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 ABSTRACT  Circulating tumor cells (CTC) seed cancer metastases; however, the underlying cel-

lular and molecular mechanisms remain unclear. CTC clusters were less frequently 

detected but more metastatic than single CTCs of patients with triple-negative breast cancer and 

representative patient-derived xenograft models. Using intravital multiphoton microscopic imaging, 

we found that clustered tumor cells in migration and circulation resulted from aggregation of individual 

tumor cells rather than collective migration and cohesive shedding. Aggregated tumor cells exhibited 

enriched expression of the breast cancer stem cell marker CD44 and promoted tumorigenesis and 

polyclonal metastasis. Depletion of CD44 effectively prevented tumor cell aggregation and decreased 

PAK2 levels. The intercellular CD44–CD44 homophilic interactions directed multicellular aggregation, 

requiring its N-terminal domain, and initiated CD44–PAK2 interactions for further activation of FAK 

signaling. Our studies highlight that CD44 +  CTC clusters, whose presence is correlated with a poor prog-

nosis of patients with breast cancer, can serve as novel therapeutic targets of polyclonal metastasis. 

  SIGNIFICANCE:  CTCs not only serve as important biomarkers for liquid biopsies, but also mediate dev-

astating metastases. CD44 homophilic interactions and subsequent CD44–PAK2 interactions mediate 

tumor cluster aggregation. This will lead to innovative biomarker applications to predict prognosis, 

facilitate development of new targeting strategies to block polyclonal metastasis, and improve clinical 

outcomes.     

See related commentary by Rodrigues and Vanharanta, p. 22.     
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INTRODUCTION

Circulating tumor cells (CTC) spread from established 
tumors, circulate within the peripheral vasculature, and 
lead to the development of distant metastases that account 
for 90% of solid tumor–related mortality. Although many 
tumor cells may shed from a primary tumor, only an 
extremely small proportion of the CTCs can form second-
ary tumors (1–3). Both our studies and others’ have shown 
that the clustered CTCs detectable in the peripheral blood 
of patients with breast cancer are associated with a worse 
prognosis than single CTCs (4, 5). However, there is a lack 
of mechanistic understanding about which cellular and 
molecular properties enable tumor cluster formation and 
colonization and which targets may be used to block this 
metastatic pathway.

Increasing evidence has demonstrated that cancer stem cell 
(CSC) properties contribute to tumor initiation, recurrence, 
and therapy resistance (6–17). CD44 is a well-known surface 
marker of CSCs in breast tumors (9, 18, 19) and other tumors 
(20–22). However, the functional contributions of CSCs and 
CD44 to CTC cluster formation and polyclonal metastasis 
are yet to be elucidated.

We decided to dissect this mechanism of cancer metastasis 
by establishing and utilizing breast cancer patient–derived 
xenograft (PDX) models. We previously established five breast 
cancer PDX models (TN1–4 and E1; ref. 17) and recently 
created two more orthotopic breast tumor PDXs (TN5–6), 
six of which (TN1–6) were triple negative (TN) for estrogen 
receptor, progesterone receptor, and HER2, that developed 
spontaneous lung micrometastases in NOD/SCID or NSG 
mice. Two PDXs (TN1 and TN2) showed basal-like subtype 
gene-expression profiles based on cDNA microarray analyses 
(23). Human breast cancer MDA-MB-231 cells and mouse 
PyMT transgenic tumor models (24, 25) have also been sup-
plemented for the intravital imaging analyses as well as the 
cellular and molecular understanding of cluster formation.

Our studies here set out to determine how tumor cell 
clusters are generated in vivo, whether the CSC marker CD44 
is enriched within CTC clusters and required for tumor cell 
cluster formation, and what downstream targets of CD44 are 
essential players to promote tumor cluster–mediated metas-
tasis. Using mass spectrometry analyses, we have identified 
p21 protein (CDC42/RAC)–activated kinase 2 (PAK2) as a 
new CD44 target. PAK2 is a member of the evolutionarily 
conserved group I PAK family of serine/threonine protein 
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kinases, along with PAK1/3 (26). The role of PAK2 in breast 
tumor cell cluster formation has been elucidated below.

RESULTS

CTC Cluster Detection in Humans and PDXs with 
Metastatic Breast Cancer

CTC detection in humans is typically accomplished with 
blood analysis platforms such as the FDA-approved Cell-
Search, which analyzes EPCAM-positive CTCs with addi-
tional cytokeratin (CK)-positive and CD45-negative markers 
(27). In mouse models of cancer, tumor cells are labeled by 
fluorescent proteins eGFP or tdTomato, and thus blood 
CTCs are detected in an unbiased manner using fluorescence 
microscopy of peripheral blood cells after depletion of eryth-
rocytes. Complementary to blood CTC analyses, we also used 
vascular CTC detection in tissue sections by histochemical 
staining as well as in tumor models by intravital fluores-
cence imaging, thereby enhancing our cellular and molecular 
understanding of the CTC clusters in human breast cancer.

On the basis of tissue section availability, we first used IHC 
staining–based analyses of tissue sections, including staining 
with hematoxylin and eosin (H&E), epithelial markers CK or 
EPCAM, and endothelial marker CD31, to detect in situ CTCs 
within the vasculature (Fig. 1A and B; Supplementary Fig. 
S1A–S1D). We analyzed IHC-based vascular CTCs within tissue 
sections of primary tumors and distant metastases collected 
from seven patients with breast cancer at Case Western Reserve 
University (CW1–7; n = 9 tissue sections) and seven PDX models 
(TN1–6 and E1; n = 45 lung sections from 45 mice, respectively), 
among which TN5–6 were newly established (Supplementary 
Table S1). Clustered and single CTCs were detected within the 
vasculature of tissue sections, at similar frequencies (30%–40% 
cluster events) and with similar morphology between human 
TN breast cancer and PDX specimens (Fig. 1A–C; Supplemen-
tary Fig. S1A–S1D; Supplementary Table S1).

Using the CellSearch-based blood analysis, which normally 
detects single CTCs, we also detected CTC clusters (Fig. 1D) 
in a small proportion (7 of 46) of blood specimens collected 
from patients with metastatic breast cancer at Northwestern 
University (Supplementary Table S2). To determine whether 
the blood CTCs cluster in PDXs, we transduced four breast 
tumor PDXs with optical reporters, including eGFP, tdTo-
mato, luciferase 2-eGFP (L2G), and luciferase 2-tdTomato 
(L2T), as previously described (17). In the L2G and L2T single-
color and mixed-color implants of PDXs and MDA-MB-231 
models, we observed both single-color and dual-color CTC 
clusters as well as polyclonal lung metastases of both eGFP+ 
and tdTomato+ tumor cells (Fig. 1E; Supplementary Fig. 
S2A–S2E), which is consistent with previous reports from cell 
lines (5) and mouse tumor models (28). CTC clusters in the 
blood were detected at similar frequencies (8%–10% clustered 
events) between patients (n = 7 patients, 15 blood specimens) 
and PDX models (n = 4 models, 7 blood specimens; Fig. 1F; 
Supplementary Table S2).

We then compared the frequencies of dual-color, poly-
clonal lung colonies between mixed-color implants and the 
separate-color implants of TN1 PDXs as shown in Supple-
mentary Fig. S2A. In total, a high proportion (54% ± 15%; n = 
8 mice) of lung colonies of 2 to 10 tumor cells were dual color 
in the images of mice bearing mixed L2G–L2T implants in 
both mammary fat pads (Supplementary Fig. S2C and S2D), 
suggesting advantageous clustering from mixed tumor cells 
in close proximity. In contrast, a low proportion of lung colo-
nies (10% ± 4%; n = 8 mice, P < 0.0001) from separate-color 
implants exhibited dual color when the L2T- and L2G-labeled 
tumor cells were separately implanted into two distinct fat 
pads on the left and the right, respectively (self-seeding or 
cross-seeding was not observed; Supplementary Fig. S2C and 
S2D). This suggested that these distantly separated green and 
red tumor cells might meet in the vasculature or the lungs to 
form dual-color lung colonies.

Figure 1.  Tumor cell clusters arise from cellular aggregation. A, H&E staining images of CTC clusters (orange arrows) within the vasculature of the lung 
metastasis (met) sections of TN breast cancer patient CW1 (left) and a TN1 PDX mouse (right). Scale bars, 10 µm. B, IHC staining with a TN PDX breast 
tumor section for cytokeratin (CK) showing clustered tumor cells within the vasculature (a lower magnification image is shown in Supplementary Fig. S1B). 
Scale bar, 10 µm. C, Frequencies of IHC-detected vascular CTC clusters (% of all CTC events) within breast tumor and distant metastasis sections of seven 
patients (n = 9 human tissues) and seven PDX models (n = 28 mouse tissues; listed in Supplementary Table S1). t test P = 0.1115 (NS). D, Human CTC clusters 
in the peripheral blood of patients with metastatic breast cancer, negative for CD45 and positive for pan-CK and nuclear DNA (DAPI), detected via EPCAM-
based CellSearch platform. Scale bars, 10 µm. E, Fluorescence images of TN1 PDX tumor cell clusters within the peripheral blood and the lungs of NOD/
SCID mice. Top, blood CTC cluster (tdTomato+) from L2T PDX-bearing mice (blue, Hoechst). Bottom, 3-D stack image of a dual-color lung colony with one L2G 
(eGFP+) cell and one L2T (tdTomato+) cell derived from mixed-color implants as shown in Supplementary Fig. S2A. Scale bars, 10 µm. F, Frequencies of blood 
CTC clusters (% of all CTC events) isolated from seven patients with metastatic breast cancer (n = 7) and mice with 4 PDX models (n = 7 mice; Supplemen-
tary Table S2). t test P = 0.533 (NS). G, Intravital images of TN1 PDX breast tumor cell cluster formation via cell aggregation during migration, showing 
individually migrating eGFP+ tumor cells approaching and aggregating with other tumor cells and moving around dynamically. Arrows at 24′ and 30′ show the 
cumulative paths of cells 1, 2, and 3. Red, dextran+ vessels; blue, second harmonic generation (collagen I fibers). Scale bar, 10 µm. See Supplementary Video 
S1. H, Intravital images of single-cell intravasation of eGFP+ MDA-MB-231 tumor cells following cluster formation in a primary tumor. Stationary tumor cell 
1 is joined by individually migrating cells 2 and 3 to form a cluster. Cell number 2 sequentially leaves the cluster and intravasates between the frames at 18′ 
and 20′. Green, tumor cells; red, vasculature. Scale bar, 10 µm. See Supplementary Video S3. I, Intravital images of eGFP+ PyMT breast tumor cells (yellow in 
the red vasculature) in MacBlue Rag−/− mice, circulating as single cells (T1 and T5) and as groups of cells (T2, T3, and T4) in close physical proximity to each 
other. Tumor cells are briefly observed as they rapidly pass through the imaging field due to blood flow. Green, tumor cells (CTCs shown yellow); red, 155 
kD TMR–dextran-labeled vasculature; cyan, macrophages (circulating monocytes in white in the red vasculature). Scale bar, 10 µm. Additional CTCs in Sup-
plementary Video S4. J, Patient-derived CTC line BRX50 cells form clusters within 1 to 2 hours of suspension culture. Scale bar, 50 µm. K, Cluster formation 
within the lung vasculature imaged ex vivo at 2 hours after tail-vein infusion of eGFP+ (green) and tdTomato+ (red) MDA-MB-231 cells at 1:1 ratio, either 
mixed coinfusion (0 minutes apart), or separate infusions of tdTomato+ cells first and then eGFP+ cells lagged at 5 minutes, 10 minutes, and 2 hours. Ex vivo 
lung fluorescence images were taken 2 hours after infusion of eGFP+ cells. Scale bars, 50 µm. L, Quantitative proportions of single-color and mixed-color 
clusters (lung colonies) from the four groups in K. The experiments were repeated three times (n = 3) with counts of at least five images per mouse. t test ***, 
P < 0.001.
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Breast Tumor Cell Clusters Arise from Aggregation 
of Individual Tumor Cells

In order to explore the cellular mechanisms of polyclonal 
cluster formation, we used intravital multiphoton micro-
scopic imaging of the TN1 PDX breast tumors, human 
MDA-MD-231 cell–derived tumor models, and mouse PyMT 
transgenic tumor models as described (24, 25). We observed 
that individual migrating tumor cells aggregated into clus-
ters near the vasculature in a dynamic touch-and-go manner 
(Fig. 1G; Supplementary Fig. S3A; Supplementary Videos S1 
and S2). Some individual tumor cells detached from the clus-
ter and subsequently entered singly into the adjacent blood 
vessel (Fig. 1H; Supplementary Video S3). Notably, certain 
CTCs remained in close proximity with each other within 
the tumor vasculature even during rapid blood flow, shown 
by snapshots and videos of intravital imaging (Fig. 1I; Sup-
plementary Video S4).

Using the TN PDXs that display individual cell migration 
patterns (17, 24) under intravital imaging (29, 30), we collected 
invasive tumor cells in vivo from these models to examine the 
cellular patterns upon invasion into chemoattractant-con-
taining Matrigel. We found that around 20% of all counted 
invasion events occurred as multicellular aggregates (Sup-
plementary Fig. S3B). We also observed that individual CTCs 
derived from breast cancer patient BRX-50 (31) at Massachu-
setts General Hospital (provided by Dr. Daniel Haber) aggre-
gated into multicellular clusters in suspension culture within 
1 to 2 hours (Fig. 1J), suggesting individual cell aggregation as 
a possible mechanism of CTC cluster formation.

We then sought to determine whether the frequency of 
polyclonal CTC aggregation and lung colonization is depend-
ent on the timing of multiple individual tumor cells entering 
into blood vessels and homing to the lungs. Upon coinfusion 
(0 minutes apart) of both eGFP+ and tdTomato+ single breast 
tumor cells (MDA-MB-231 cells) via the tail vein, most of 
the eGFP+ and tdTomato+ tumor cells cohomed, resulting 
in a high ratio of dual-color aggregates of up to 5 cells (92%) 
within 2 hours in the lungs (Fig. 1K and L). In contrast, 
sequential infusion of these tumor cells with separations of 5 
minutes, 10 minutes, and 2 hours led to gradually decreased 
ratios of dual-color aggregates (foci) in the lungs (27%, 16%, 
and 10%, respectively) when imaged 2 hours after the final 
injection (Fig. 1K and L). These studies demonstrate that 
given a close temporal and spatial proximity of intravasation, 
individual CTCs are capable of aggregating into clusters in 
the circulation or lung vasculature. This might contribute to 

the higher percentage of dual-color lung colonies in mixed-
color implants than in separate-color implants as shown in 
Supplementary Fig. S2C and S2D.

Aggregated Tumor Cells Promote Tumorigenesis 
and Metastasis

Following this finding, we hypothesized that CSCs con-
tribute to tumor cell aggregation and sought to determine 
whether tumor cell aggregates have better CSC-related prop-
erties (cancer stemness) and what molecular mechanisms 
might underlie this aggregation phenotype. To facilitate a 
mechanistic understanding, we optimized an ex vivo aggrega-
tion assay with dissociated PDX tumor cells and monitored 
real-time cell aggregation using time-lapse IncuCyte imaging 
(Supplementary Fig. S4A and S4B; Supplementary Video S5). 
After seeding, individual primary tumor cells (tdTomato+ or 
eGFP+) started to aggregate within 2 to 3 hours and contin-
ued to form bigger clusters overnight with minimal cell divi-
sions, monitored under the time-lapse IncuCyte microscopy 
imaging (automatically scanned to the same fields every 2 
hours). Minimal cell death was observed within the first 
12 hours but became more significant only in single cells after 
24 hours, demonstrating the survival advantage of clustered 
cells (Supplementary Fig. S4B).

We then set out to determine the CSC-related properties 
(32, 33) of aggregated tumor cell clusters from TN PDXs, 
such as orthotopic tumorigenesis (gold-standard CSC assay), 
mammosphere formation, and lung metastasis. We ortho-
topically implanted single and clustered PDX cells (TN1 and 
TN2) in equivalent cell numbers separately into the fourth 
left and right mammary fat pads of each NOD/SCID or NSG 
mouse. Compared with the respective single tumor cells, the 
clusters derived from both TN1 and TN2 PDXs were more 
capable of initiating tumor growth, measured by biolumi-
nescence signal intensity over 2 to 4 weeks (Fig. 2A–D). The 
clustered tumor cells from the PDXs formed mammospheres 
at a 3.5-fold higher efficiency compared with their single-
cell counterparts in serum-free mammary epithelial stem 
cell media ex vivo (Fig. 2E and F). We also observed that 
dissociated MDA-MB-231 tumor cells formed aggregates in 
suspension culture as early as within 1 hour and contin-
ued to expand up to 96 hours, while protein levels of the 
pluripotency-related OCT 3/4 increased over this time frame 
(Supplementary Fig. S5A and S5B).

We continued to compare the stemness-requiring meta-
static potential between single and clustered tumor cells 

Figure 2.  Tumor cell clusters with increased tumorigenesis, metastasis, and CD44 expression. A, Representative bioluminescence images of single 
cells (S) and clusters (C) of TN1 PDX tumor cells in parallel during tumorigenic monitoring upon orthotopic implantation (1,000 cells per mammary fat 
pad), on days 0 (D0) and 18 (D18). B, Quantitative bioluminescence signals (total flux, p/s; left) and fold change (right) of tumorigenesis mediated by TN1 
tumor cells in singles and clusters during the 18-day monitoring in A (n = 5). t test **, P < 0.01. C, Representative bioluminescence images of single cells 
(S) and clusters (C) of TN2 PDX tumor cells in parallel during tumorigenic monitoring upon orthotopic implantation (5,000 cells per mammary fat pad), on 
days 0 (D0) and 24 (D24). D, Quantitative bioluminescence signals (total flux, p/s; left) and fold change (right) of tumorigenesis mediated by TN2 tumor 
cells in singles and clusters during the 24-day monitoring in C (n = 8). t test *, P < 0.05; **, P < 0.01; ***, P < 0.001. E, Images of mammospheres derived 
from single and clustered tumor cells of TN2 PDXs. Scale bars, 50 µm. F, Quantitated bar graph of mammospheres derived from single cells and clusters. 
N = 6 biological replicates. t test ***, P = 0.0008. G, Bioluminescence imaging (BLI) images of lung colonization mediated by single cells and clusters of 
L2T-labeled TN1 PDX cells (5 × 105) at day 0 (D0) and weeks 1, 2, and 8 (Wk1, 2, and 8) after tail-vein infusion. H, Quantitated BLI signal (total flux, p/s) of 
the TN1 single cell– and cluster-mediated lung metastases described in G (n = 5). t test *, P = 0.012; ***, P = 0.00012. I, CD44 (brown) and CD31 (pink) IHC 
staining of the TN1 PDX-bearing mouse lung sections (slide 228) showing a CD44+ CTC cluster within CD31+ vasculature. Scale bar, 25 µm. J, Proportion 
of CD44+ CTCs in the events of single and cluster CTCs counted within the in situ vasculature of human breast tumors (n = 5) and metastases (n = 3), and 
PDX lung metastases (n = 3; Supplementary Table S3). t test ****, P < 0.0001.
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derived from TN PDXs by directly injecting tumor cells 
into the tail vein and examining the lungs. Unlike single 
MDA-MB-231 breast tumor cells, which aggregated with 
high efficiency within 2 hours of tail-vein infusion (Fig. 
1K), TN PDX-derived L2T+ single tumor cells had a low 
efficiency in forming aggregated clusters of ≥3 to 5 cells 
(Supplementary Fig. S5C and S5D). Meanwhile, the injected 
clusters had a short-term survival advantage in the lungs at 
24 hours (Supplementary Fig. S5C and S5D). Although the 
bioluminescence signals of clustered and single tumor cells 
both dropped to about 2% within 1 week, only the aggregated 
tumor cells recovered and regained metastatic growth within 
2 to 8 weeks (Fig. 2G and H), demonstrating that the clusters 
have CSC properties that increase their tumorigenic and 
metastatic potential.

We then questioned whether markers of CSCs were detect-
able in clustered CTCs. CD44 and ALDH have been among 
the most commonly used markers of CSCs in breast tumors 
and many epithelial tumors (9, 18–22, 34). Although the 
ALDH signal was undetectable in TN PDXs (data not shown), 
we detected CD44 expression in the CTC clusters in situ 
within the endothelial CD31+ vasculatures of PDX tumor 
specimens and human tissues (Fig. 2I; Supplementary Fig. 
S5E). Out of 384 total counted CTC events (n = 10 speci-
mens), CD44 was notably enriched in vascular CTC clusters 
(100% in the PDX models, 72%–90% in human sections) as 
opposed to single CTCs (average 42%, P = 2.16 × 10−05; Fig. 2J; 
Supplementary Table S3).

CD44 Is Required for Tumor Cell Aggregation and 
Lung Colonization

To determine the functional importance of CD44 in tumor 
cell aggregation and subsequent lung colonization, we evalu-
ated the effects of modulated CD44 levels on breast tumor cell 
aggregation, spontaneous lung metastasis upon orthotopic 
implantation, and lung colonization via tail-vein injection.

We first sorted CD44+ and CD44− tumor cells from L2G-
labeled TN PDXs for aggregation assays ex vivo and observed 
that CD44+ tumor cells formed clusters not only of a bigger 
size but also in a larger quantity than CD44− tumor cells (Sup-
plementary Fig. S6A–S6C). To compare CD44+ and CD44− 
cells simultaneously in a competitive cellular aggregation 
course, we utilized the identical TN PDXs labeled with eGFP 
or tdTomato (17). We first sorted CD44+ and CD44− tumor 
cells separately from these PDXs, each tagged either green or 
red, for mixed-color aggregation assays. Although the dou-
ble-positive mixture of eGFP+CD44+ and tdTomato+CD44+ 
cells formed large, dual-color aggregates together (Fig. 3A, 
left; Supplementary Video S6), the double-negative mixture 
of eGFP+CD44− and tdTomato+CD44− tumor cells did not 
form comparable aggregates in either color (Fig. 3A, middle; 
Supplementary Video S7). Furthermore, when eGFP+CD44− 
tumor cells were mixed with tdTomato+CD44+ tumor cells, 
only the red CD44+ tumor cells formed distinct aggregates, 
whereas the green CD44− cells remained as single cells after 
24 hours of ex vivo aggregation culture in the mammary epi-
thelial stem cell medium (Fig. 3A, right; Supplementary Video 
S8). There was no significant difference observed between the 
numbers of viable CD44+ and CD44− tumor cells during the 
24-hour aggregation (Fig. 3B), suggesting that the effect of 

CD44 on cell aggregation is prior to any effects of cell sur-
vival. However, after a culture of 48 to 72 hours, the aggre-
gated primary tumor cells showed a survival advantage over 
the nonaggregated single cells (Supplementary Fig. S6D).

To examine the requirement of CD44 for tumor cell aggre-
gation, we knocked down CD44 in L2G-labeled TN PDX 
tumor cells using a mixture of commercially available CD44 
siRNAs. We found that PDX-derived tumor cells mainly 
expressed CD44 splicing variant forms (CD44v) at ∼150 kD 
(Fig. 3C; Supplementary Fig. S6E). To determine if CD44 
regulation of tumor cell aggregation is dependent on the 
variant isoforms, we utilized MDA-MB-231 breast tumor 
cells (also TN), which exclusively express CD44 standard 
form (CD44s) with a smaller molecular weight of ∼80 kD, 
which can be depleted by CD44 siRNA (siCD44)–mediated 
knockdown (Fig. 3D). To complement the transient knock-
down studies, we also knocked out CD44 in eGFP (L2G) or 
tdTomato (L2T)–labeled MDA-MB-231 cells and TN1 PDXs 
using CRISPR/Cas9 technology (35) and custom-designed 
guide RNAs (gRNA) targeting exon 2 of the CD44 gene (see 
Supplementary Methods). CD44 immunoblotting verified 
the depletion of CD44 in three batches of pooled knockout 
(KO) tumor cells (Fig. 3E).

Consistent with sorted CD44− cells (Supplementary Fig. 
S6B and S6C), the CD44 knockdown decreased the cluster-
forming capacity of PDX-derived tumor cells, with smaller 
cluster size and fewer cluster numbers observed per image 
(Fig. 3F and G). Reduction of CD44s by siCD44 also inhibited 
the aggregation of MDA-MB-231 tumor cells during the first 
60 minutes in suspension (Fig. 3H and I). These data suggest 
that the key role of CD44 in mediation of immediate tumor 
cell aggregation is independent of its isoforms and is separate 
from its suspected effect on proliferation. CD44 knockdown 
increased the death of detached single cells (anoikis) within 
48 hours in suspension (Supplementary Fig. S6F). These data 
also support the idea that CD44 initiates cellular aggregation 
and subsequently prevents anoikis during the extended hours 
and days following detachment and circulation.

Compared with the CD44 wild-type (WT) controls, the CD44 
KO cells lost aggregation capacity in vitro when measured within 
24 hours (Fig. 3J and K). Although the CD44 KO cells showed 
impaired aggregation as early as 1 hour, they did not show 
increased cell death compared with WT controls between 1 and 
24 hours (Supplementary Fig. S6G and S6H), further confirm-
ing that the effect of CD44 on aggregation is in parallel or prior 
to any potential effects on cell survival. The lost aggregation 
was restored by overexpression of CD44 in MDA-MB-231 KO 
cells (Supplementary Fig. S7A–S7C), demonstrating that CD44 
is sufficient in mediating cell aggregation.

We proceeded to examine whether CD44 is required for 
lung colonization of aggregated CTCs in vivo. Upon tail-vein 
infusion, the siCD44-transfected TN1 and TN2 PDX tumor 
cells as well as CD44 KO MDA-MB-231 cells led to a reduced 
efficiency of lung colonization as measured by biolumines-
cence imaging (Fig. 4A–F). In a competitive lung colonization 
assay via tail-vein infusion of MDA-MB-231 cells, single eGFP+ 
CD44 KO and tdTomato+ CD44 WT cells (mixed at a 1:1 ratio) 
homed to the lungs in proximity to each other (Fig. 4G, top 
row). A majority of tdTomato+ CD44 WT cells formed red 
clusters, whereas most of the eGFP+ CD44 KO cells were single 
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Figure 3.  CD44 directs polyclonal tumor cell aggregation. A, Time-lapse aggregation images at 0, 4, 8, and 24 hours of incubation with PDX-derived 
1:1 mixtures of tdTomato+ and eGFP+ primary tumor cells. Left column, sorted CD44+; middle column, CD44−; right column, mixed CD44+/CD44− cells 
in two colors. For details, see the Supplementary Videos S6 to S8. B, Number of viable CD44+ versus CD44− cells at the time points of 12- and 24-hour 
aggregation (t test P = 0.6, n = 4). C, Immunoblot of CD44 and β-actin (loading control) in TN1 PDX tumor cells upon transfection of the scrambled siRNA 
control (siCon) or siCD44, which caused a depletion of the dominant variant CD44 (CD44v; molecular weight 120–160 kDa) and the marginal standard 
CD44 (CD44s; molecular weight ∼80 kDa). D, CD44 immunoblot showing siCD44-mediated knockdown of the exclusive CD44s in MDA-MB-231 cells 
compared with the control (siCon). E, CD44 immunoblot of three MDA-MB-231 batches of populations upon CRISPR/Cas9-based CD44 knockout (KO) 
with gRNA targeting exon 2. F, Snapshot images showing reduced aggregation of L2G-labeled TN1 PDX tumor cells at 72-hour clustering time point 
after siCD44 and siCon transfections, measured via IncuCyte imaging system. G, Quantitative curves of the cluster size (left) and number (right) of TN1 
cells measured via IncuCyte time-lapse imaging (n = 3 biological replicates, MANOVA ***, P < 0.001). H, Snapshot images taken at 0 and 60 minutes of 
MDA-MB-231 suspension cell aggregation onto polyhydroxyethyl methacrylate-treated plates, at 48 hours after siCD44 and siCon transfections. Scale 
bars, 50 µm. I, Cluster counts of MDA-MB-231 cells at 60-minute aggregation. The data were from at least five images for each group per experiment. 
The experiments were repeated three times (n = 3). t test *, P < 0.05; **, P < 0.01; ***, P < 0.001. J, Cluster images of CD44 WT and KO (via CRISPR/Cas9) 
MDA-MB-231 cells at the 24-hour aggregation time point. Scale bars, 150 µm. K, Quantitative counts of clustered MDA-MB-231 cells with a cluster size 
of >20 cells show a significant, dramatic reduction in CD44 KO cells (n = 5, t test ***, P < 0.001).
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Figure 4.  CD44 depletion blocks tumor cell aggregation and lung metastasis in vivo. A, Bioluminescence images of lung colonization of the siRNA control 
(siCon) and siCD44-transfected TN1 tumor cells on days 0 (D0) and 1 (D1) and weeks 1 (Wk1) and 4 (Wk4) after tail-vein infusion. Cells (5 × 105) were injected 
into mice at 36 hours after the initial transfection. B, Quantitative bioluminescence signal curves (total flux, p/s) of the TN1 PDXs (siCon and siCD44) as meas-
ured in A, n = 5 mice per group. t test ***, P < 0.001. C, Bioluminescence images of lung colonization of the siRNA control (siCon) and siCD44-transfected TN2 
tumor cells on days 0 (D0) and 1 (D1) and week 1 (Wk1) after tail-vein infusion. Cells (5 × 105) were injected into mice at 36 hours after the initial transfection.  
D, Quantitative bioluminescence signal curves (total flux, p/s) of the TN2 PDXs (siCon and siCD44) as measured in C; n = 5 mice per group. t test **, P < 0.01. 
E, Bioluminescence images of lung colonization of L2T-labeled CD44 WT and KO MDA-MB-231 tumor cells on day 0 (D0) and weeks 1 (Wk1), 3 (Wk3), and 5 
(Wk5) after tail-vein infusion. F, Quantitative analyses of the lung bioluminescence signals of CD44 WT and KO cells imaged in E (n = 4). t test *, P < 0.05; ****,  
P < 0.0001. G, Fluorescence images of the lungs at 2 and 24 hours and 5 weeks after tail-vein infusion of mixed eGFP+CD44KO and tdTomato+CD44 WT tumor 
cells (1:1 ratio). Three columns represent the images from the tdTomato channel, the eGFP channel, or the merged channels, respectively. Scale bars, 50 µm for 
the images taken at 2 and 24 hours, and 125 µm for the images taken at week 5. H, Counts of single (solid bar) or clustered tumor cells (checked bar) of CD44 
WT and KO cells in the lung images at 2 and 24 hours after tail-vein injections in E. At least five lung images were taken for each mouse (n = 3 mice). I, Tumori-
genesis results of PDX-derived CD44 WT and KO cells implanted into the mammary fat pads (second and fourth), from 1,000 to 100,000 cells per injection.   
t test *, P = 0.02 between WT/KO implantations of 1,000 cells. J, Top, depiction of orthotopic implantation of CD44 WT (eGFP+) and KO (tdTomato+) tumor cells 
(100,000 cells per injection) separately into the left and right mammary fat pads of each NOD/SCID mouse. Bottom, images of breast tumors derived from the 
above implantations at harvest (3 weeks). K, Comparison of tumor weight of CD44 WT (eGFP+) and KO (tdTomato+) tumors derived from 100,000 cell injections 
in J (n = 6 mice). t test ***, P < 0.001. L, Fluorescence images, from the channels of tdTomato (left), eGFP (middle), and merged (right), of the dissected lungs 
with spontaneous metastases (mets) of CD44 WT (eGFP+) and KO (tdTomato+) tumors, at 3 weeks after orthotopic implantation of these cells into the left and 
right fourth mammary fat pads, respectively (as shown in J). Scale bars, 125 µm. M and N, Comparison of lung colonies (M) and normalized lung metastases 
(colony # per gram of tumor weight; N) following implantations of CD44 WT and KO cells. t test ****, P < 0.0001.
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green cells at 2 hours after infusion (Fig. 4G, top row, 4H). 
By 24  hours after infusion, few eGFP+ CD44 KO cells (∼5%) 
remained detectable, whereas ∼30% of tdTomato+ CD44 WT 
cells were visible under the fluorescence microscope, leading to 
a significant difference in the long-term (i.e., 5 weeks) coloni-
zation efficiency (Fig. 4G, middle and bottom rows, and 4H).

Using the lentiviral CRISPR/Cas9 and CD44 gRNAs, we 
also transduced CD44+ CSCs from TN1 PDXs and sorted the 
L2G/L2T-labeled KO cells based on surface CD44 expression 
and L2G/L2T (Supplementary Fig. S7D). Using sorted CD44 
WT and KO cells from PDXs for orthotopic implantations, we 
detected a reduced tumorigenic potential of CD44 KO PDX 
tumor cells at a low number of 1,000 cells (Fig. 4I; P < 0.05, 
n = 5). Furthermore, on either side of the fourth mammary 
fat pads of each recipient mouse, we implanted a sufficient 
number (≥100,000 cells) of tdTomato+ CD44 KO and eGFP+ 
CD44 WT cells (MDA-MB-231) to enable tumorigenesis into 
two separate tumors. These mice showed spontaneous lung 
metastases with a majority of green CD44 WT colonies and 

very few red CD44 KO colonies (Fig. 4J–N). Although the 
CD44 KO tumors had a 50% reduction of tumor weight 
compared with the CD44 WT control tumors (Fig. 4J and K), 
the normalized number of lung metastatic loci per primary 
tumor weight of KO cells was only one eighth that of WT 
cells (Fig. 4L–N). These data strongly suggest that CD44 is 
required for cluster formation and lung metastasis.

CD44 Mediates Intercellular, Homophilic Protein 
Interactions in Tumor Cell Aggregates

CD44 is an adhesion molecule and a known receptor for 
hyaluronic acid (hyaluronan) in lymphocytes (36–38). We 
initially speculated that hyaluronan binding to CD44 under-
lies the intercellular interactions of CTC aggregates. How-
ever, a hyaluronan antagonist (o-HA, provided by Dr. Bryan  
P. Toole, Medical University of South Carolina) failed to 
block TN1 PDX tumor cell aggregation but rather slightly 
promoted the cluster size of tumor cell aggregates (Fig. 5A 
and B). Consistently, the hyaluronic acid synthase inhibitor 
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in knockdown cells was located at the intercellular interface of a few clusters. F, The binding curves of biotin-conjugated CD44 at 0, 1, and 5 µg/mL to 
the solid phase CD44 and BSA, measured as OD450 units. t test ***, P < 0.001. G, Top, diagram of mixed HEK-293 cell aggregates of two populations trans-
fected with C-terminal FLAG-tagged and HA-tagged CD44, respectively. Bottom, immunoblots for the CD44-FLAG and CD44-HA proteins upon co-IP 
with anti-HA and anti-FLAG antibodies, respectively. (continued on next page)
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Figure 5. (Continued)  H, Structure model of CD44s monomer (the signal peptide 1–20 not shown) with the N-terminal residues, especially Q21-C97 
of the extracellular domain I and the beginning of the domain II, as predicted by computational algorithm iTasser. Warmer colors indicate higher probabili-
ties to be at the dimer interface, as predicted by protein docking algorithm BAL. I, Two representative structure models (top and bottom) of predicted 
CD44 homodimers (formed between two neighboring cells) at an almost straight angle from protein docking. The right monomer is color coded in the 
same way as in H, whereas the left one is in gray for contrast (see Supplementary Fig. S8 for additional structure models). J, Immunoblots for CD44-FLAG 
(CD44s and ∆N21-97) and CD44-HA proteins upon co-IP using anti-HA and anti-FLAG antibodies with mixed HEK-293 cell aggregates of two popula-
tions transfected with FLAG-tagged (CD44s and ∆N21-97) and HA-tagged CD44, respectively. *, CD44s WT or mutant bands. K, Images of aggregation of 
HEK-293 cells for 1 hour, at 48 hours after transfection with CD44s-FLAG and ∆N21-97-FLAG. Scale bars, 50 µm. L, Quantitative counts of aggregated 
HEK-293 cells, transfected with CD44s-FLAG and ∆N21-97-FLAG, in cluster sizes of 2–5, 6–10, and >10 cells. t test ***, P < 0.001.

(HASi) 4-MU did not significantly alter the aggregation of 
MDA-MB-231 cells in suspension (Fig. 5C and D). Therefore, 
CD44-directed tumor cell aggregation is hyaluronan-inde-
pendent. To determine whether other adhesion molecules 
such as E-cadherin are involved in CD44-mediated cell aggre-
gation, we conducted human adhesion molecule antibody 
array analysis for 17 major adhesion molecules with both 
CD44 WT and KO cell lysates. However, most of the adhe-
sion molecules were not altered by CD44 KO, and E-cadherin 
was not detectable in MDA-MB-231 cells (Supplementary 
Fig. S7E). These data suggest that CD44-mediated tumor cell 
aggregation is independent of its known ligand hyaluronan, 
E-cadherin, and other unaltered adhesion molecules.

We subsequently investigated the possibility that CD44 
mediates CD44–CD44 homophilic, intercellular interac-
tions within cell aggregates using multiple experimental 
approaches. Using anti-CD44 immunofluorescence staining, 
we first found that the residual CD44 protein was mainly 
located at the interface of a few tumor cell aggregates upon 
siCD44 knockdown (Fig. 5E). Second, we performed a solid-
phase self-interaction assay in vitro with His-tagged CD44 
extracellular domain (ExD). CD44 ExD was immobilized 
to the test plates (solid phase) and displayed a significant 
binding to biotin-labeled CD44 ExD versus the BSA control 

(Fig.  5F), demonstrating a homophilic interaction between 
the CD44 ExDs. Third, we overexpressed CD44 with two dif-
ferent C-terminal tags, CD44-FLAG (standard form CD44s) 
and CD44-HA (full length), into two separate sets of CD44− 
HEK-293 cells. Upon dissociation, CD44-FLAG–expressing 
cells were then mixed and aggregated with CD44-HA–express-
ing cells (Fig. 5G, top) prior to harvest and cell lysis for 
coimmunoprecipitation (co-IP). Notably, the homophilic 
interactions between intercellular CD44-HA and CD44-FLAG 
proteins were reciprocally detected via the immunoblotting 
of CD44-FLAG protein and CD44-HA protein in the separate 
co-IP pulldown lysates with the anti-HA and the anti-FLAG 
antibodies, respectively (Fig. 5G, bottom). This demonstrates 
that intercellular CD44–CD44 interactions are responsible 
for mediating homophilic tumor cell aggregates.

To further determine the importance of CD44 homo-
philic interaction in cell aggregation and lung colonization, 
we analyzed the CD44 sequences and structure models for 
subsequent studies. Based on the computational analyses 
and machine learning–assisted modeling, the CD44s mono-
mer shows an elongated four-domain structure with three 
ExDs (Fig. 5H). The 10 homodimer models of CD44 from 
multistage protein docking all suggest that the N-terminal 
domain I (amino acids 21–97) and domain II’s first few 
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residues are mainly responsible for the dimerization (Fig. 
5I; Supplementary Fig. S8A). To avoid disrupting the stabil-
ity of domain structures, we therefore truncated domain I 
(∆N21-97) for subsequent co-IP and cellular aggregation 
analyses. Upon transfection into HEK-293 cells, the ∆N21-
97 mutant was deficient in forming intercellular complexes 
with CD44 (Fig. 5J) and lost the capacity of mediating 
cell aggregation (Fig. 5K and L). The N-terminal domain–
dependent CD44 homophilic interaction was also blocked 
by an anti-CD44 neutralizing antibody when administered 
to aggregating cells in suspension (Supplementary Fig. S8B). 
Meanwhile, the treatment of this anti-CD44 antibody inhib-
ited cellular aggregation of MDA-MB-231 breast cancer cells 
in suspension (Supplementary Fig. S8C and S8D). Upon 
tail-vein injection, CD44-dependent cluster formation and 
colonization of TN1 PDX cells and HEK-293 cells within 
the lungs were further significantly diminished by the anti-
CD44 blockade treatment and truncation of the CD44 self-
interacting domain (∆N21-97), respectively (Supplementary 
Fig. S8E–S8G).

CD44 Maintains PAK2 Levels in Tumor  
Cell Aggregates

To better understand the CD44-mediated molecular tar-
gets and downstream pathways during tumor cell aggrega-
tion, we conducted mass spectrometry analyses of sorted 
CD44+ and CD44− PDX tumor cells prior to aggregation 
as well as the CD44 knockdown and control cells after 
aggregation. We identified 535 proteins and 382 proteins 
differentially expressed by more than 2-fold in the two com-
parisons (CD44+/− and siCon/siCD44), respectively (Fig. 6A; 
Supplementary Table S4), including two overlapping sign-
aling pathways: protein ubiquitination and eIF2 signaling 
(Supplementary Fig. S9A). Out of the 38 overlapping proteins 
regulated by CD44 in both comparisons, PAK2 was identified 
as a critical component in four of the top 13 CD44-regulated 
pathways, such as focal adhesion kinase (FAK) signaling, 
paxillin signaling, actin cytoskeleton signaling, and TNFR1 
signaling (Fig. 6A). PAK2 is a p21-activated kinase that acti-
vates the FAK signaling pathway as one of the three members 
of the evolutionarily conserved group I PAK family of ser-
ine/threonine protein kinases, along with PAK1 and PAK3 
(26). We further confirmed that siCD44 transfection reduced 
PAK2 protein levels in TN1 PDX tumor cells (Fig. 6B) along 
with decreased FAK protein levels during aggregation (Sup-
plementary Fig. S9B). However, the PAK2 mRNA levels were 
unaffected upon CD44 knockdown (Fig. 6C). Although FAK 
had been reported to promote breast cancer stemness (39, 
40), the pluripotency marker OCT3/4 levels were also reduced 
in CD44 KO cells compared with the WT MDA-MB-231 cells 
(Supplementary Fig. S9C), suggesting that CD44 depletion 
impairs cancer stemness.

To determine the importance of PAK2 in tumor cell aggre-
gation and lung metastasis, we inhibited PAK activity using 
a chemical inhibitor and then knocked down its expression 
via siRNAs in multiple tumor cells. We found that the PAK 
inhibitor FRAX597 partially blocked the ex vivo aggrega-
tion of TN1 PDX tumor cells (Supplementary Fig. S9D and 
S9E). We further investigated the specific effects of knocking 
down PAK2 on cell aggregation of PDXs and MDA-MB-231 

cells. Comparable to the cluster blocking effects of siCD44,  
siPAK2-mediated knockdowns showed an inhibitory effect 
on TN1 PDX tumor cell aggregation (Fig. 6D and E). Coin-
ciding with that, the pooled and individual PAK2 siRNAs 
dramatically inhibited the aggregation of MDA-MB-231 cells 
in suspension (Supplementary Fig. S9F and S9G), without 
compromising the cell survival at the 24-hour time point 
of aggregation (Supplementary Fig. S9H). Furthermore, the 
siPAK2 knockdown mimicked siCD44 in blocking the TN1 
PDX tumor cell–mediated lung colonization in NSG mice 
(Fig. 6F and G), suggesting that PAK2 significantly contrib-
utes to CD44-mediated tumor cell aggregation and lung 
metastasis.

We then investigated the molecular mechanism by which 
CD44 regulates or sustains PAK2 protein levels. Consider-
ing that the PAK2 mRNA levels were not altered upon CD44 
depletion (Fig. 6C), we hypothesized that CD44 regulates 
PAK2 at posttranscriptional levels, especially at protein levels. 
We first detected protein interactions between endogenous 
CD44 and PAK2 using co-IP with the lysates of aggregated 
MDA-MB-231 cells (Supplementary Fig. S9I). Then we con-
firmed the CD44–PAK2 protein complex formation using 
co-IP with 293 cell aggregates expressing tagged PAK2-FLAG 
and CD44-HA (Fig. 6H). Lastly, based on the immunofluo-
rescence staining of MDA-MB-231 tumor cells, endogenous 
CD44 and PAK2 were observed to colocalize at the plasma 
membrane of aggregated cells (Fig. 6I), whereas in single cells, 
CD44 and PAK2 failed to colocalize but with a coincident 
reduction of both protein levels (Fig. 6I, white arrow).

To determine the downstream signaling effects of PAK2 
interaction with CD44, we knocked down PAK2 in breast 
tumor cells and found that siPAK2 mimicked siCD44 trans-
fection in decreasing the FAK protein levels as well as FAK 
activation and phosphorylation (Fig. 6J). Surprisingly, PAK2 
knockdown also decreased CD44 protein levels in the tumor 
cells (Fig. 6J), suggesting positive feedback and promotion 
between CD44 and PAK2, likely through protein complex–
mediated stabilization of both proteins.

Human CD44+ CTC Clusters Associated with 
Clinical Outcomes

We next examined the clinical impact of CD44-mediated 
breast tumor aggregation and metastasis. Using PrognoScan 
(41) analyses, we observed that high levels of CD44 mRNA 
expression in breast tumors are associated with poor overall 
survival (OS), relapse-free survival (RFS), and distant metas-
tasis–free survival (DMFS) of patients (Fig. 7A–C; Supple-
mentary Table S5). Consistently, high levels of PAK2 mRNA 
expression coincided with poor DMFS of patients with breast 
cancer (Fig. 7D; Supplementary Table S5). Taking advantage 
of the CellSearch platform–based blood analysis in patients 
with breast cancer, we confirmed the worse OS of patients 
with detectable CTC clusters versus the patients with single 
CTCs only (Fig. 7E; Supplementary Table S6; n = 118 patients 
with metastatic breast cancer). We also found that CD44+ 
CTC clusters in human blood were associated with lower OS 
than CD44− CTCs (Fig. 7F and G; Supplementary Table S7).

Overall, these results identify cellular aggregation of indi-
vidually migrating and circulating tumor cells as a new mech-
anism of tumor cell cluster formation in breast cancer, which 
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Figure 6.  CD44 promotes the PAK2 pathway in tumor cell aggregates. A, The number of proteins with a >2-fold change in CD44+ versus CD44− and 
siCD44 versus control comparisons: 535 of 1,377, and 382 of 1,523, respectively, with 38 proteins in common. The graph shows the canonical pathways 
of the 38 overlapped proteins. B, Immunoblots of PAK2 in TN1 PDX tumor cells transfected with the control siCon, siPAK2, and siCD44, at 36 hours after 
knockdown. Loading control: β-actin. C, Relative similar mRNA levels of PAK1 and PAK2 (NS, no significant change) upon siCD44 knockdown (***, P < 0.001), 
measured via quantitative real-time PCR. D, Representative aggregate images of tdTomato+ TN1 PDX tumor cells at 72-hour aggregation upon PAK2 
knockdown via siPAK2. Scale bars, 50 µm. E, Quantitative analyses of cluster size (left) and number (right) of TN PDX tumor clusters upon siPAK2 
knockdown, measured by IncuCyte time-lapse imaging. MANOVA ***, P < 0.001. F, Bioluminescence images of lung colonization of the siCon, siPAK2, and 
siCD44-transfected TN PDX tumor cells on days 0 (D0) and 2 (D2) after tail-vein infusion (36 hours after transfection). G, Quantitative bioluminescence 
signal curves (% of D0 signal) of reduced lung colonization of TN PDX cells upon knockdown via siPAK2 and siCD44 (n = 5 mice per group). t test *, P < 0.05 
for both siPAK2 and siCD44 comparisons to the control siCon at both D1 and D2. H, Immunoblots for the tagged proteins PAK2-FLAG and CD44-HA 
upon co-IP with anti-HA (CD44) using the lysates of 293T cell aggregates, 48 hours after cotransfection with PAK2-FLAG and CD44-HA. I, IF staining 
images of endogenous CD44 and PAK2, and DAPI signals showing the high expression of colocalized CD44 and PAK2 at the cytoplasmic membrane of the 
aggregated MDA-MB-231 cells (24-hour aggregation). In contrast, the single cell (white arrow) in suspension displays low levels of CD44 and PAK2, which 
are not colocalized. Scale bar, 20 µm. J, Immunoblots with MDA-MB-231 cell lysates for CD44, pPAK2, PAK2, pFAK, and FAK detection at 48 hours after 
transfection with siCD44 and siPAK2. CD44 and PAK2 positively promote each other’s protein levels and FAK phosphorylation.
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Figure 7.  CD44+ CTC cluster association with clinical outcomes. A–C, Kaplan–Meier plot of OS (A), RFS (B), and DMFS (C) for patients with high (red) 
and low (blue) CD44 (probes 31615_i or 210916_s) expression in breast tumors. Expression was dichotomized at the optimal cutoff point plotted in 
GSE3143 (n = 158, left) and GSE7390 (n = 198, right two plots). 95% confidence intervals for each group are indicated by dotted lines. Cox P = 0.006, 
0.026, and 0.008 as indicated. D, Kaplan–Meier plot of DMFS by PAK2 mRNA expression. High (red) and low (blue) groups were determined using the 
optimal cutoff point in the GSE19615 human breast tumor database (n = 200). Cox P = 0.014. E, Kaplan–Meier plot of OS for Northwestern patients with 
breast cancer with cluster-positive and cluster-negative CTCs, detected by CellSearch (n = 118, log-rank test P = 0.0057; Supplementary Table S6). F, 
Representative images of a CD44+ cell cluster (top plots) and a single CD44− CTC (bottom) detected in human peripheral blood via CellSearch platform 
staining for CD45, CD44, CK, and DAPI. Scale bar, 10 µm. G, Bar graph of OS, based on the swimmer plot principle, for Northwestern patients with breast 
cancer with CellSearch-detected CD44+ CTC clusters and CD44− CTCs only (n = 8, log-rank test P = 0.0389). Two patients with CD44+ clusters were 
deceased due to disease progression (Supplementary Table S7). (continued on next page)
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is directly mediated by intercellular CD44–CD44 homophilic 
interactions and dependent on CD44–PAK2 complex–acti-
vated downstream pathways (such as FAK and OCT3/4) to 
promote cancer stemness and metastasis (Fig. 7H).

DISCUSSION

Taken together, our studies demonstrate a novel mecha-
nism of human tumor cluster formation via CD44/PAK2-
mediated cellular aggregation using representative PDX 
models and cell lines in combination with clinical studies.

Within the past decade, CTC analyses have become an 
important real-time approach for cancer diagnostic and prog-
nostic studies. Multiple technologies have been developed 
for CTC detection and analysis (e.g., microchip-based cap-
ture) and have greatly advanced our understanding of the 
polyclonal biology of tumor metastasis (42–45). Polyclonal 
tumor cell clusters have also been detected in additional 
solid tumors such as pancreatic cancer (46). Our study has 
unveiled the dynamics of cellular migration and aggregation 
leading to tumor cell cluster formation prior to and after 
intravasation. We propose that this new mechanism may 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rd

is
c
o
v
e
ry

/a
rtic

le
-p

d
f/9

/1
/9

6
/1

8
4
7
8
3
5
/9

6
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2



Liu et al.RESEARCH ARTICLE

110 | CANCER DISCOVERY JANUARY  2019 www.aacrjournals.org

act in addition to the previously proposed model of collec-
tive migration and cohesive shedding of polyclonal CTC 
clusters (5, 28, 47) and that there may be a possible interplay 
or synergy between the two mechanisms in cluster forma-
tion and transportation. The retention of CTC clusters in 
the capillaries of distant organs may be capable of stopping 
blood flow and generating a new microenvironmental niche 
for metastatic tumor regeneration. It is also possible for CTC 
clusters to reversibly break down into individual cells prior to 
extravasation, similar to the process of individual cell depar-
ture from clusters with subsequent intravasation. An in vitro 
study using microfluidic devices designed to mimic human 
capillary constrictions indicated that CTC clusters have the 
ability to dynamically break down and reform cell–cell junc-
tions and traverse capillary-sized vessels (48).

Our studies suggest a new mechanism of homophilic inter-
actions by which the CSC marker CD44 directs CTC aggre-
gation to promote polyclonal metastasis. CD44 is known 
to bind to its ligand hyaluronan in lymphocytes; however, 
CD44-mediated tumor cell aggregation is independent of the 
hyaluronan-ligand binding, but is mediated by its intercellu-
lar, homophilic interactions, similar to other adhesion mole-
cules such as E-cadherin (49) and PECAM1 (50). Notably, the 
N-terminal domain responsible for CD44 homophilic inter-
actions also harbors most of the known hyaluronan-binding 
sites (51). Although E-cadherin and other tight junction com-
ponents mediate collective migration of tumor cell clusters 
(5, 28), CD44-mediated cell aggregation to form tumor cell 
clusters is E-cadherin independent and occurs through a dis-
tinct pathway that interacts with and activates PAK2 kinase 
and subsequently FAK signaling. Although FAK is known 
to play an important role in CSCs and cancer progression 
(39, 40), PAK2 is relatively less studied. Limited studies have 
reported that mouse Pak2 KO results in embryonic lethality 
with impaired somite development and growth retardation 

(52). Murine PAK2 and its kinase activity are required for 
homing of hematopoietic stem and progenitor cells to the 
bone marrow (53). Human PAK2 regulates apoptosis (54) and 
drives tamoxifen resistance in breast cancer (55). All of these 
implicate a pivotal role of PAK2 in normal stem-cell functions 
and cancer progression. Our studies further demonstrate the 
role of PAK2 in tumor cell aggregation and CSC-mediated 
metastasis.

Our work indicates that the high efficiency of CTC clusters 
in mediating metastasis is due not only to their advantageous 
survival, but also to their CSC properties and CD44-mediated 
signaling pathways. We propose that the increased stemness 
of clusters enables their plasticity and regenerative potential 
(32, 33), leading to enhanced adaptation to new microenvi-
ronments and improved secondary tumor growth. Although 
CTCs provide advantages for noninvasive dynamic monitor-
ing of cancer progression, the understanding of the stemness 
and molecular mechanisms of CTC clusters will also improve 
both diagnostic prediction and development of therapeutics 
that prevent and block polyclonal metastasis. Regardless, 
our results show that CD44-mediated cell aggregation can, 
in parallel or subsequently, promote cell survival, which is 
certainly required for CSC functions such as self-renewal and 
metastasis. Future studies may address how CTC clusters 
cross-talk with other blood cells such as macrophages (56) 
and platelets (57) in metastasis.

METHODS

Human Specimen Analyses

All human blood and tumor specimen analyses complied with 
NIH guidelines for human subject studies and were approved by the 
Institutional Review Boards at Northwestern University and Case 
Western Reserve University/University Hospitals. The investigators 
obtained informed written consent from all subjects whose blood 
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 Figure 7. (Continued) H, Diagram of individual cell migration leading to perivascular cluster formation and intravasation. Tumor cells individually 
migrate to sites of intravasation on blood vessels, where CD44 mediates intercellular, homophilic protein complex formation and subsequent CD44–
PAK2 interaction and FAK pathway activation. The self-interaction drives tumor cell aggregation at and within the vasculature in the primary tumor and 
lung metastases, due to their physical proximity. CD44 directs aggregation of detached breast tumor cells that mediate polyclonal metastasis, while 
single CD44− tumor cells undergo anoikis within 48 to 72 hours of detachment.
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specimens were analyzed. Consent was waived for the IHC staining 
of archived tumor specimens.

Animal Studies

All mice used in this study were kept in specific pathogen-free 
facilities in the Animal Resources Center at Northwestern University, 
Case Western Reserve University, and Albert Einstein College of 
Medicine. All animal procedures complied with the NIH Guidelines 
for the Care and Use of Laboratory Animals and were approved by the 
respective Institutional Animal Care and Use Committees. Animals 
were randomized by age and weight. The exclusion criterion of mice 
from experiments was sickness or conditions unrelated to tumors. 
Sample sizes were determined based on the results of preliminary 
experiments, and no statistical method was used to predetermine 
sample size. All of the PDX tumors were established, and orthotopic 
tumor implantation was performed as described previously (9, 17).

Cell Lines and Transfections

MDA-MB-231 and HEK-293 cells were purchased commercially 
from ATCC, and periodically verified to be Mycoplasma-negative using 
Lonza’s MycoAlert Mycoplasma Detection Kit (cat #LT07-218). Cell 
morphology, growth characteristics, and microarray gene-expression 
analyses were compared with published information to ensure their 
authenticity. Early passage of cells (<20 passages) was maintained in 
DMEM with 10% FBS + 1% penicillin–streptomycin (P/S). Primary 
tumor cells were cultured in HuMEC-ready medium (Life Technolo-
gies) plus 5% FBS and 0.5% P/S in collagen type I (BD Biosciences) 
coated plates. miRNAs (Dharmacon, negative control #4) and  
siRNAs (pooled; Dharmacon, negative control A) were transfected 
using Dharmafect (Dharmacon) at 100 nmol/L, and retransfected on 
the following day. For overexpression experiments in HEK-293 cells, 
pCMV6-FLAG-CD44 (OriGene), pCMV3-HA-CD44, pCMV3-FLAG-
PAK2, and pCMV3-HA-PAK2 (Sino Biological) plasmids were trans-
fected into cells by PolyJet (SignaGen Laboratories). After 48 hours, 
cells were collected for co-IP and western blotting.

CD44 Structure Modeling

A three-dimensional structure model of CD44 antigen isoform 4 
precursor (CD44s; https://www.ncbi.nlm.nih.gov/protein/48255941) 
was first built using the webserver iTasser (58). Two copies of CD44s 
monomer models were rigidly docked into each other using the web-
server ClusPro (59) under the homodimer mode. The top 10 distinct 
homodimer models were then subject to flexible refinement using 
a Bayesian active learning (BAL) method where the direction and 
the extent of backbone conformational flexibility are sampled with 
protein complex–based normal mode analysis cNMA (60, 61). The 
10 refined models were reranked with BAL-determined probabilities 
as weights. Moreover, residues were also assigned probabilities based 
on the weighted models. Specifically, each residue in each model 
was assigned the model’s probability if it is at the model’s putative 
interface (defined by a 5-Å distance cutoff between homodimeric 
heavy atom pairs) and a zero otherwise, and each residue had these 
values across all 10 models summed into the residue’s probability 
ranging from 0 to 1. For instance, if a residue appears at the putative 
interface of all 10 distinct models, its probability score will be 1. Due 
to the symmetry of the homodimer, each residue’s probability is fur-
ther averaged over both chains in this study. Structure models were 
visualized using the molecular graphics program PyMol (62). The 
predicted “hotspot” residues are concentrated over the first 97 resi-
dues where C97 at the first interdomain linker is suggested to form 
disulfide bonds across some predicted dimer interfaces. As protein 
docking was performed without the environment of the membrane, 
the first two homodimer models in Fig. 5I feature an almost straight 
angle between the two monomers, which would need drastic inter-
domain conformational changes to accommodate middle domains 

in a membrane. The alternate two models in Supplementary Fig. 
S8A forming such an acute angle would not have to do so and are 
potentially more likely.

Statistical Analysis

For all assays and analyses in vitro, if not specified a two-tailed 
Student t test performed using Microsoft Excel was used to evaluate 
the P values, and P < 0.05 was considered statistically significant. 
Data are presented as mean ± standard deviation (SD). For all the 
IncuCyte clustering assays, biological triplicates were performed. 
For all other cell-based in vitro experiments, three technical replicates 
were analyzed. For animal studies in vivo, cluster curves were ana-
lyzed using Wilcoxon rank sum tests and MANOVA analyses in R 
software. For the fluorescence lung imaging, at least 5 random fields 
of the lung from each mouse were taken, and at least 3 mice were 
used. Spearman–Brown reliability coefficients were calculated for a 
varying number of repeats in order to find the number of technical 
replicates required to attain a reliability of 90% (63, 64). For animal 
studies, we determined the group size using Bonferroni correction 
for multiplicity; we set α = 0.05/4 = 0.0125. We assumed the mean 
difference between the groups was at least twice as much as the SD 
(effect size = 2.0). For clinical association studies, please refer to Sup-
plementary Methods.

Details Included in the Supplementary Methods

Supplementary Methods include mouse models and tumor dis-
sociation, intravital imaging, bioluminescence imaging, blood collec-
tion and CTC analysis, invasive cell collection in vivo, cell culture and 
transfections, CD44 knockout using CRISPR/Cas9 technology, flow 
cytometry and cell sorting, cell clustering assay, mammosphere assay, 
lung imaging, RNA extraction and real-time PCR, mass spectrometry, 
anoikis assay, western blotting, IHC, immunofluorescence, clinical 
outcome association analysis, statistical analysis, and data availability.
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