How-
ever, the platelets of PyMT mice in our study displayed unaltered
longevity and reactivity upon thrombin stimulation (Fig. 4, Cand D),
leading us to conclude that this subpopulation is distinct from retic-
ulated platelets.

Advances in scRNA-seq allow for a more stringent examination of
rare and fragile cell populations (44). Such approaches have recent-
ly been adopted to study the MK lineage (45), MK heterogeneity
(26, 36, 37, 46), and the effects of age-associated inflammation or
myelofibrosis (46, 47). In this study, we used scRNA-seq to identify
tumor-induced alterations in MK gene expression. This approach
allowed us to separate viable and legitimate MKs from contaminating
or nonviable cells, which are a common concern when isolating rare
cell populations for bulk analysis (fig. S7, A and B). Gene ontologies
from MKs of PyMT mice were predominantly associated with hemato-
logical development and inflammatory responses (Fig. 2D). Increased
expression of transcripts associated with the innate immune response
(e.g., Ctsg, Lcn2, Elane, Camp, S100a8, and S100a9) (Fig. 2, C to E)
suggests a tumor-driven pro-inflammatory MK phenotype.
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Of our differentially expressed genes, we found that $100a8 and
S$100a9 were markedly increased in the MKs (Figs. 2E and 3D) and
platelets (Fig. 4F) of tumor-bearing mice. In cancer, myeloid-derived
S100A8/A9 increases the migration and invasion of colon and lung
carcinoma cells (22). In the clinic, breast cancer patients with ele-
vated tumor S100A8 had a shorter disease-free and overall survival
(48), implying that SI00A8/A9 within mammary tumors holds clin-
ical importance. Although neutrophils are the archetypal reservoir
for S100A8/A9 (49) and can transfer SI00A8 to activated platelets
when cocultured in vitro (50), increased MK S$100a8 and S100a9
mRNA in our in vivo models (Fig. 2E) imply that MKs directly syn-
thesize these proteins. Recently, platelets from coronavirus disease
2019 (COVID-19) patients were shown to have increased S100a8
and S100a9 transcripts, possibly due to MK infection with severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (51).
Platelet SI00A8/A9 is also elevated in patients with systemic lupus
erythematosus (52) and early-stage pancreatic or lung cancer (31),
collectively suggesting the role of platelet SI00A8/A9 to be aug-
mented under certain pathologies.

Platelets store SI00A8/A9 in granules, leading to its release upon
platelet activation and during clot formation (52, 53), which likely
contributes to elevated serum levels in cancer patients (54-56). In
our study, S100A8/A9 was increased in platelets from 13-week-old
PyMT mice (Fig. 4F) but not in early-stage breast cancer patients
(Fig. 6, C and D). This discrepancy may result from a small patient
cohort, differing breast cancer subtypes, or reduced tumor burden
in early-stage patients compared to our murine model, where
13-week-old PyMT mice have a high incidence of lung metastasis
(35). Serum levels of SI00A8/A9 exceeded plasma levels from both
PyMT mice (Fig. 4G) and breast cancer patients (Fig. 6D) but were
unchanged in cancer-free controls, suggesting that activated plate-
lets selectively contribute to circulating SI00A8/A9 in breast can-
cer. In addition to SI00A8/A9, Lecn-2 was also increased in the MKs
(Fig. 3D) and platelets (Fig. 4H) of tumor-bearing mice. Lcn-2 is a
pro-inflammatory protein highly associated with estrogen receptor-
negative breast tumors (57, 58) and promotes the invasion and metas-
tasis of breast cancer cells in some but not all (59) preclinical models
by up-regulating epithelial to mesenchymal transition (60). Although
Lcn-2 has previously been detected in the human platelet proteome,
its functional roles and possible contribution to inflammatory or
metastatic processes have not been elucidated.

The roles of platelets in promoting tumor cell invasion and metas-
tasis are well established (3, 61), which prompted us to investigate
whether platelets produced by pro-inflammatory MKs further
potentiate tumor cell invasion and metastasis. In line with this
hypothesis, our findings show that increased tumor cell invasion in
response to the releasate of activated platelets from PyMT mice
(Fig. 5, D to F, and fig. $12) and Mpl™’~ donor mice transfused with
PyMT-derived platelets had increased tumor cell lung colonization
compared to mice transfused with WT platelets (Fig. 5, G to K).
Collectively, these findings lead us to hypothesize that platelets pro-
duced in the setting of cancer potentiate both early (i.e., invasion and
intravasation) and late (i.e., extravasation and colonization) stages of
tumor cell metastasis. This hypothesis is supported by previous work
from Labelle et al. (3), who demonstrated that platelets induce epithelial
to mesenchymal transition in tumor cells, which enabled tumor cell
lung colonization. Ongoing studies aim to delineate the role of platelets
in the formation of a premetastatic microenvironment and the dis-
tinct contributions of platelet-derived SI00A8/A9 or Len-2 therein.
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Despite the findings presented in this study, it remains largely
undetermined which tumor-derived factors affect megakaryopoie-
sis during breast cancer progression. Tumor interleukin-6 increases
platelet counts in ovarian cancer through increased TPO produc-
tion (14). However, TPO levels (fig. S1A) and platelet counts (Fig. 4A)
were not significantly increased in PyMT mice, suggesting an alter-
native mechanism of action. Chemokine ligand 5 is an inflammatory
cytokine up-regulated in the plasma of breast cancer patients (62)
and has previously been shown to affect MK maturation in vitro (63).
However, given that both interleukin-6 and chemokine ligand 5 are
increased in other chronic inflammatory conditions (64, 65), future
experiments should determine whether cancer directly affects MKs
through tumor-derived signals or by indiscriminately up-regulating
inflammatory responses.

To summarize, we demonstrate that MKs from a progressive
breast cancer model are smaller, have abnormal polyploidization,
and display an inflammatory gene expression profile. Proinflamma-
tory genes associated with tumor progression were also expressed at
the protein level in circulating platelets, which likely contribute to
the enhanced pro-metastatic properties of platelets generated in models
of malignancy.

MATERIALS AND METHODS

Experimental design

The objective of this study was to assess alterations to MKs and
platelets in the setting of breast cancer. To achieve this, our experi-
mental design used several preclinical murine models of breast cancer,
outlined below.

Animals

For orthotopic tumor generation, 8-week-old female FVB/NJ or
C57BL/6] mice were purchased from The Jackson Laboratory (stock
nos. 001800 and 000664). For autochthonous tumor progression,
FVB/N-Tg 634Mul/] (MMTV-PyMT) transgenic mice were pur-
chased from The Jackson Laboratory (stock no. 002374) and then
bred inhouse, with nontransgenic littermates (WT) used as cancer-
free controls. Mpl™~ mice on a C57BL/6] background were a gift
from A. Mullally. All animal experiments were conducted in accor-
dance with the regulations of the Brigham and Women’s Hospital
(protocol no. 2019N000011) and Institutional Animal Care and Use
Committee guidelines.

Cell culture

Met-1 murine cells (24) were a gift from J. Joyce (with permission
from A. Borowsky). AT-3 mammary carcinoma cells were purchased
from Sigma-Aldrich (catalog no. SCC178).

Tumor generation models

For orthotopic tumor generation, 2.5 x 10° Met-1 or AT-3 cells
were prepared in PBS and injected into the fourth left mammary fat
pad of 9-week-old FVB/N]J or C57BL/6] mice, respectively. Tumors
were measured every 2 to 3 days using digital calipers, and tumor
volume was calculated as (width? x length) + 2. Mice were sacrificed
either 21 days (Met-1) or 33 days (AT-3) after mammary fat pad
injections. For spontaneous tumor generation, MMTV-PyMT
transgenic mice and PyMT-null WT controls were housed from
birth to 13 weeks of age, with the collective tumor volume measured
from week 7.
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Immunofluorescent staining of MKs in situ

Femurs were fixed in 4% paraformaldehyde overnight at 4°C, and a
sucrose gradient was performed over three consecutive days. Femora
were cut at 10 um and transferred onto slides using a tape-transfer
system (Kawamoto) at a cryostat (Leica). Sections were blocked using
3% (v/v) goat serum and stained using antibodies against laminin
(Sigma-Aldrich, L9393) and CD41 (BioLegend, 133902). Secondary
antibodies were purchased from Invitrogen, and nuclei were visual-
ized using 4',6-diamidino-2-phenylindole (DAPI). Image acquisition
was performed using either a confocal microscope (Zeiss LSM880,
20x) or a Lionheart FX automated microscope. MK numbers were
quantified using Gen5 software (BioTek, version 3.10).

Electron microscopy

Femurs from 13-week-old PyMT mice or littermate controls were
fixed with 1.25% paraformaldehyde, 0.03% picric acid, and 2.5%
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for at least 1 hour.
Samples were then processed by the Harvard Medical School Elec-
tron Microscopy core facility. Femurs were fixed with 1% osmium
tetroxide, dehydrated through a series of alcohols, infiltrated with
propylene oxide, and embedded in epoxy resin. Sections were stained
and examined with a Tecnai G2 Spirit BioTwin electron microscope
(Hillsboro, OR) at an accelerating voltage of 80 kV. Images were
recorded with an Advanced Microscopy Techniques (AMT) 2-K
charge-coupled device camera, using AMT digital acquisition and
analysis software (AMT, Danvers, MA).

Isolation of BM cells and MKs

Tibias and femurs were dissected from euthanized mice and under-
went centrifugation (2500g, 1 min) to isolate BM cells (BMCs).
BMCs were passed through 100-pum strainers (Corning, 352360)
and washed in PBS, before RBC lysis (BD Pharm Lyze, 555899). For
MK enrichment before ELISAs, BMCs were stained with CD61
MicroBeads (Miltenyi Biotec, 130-109-678) and passed through
large cell separation columns (Miltenyi Biotec, 130-042-202). MKs
were further enriched by layering CD61" cells onto a 1.5 to 3.0%
bovine serum albumin gradient, and the bottom layer was isolated
following a density-based cell separation (66, 67).

MK polyploidization

BMCs were fixed and permeabilized with ice-cold ethanol and then
stained with Alexa Fluor 488-conjugated anti-CD41/61 antibodies
(Emfret, M021-1). Propidium iodide (Thermo Fisher Scientific,
P1304MP) and ribonuclease A (Sigma-Aldrich, R6513) were used
to stain DNA. Samples were analyzed using a Cytek Aurora spectral
cytometer.

Analysis of lung and splenic MKs

Murine lungs were perfused with PBS before extraction, minced,
and then digested in digestion buffer [1% (w/v) collagenase VI
(Thermo Fisher Scientific, 17104019), 10% (v/v) fetal bovine se-
rum in Dulbecco’s Modified Eagle Medium (DMEM)] for 30 min
at 37°C. Digested tissue was passed through 100-um cell strainers,
followed by RBC lysis (BioLegend, 420301). For spleens, organs
were extracted and pressed through 100-um cell strainers, fol-
lowed by RBC lysis. Single-cell suspensions were stained with
DAPI and anti-CD41 fluorescein isothiocyanate (FITC) antibodies
(BioLegend, 133903) and assessed using a Cytek Aurora spectral
cytometer.
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Single-cell RNA sequencing

BMCs from one 13-week-old PyMT mouse and one WT control
were stained with anti-CD41 phycoerythrin (PE)-conjugated anti-
bodies (BioLegend, 303705), before fluorescence-activated cell sort-
ing, for PE*, DAPI'®" single cells. Samples were processed using the
Brigham and Women’s Hospital Single Cell Genomics Core. Cells
(10,000) were loaded onto a single lane (chromium chip, 10x Ge-
nomics) followed by encapsulation in lipid droplets (Single Cell 3’
kit V2, 10x Genomics) and library generation per the manufacturer’s
protocol. Complementary DNA (cDNA) libraries were sequenced
to an average of 50,000 reads per cell using Illumina NextSeq 500.
scRNA-seq reads were processed with Cell Ranger v2.1 (10x Genomics).
In-house data analysis was performed using the Seurat package within
R (68). Cells exhibiting high proportions of mitochondrial gene
expression (>10%) were excluded from downstream analysis.

Proteomics

CD41" BMCs were processed at the Mass Spectrometry and Pro-
teomics Research Laboratory at the Harvard University. Proteins
were extracted using a Covaris Pre-Analytical Sample Preparation
System, before their precipitation and digestion in solution. Sam-
ples were labeled after digestion using a TMT10plex Isobaric Label
Reagent Set (Thermo Fisher Scientific, 90110) and fractionated to 20
fractions, which were run on the Orbitrap Fusion Lumos Tribrid Mass
Spectrometer. All data were searched on Proteome Discoverer 2.3.

Murine platelet, plasma, and serum isolation

For nonterminal murine blood collection, lateral incisions were
made across a tail vein and 15 pl was collected using a pipette with
an EDTA-prewetted tip. Blood was diluted 1:10 in EDTA (5 mM),
and full blood counts were assessed using a Sysmex Hematology
XE-5000 analyzer. For terminal procedures, blood was collected via
cardiac puncture into syringes containing EDTA (5 mM) and trans-
ferred to EDTA-coated microtainer capillary blood collection tubes
(BD, 365974). Blood was spun to isolate the platelet-rich plasma (PRP)
and WBCs (117g, 8 min), and PRP/WBCs were spun (200g, 3 min)
to isolate PRP. For platelet isolation, prostaglandin E; (1 uM, Sigma-
Aldrich, P5515) was added to PRP, spun (1000g, 5 min), and resus-
pended in platelet resuspension buffer (10 mM Hepes, 140 mM NaCl,
3 mM KCl, 0.5 mM MgCl,, NaHCOs3, and 10 mM glucose; pH 7.4).
Plasma was obtained by centrifugation of platelet-poor plasma (PPP)
at 10,000¢ for 5 min. For serum, whole blood was collected without
anticoagulant and left at 37°C for 30 min. Serum was separated from
blood clots and cells by centrifugation (10,000g, 5 min). Activated
platelet releasate was generated by incubating platelets (2 x 10%/ml)
for 30 min in DMEM at 37°C.

Human platelet, plasma, and serum isolation

Blood collection from newly diagnosed untreated breast cancer
patients and age-matched cancer-free volunteers was performed as
previously described in accordance with the Declaration of Helsinki
and ethics regulations with Institutional Review Board approval
from the Brigham and Women’s Hospital and the Dana-Farber
Cancer Institute (32). Citrated whole blood was spun (177g, 20 min)
to isolate PRP. Platelets were separated from PRP using the same
protocol as murine platelets, and platelet counts were adjusted using
a Cytek Aurora spectral cytometer. For serum, whole blood was
recalcified (2 mM CaCl,) and left at 37°C for 30 min. Serum was
isolated by centrifugation (10,000g, 5 min).
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Platelet activation

Murine platelets were activated with thrombin (Sigma-Aldrich,
T4648) for 20 min at 37°C. Samples were then stained for 20 min
with anti-mouse CD62p allophycocyanin (APC) (BioLegend, 148304)
to quantify alpha granule secretion. Platelets were fixed in 2% (v/v)
paraformaldehyde (Thermo Fisher Scientific, AAJ19943K2), and
fluorescence intensity was assessed using a Cytek Aurora spectral
cytometer.

Protein arrays and ELISAs

Protein concentrations in platelet lysates, plasma, and serum were
determined using DuoSet ELISA Kits from R&D Systems for S100A8
(DY3059), S100A8/9 (DY8596), and Len-2 (DY1857) or Aviva Systems
Biology ELISA kits for Thbs1 (OKEH00550) and Ctsg (OKEH06828).
Quantikine Colorimetric Sandwich ELISA Kits from R&D Systems
were used for plasma TPO (MTP00). Proteome Profiler Mouse XL
Cytokine Arrays from R&D Systems (ARY028) were used to char-
acterize platelet releasate.

Platelet interactions with leukocytes or tumor cells

Met-1 cells (5000) expressing GFP were incubated in 5 pl of anticoagu-
lated blood for 1 hour at 37°C. Samples were then diluted 1:20 in Hanks’
balanced salt solution (HBSS) containing CD41 PE (BioLegend, 133905)
and CD45 BV605 (BioLegend, 103139) for 20 min at room temperature.
Samples were further diluted 1:4 in HBSS before immediate analysis of
platelet binding (PE") within tumor cell (GFP") and leukocyte (CD45")
populations using a Cytek Aurora spectral cytometer.

Tumor cell invasion and migration

To assess tumor cell migration and invasion, Met-1 tumor cells were
labeled with CellTracker Deep Red (Thermo Fisher Scientific, C34565),
and 15,000 cells were added to semipermeable (8 um pore) tran-
swell inserts of a Falcon Fluoroblok 96-well plate (Fisher Scientific,
08-771-006) that were either left uncoated or coated with Matrigel
(250 pg/ml; Corning, 356231), respectively. In some cases, tumor
cells and platelet releasate were pretreated with the SI00A8/A9 in-
hibitor paquinimod (Sigma-Aldrich, SML2883) for 30 min before the
addition of tumor cells to transwells. Tumor cells that passed through
transmembrane inserts were quantified every hour for 24 hours using
a Lionheart FX automated microscope. All conditions were performed
in triplicate, and the average was used for subsequent analysis.

Platelet transfusion and experimental metastasis

Platelets isolated from either 13-week-old WT and PyMT mice were
pooled, and 2 x 10% cells were injected via the left lateral tail vein into
recipient Mpl ™~ mice. Platelet counts were assessed before and 2 hours
after transfusion by staining whole blood with anti-mouse CD41 PE
(BioLegend, 148304). Two hours after platelet transfusion, mice were
injected via the right lateral tail vein with 2.5 x 10> CellTracker™
Green CMFDA -labeled (Invitrogen, C2925) AT-3 tumor cells. Mice
were sacrificed 48 hours after tumor cell injection, and tumor col-
onization was assessed by digesting lung tissue in collagenase/
hyaluronidase (STEMCELL Technologies, 07912) and quantifying the
number of CMFDA cells using a Cytek Aurora spectral cytometer.

Statistical analysis

Statistical analyses and graphics were generated using R (v4.0.4, The
R Foundation for Statistical Computing, Vienna, Austria). Biological
replicates (all at or exceeding 3), sources of error (SD, SEM, or 95%
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confidence intervals), and P values are all reported in figures and/or
figure legends. Statistical tests used include unpaired and two-tailed
t tests, one-way analyses of variance (ANOVAs), with post hoc
Tukey’s, multiple comparisons testing, with values <0.05 consid-
ered statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo5224

View/request a protocol for this paper from Bio-protocol.
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