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E N G I N E E R I N G

Phenotypic targeting using magnetic nanoparticles for 
rapid characterization of cellular 
proliferation regulators
Zongjie Wang1,2, Hansen Wang2, Sichun Lin2,3, Stephane Angers2,3,  
Edward H. Sargent4,5,6,7, Shana O. Kelley1,2,4,5,7,8,9,10*

Genome-wide CRISPR screens have provided a systematic way to identify essential genetic regulators of a phenotype 
of interest with single-cell resolution. However, most screens use live/dead readout of viability to identify factors 
of interest. Here, we describe an approach that converts cell proliferation into the degree of magnetization, enabling 
downstream microfluidic magnetic sorting to be performed. We performed a head-to-head comparison and veri-
fied that the magnetic workflow can identify the same hits from a traditional screen while reducing the screening 
period from 4 weeks to 1 week. Taking advantage of parallelization and performance, we screened multiple mesen-
chymal cancer cell lines for their dependency on cell proliferation. We found and validated pan- and cell-specific 
potential therapeutic targets. The method presented provides a nanoparticle-enabled approach means to increase 
the breadth of data collected in CRISPR screens, enabling the rapid discovery of drug targets for treatment.

INTRODUCTION
Uncontrolled expansion and invasion are essential characteristics of 
cancer cells (1). Targeting the division of cancer cells has been proven 
to be an effective strategy for cancer therapy. For example, many 
mainstream chemotherapies induce DNA damage and slow the pro-
liferation of malignant cells (2), achieving remarkable long-term 
remission in many types of cancers (3). However, the intrinsic stem-
ness and heterogeneity within cancer cell populations promote the 
development of drug resistance and continued to proliferate through 
various mechanisms (4, 5), such as dissemination (6), epithelial-to-
mesenchymal transition (7, 8), and metastasis (9). Therefore, it is 
essential to gain a comprehensive understanding of the proliferation 
landscape of cancer cells, especially for the metastatic phenotypes 
that drive cancer progression.

The development of CRISPR-Cas9 has revolutionized biological 
research by enabling on-demand adaption, expression, and interfer-
ence of specific genes (10). CRISPR-Cas9–mediated whole-genome 
screening has enabled pooled loss-of-function genetic screens with 
high resolution and genome-wide coverage (11) and led to the dis-
covery of multiple sets of genes defining the landscape of important 
biological processes, including cell fitness (11), drug resistance (12), 
and immune evasion (13). In such screens, a large number of cancer 
cells (>50 million per replicate) are transfected with a pooled library 
and cultured for a long period, typically 2 to 4 weeks, to allow a 

viability phenotype to be preferentially enriched (11, 13). Although 
sorting cells based on a specific molecular marker may help to 
accelerate the screening process (14), it is very challenging to use 
fluorescence-activated cell sorting (FACS) to process a large number 
of cells due to its limited throughput (15). Moreover, FACS common-
ly loses 50 to 70% of input cells due to bad droplet formation or in-
correct scanning (16, 17). Such a loss in desired phenotypes is likely 
to depress the quality of the screen and hinder the interpretation 
of hits.

We recently introduced microfluidic immunomagnetic cell sorting 
(MICS) as an alternative to FACS (15, 18, 19). MICS used antibodies 
conjugated with magnetic nanoparticles (MNPs) to label a specific 
surface marker and separate labeled cells by their degree of magne-
tization through a microfluidic system; therefore, it offers a single-
cell resolution during profiling (20). Compared to FACS, MICS has 
notable advantages in throughput (up to 108 cells in an hour) and 
led to the successful discovery of the regulator for CD47 (15). In 
addition to surface markers, MICS is compatible with intracellular 
markers (21) and messenger RNA (22) within fixed and permea-
bilized cells and has enabled the tracking of disease-associated 
mutations/phenotypes in a noninvasive liquid biopsy manner (21–23). 
However, phenotypic processes, such as cell proliferation, are com-
plicated and many of them are not measurable by just labeling a 
single RNA or protein marker. Therefore, there remains a need to 
develop a magnetic assay for the MICS system to extend its applica-
bility in highly complex phenotypic screens.

Here, we describe an approach to measure cell proliferation 
using nanoparticle-mediated magnetization—the Nanomagnetic 
Proliferation (NanoPro) assay. The NanoPro assay relies on the 
internalization, maintenance, and separation of intracellular MNPs 
during cell proliferation. We demonstrate that the NanoPro assay 
has comparable performance and less cell stress compared to tradi-
tional proliferation assay. We show that the integration of a NanoPro 
and MICS system provides a fast, low-cost, ultrahigh-throughput 
means to sort highly proliferative cells from bulk populations. 
With the help of NanoPro and MICS, we performed genome-wide 
CRISPR screens on four highly metastatic mesenchymal human cancer 
cell lines and found a core gene set defining the proliferation 
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landscape and revealing pan- and cell-specific potential therapeutic 
targets.

RESULTS
Design and validation of the NanoPro assay
The current gold standard compound for quantitating cell prolifera-
tion is carboxyfluorescein succinimidyl ester (CFSE), which is cell 
permeable and covalently coupled to intracellular lysine residue via 
its succinimidyl group (24). CFSE emits bright green fluorescence 
and is divided equally between daughter cells, making it an optimal 
candidate for tracking the number of cell divisions in a fixed time frame 
via flow cytometry (25). We noticed that the small nanoparticles 
(<40 nm) internalized by the cells share similar characteristics com-
pared to CFSE, including rapid uptake (26–28) and stable mainte-
nance in the cytoplasm with very limited externalization (29, 30) and 
equal separation between daughter cells during cell division (29). In 
addition, small nanoparticles are reported to have no effect on pro-
liferation and viability at a dose of 0.1 nM in the short term (31, 32). 
This provides a rationale to examine the utility of small MNPs as 
a means to convert the efficiency of proliferation into the degree of 
magnetization (Fig. 1A).

We examined the cellular uptake behavior of 25-nm MNPs func-
tionalized with a Cyanine 5 (Cy5) reporter on the surface using 
MDA-MB-231, a human triple-negative breast cancer cell line. We 
first confirmed the biocompatibility of the MNPs through calcein 
AM staining and methoxynitrosulfophenyl-tetrazolium carboxani-
lide (XTT) assays and did not observe significant changes in viability, 
apoptosis, and proliferation rate up to the concentration of 100 μg ml−1 
(Fig. 1B and fig. S1, C and D); this matches well with the toxicity 
study of MNPs reported before (33). The uptake of MNPs occurred 
in the first 8 hours of incubation (fig. S1A), and the number of inter-
nalized MNPs is linear to the concentration of dosage in the range 
from 1 to 100 μg/ml (fig. S1B). Confocal microscopy revealed that 
the MNPs were mainly distributed in the cytoplasm (Fig. 1C and 
fig. S2A) and split during mitosis into two daughter cells. We also 
quantified the density of internalized MNPs during 4 days of culture 
by flow cytometry (Fig. 1D); the reduction of fluorescence intensity 
follows Gaussian distribution and is exponential to the day of cul-
ture (coefficient = −0.734), suggesting that the separation of MNPs 
is relatively uniform over multiple divisions. It is worth noting that 
the linearity of the MNP assay is comparable to the gold standard 
CFSE labeling (fig. S2B; both >0.99). In addition, direct quantita-
tion of internalized MNPs by transmission electron microscopy (TEM) 
reveals a similar trend; the coverage of MNPs decreased exponen-
tially over the 5 days of culture (coefficient = −0.684, R2 > 0.999). 
We previously identified the doubling time of MDA-MB-231 as 
24 hours (34), which yields a coefficient of −0.693. The well-matched 
coefficients from the MNP density and cell proliferation curve indi-
cate that the separation of internalized 25-nm MNPs is uniform and 
closely related to the number of mitoses. Besides, we validated the 
trafficking behavior (fig. S2C), fixability (fig. S2D), and generality 
(over different cell lines; fig. S2E) of the MNPs and found that the 
performance is comparable to the CFSE assay. The only noticeable 
difference is that CD4+ T cells were better stained by CFSE rather 
than by NanoPro. This is likely due to the TCR (T cell receptor)–
based mechanism that T cells use to uptake nanoparticles (35). We 
also monitored the MNP density in a slowly proliferating cell line, 
SH-SY5Y [doubling time, 67.3 ±  5.8 hours (36)]. On the basis of 

fluorescence signals, we believe that the MNPs were retained within 
the cytoplasm of SH-SY5Y cells for at least 11 days (fig. S2F), sug-
gesting the long-term stability and usability of MNPs. Together, 
we believe that the use of 25-nm MNPs is as efficient as CFSE for 
tracking cell proliferation, as summarized in table S1. This approach 
is able to convert the potency of proliferation into the degree of 
magnetization, enabling the downstream magnetic sorting to be 
performed.

Design and characterization of magnetic sorting system
The design of the NanoPro assay enabled us to adopt our microflu-
idic magnetic sorting system for separating cells based on the effi-
ciency of proliferation. Our microfluidic sorting approach is based 
on the degree of magnetization (Fig. 2A). In brief, cells labeled by 
different levels of MNPs were introduced into a microfluidic device 
that is attached to permanent magnets. With the magnetic field gen-
erated by the magnets, cells labeled with a certain number of MNPs 
would acquire enough magnetic force to compensate for the fluidic 
drag force. As a result, the cell labeled by more MNPs (equivalent to 
the cells with lower potency of proliferation in the case of NanoPro) 
can tolerate a higher flow rate and remain in the high-velocity zone. 
Considering the exponential decay of MNP loading during prolifera-
tion, we believe that previous designs featuring linear changes in 
fluidic drag forces are not well suited for the NanoPro assays (37). 
Therefore, we have developed a different design that consists of four 
distinct thicknesses (100, 200, 400, and 800 μm; fig. S3, A and B), 
which yields to 100, 50, 25, and 12.5%, respectively, of the normal-
ized fluidic velocity or fluidic drag force (fig. S3). Considering this, 
the device is designed to offer a sorting profile wherein the cells cap-
tured in the subsequent zone will undergo one additional division 
compared to those in the previous zone. Using NanoPro-labeled 
MDA-MB-231 cells, we optimized the sorting conditions to 5 ml/
hour, which allows most cells to be captured in zones 1, 2, and 3 
on days 2, 3, and 4, respectively (fig. S4). The optimal flow rate for 
NanoPro is substantially lower than the condition we reported pre-
viously for antibody-mediated sorting (10 to 30 ml/hour) (37) due 
to the use of MNPs with a smaller size (25 versus 50 nm). It is worth 
mentioning that large nanoparticles (>100 nm) are reported to split 
asymmetrically during cell division (38, 39). Hence, we did not 
explore the opportunity to use nonmicrofluidic approaches or mic-
roparticles for sorting NanoPro-labeled cells.

We next quantified the performance of two distinct systems 
for sorting cells based on their proliferation (CFSE with FACS and 
NanoPro with MICS; Fig.  2, B and C). CFSE/MNP-labeled cells 
(CFSE+/MNP+) were mixed with unlabeled cells (CFSE−/MNP−) in 
equal fractions to serve as the raw material for platform character-
ization and benchmarking. Notably, MICS achieved a throughput of 
50 to 100 million cells/hour per device when running at an optimal 
flow of 5 ml/hour and a concentration of 10 to 20 million cells/ml 
and therefore offered a 10- to 50-fold higher throughput compared 
to FACS. FACS and MICS achieved similar sorting purity overall. 
For cancer cells prone to clumping like MDA-MB-231, MICS of-
fered better purity in the positive fraction than FACS likely because 
of its speed, which limits cell aggregation. On the other hand, how-
ever, we consistently observed a significant difference between the 
cell recovery of FACS and MICS; MICS yields a 2- to 4-fold higher 
cell recovery compared to FACS. This is not an unexpected result as 
FACS can lose up to 70% of input cells due to bad droplet formation 
or incorrect scanning (16, 17). In addition, for aggregation-prone 
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Fig. 1. NanoPro assay to convert cell proliferation into a magnetic gradient. (A) Workflow of the NanoPro assay. MNPs were internalized by cells and divided equally 
during the cell division process, which converts the potency of proliferation into degree of magnetic labeling. (B) Quantitation of the cell viability after MNP internaliza-
tion. No significant difference was observed. (C) Confocal images of live cells with internalized MNPs. MNPs were distributed in the cytoplasm with no noticeable leakage 
to the extracellular region. (D) Quantitation of the linearity of MagPro assays. MNP-internalized cells were monitored for four consecutive days for its median fluorescence 
intensity (MFI). A coefficient of 0.9993 was achieved when linear regression was applied. (E) Representative TEM images and quantitation of the internalized MNPs. The 
number of beads decreased exponentially, matching the proposed mechanism and flow cytometric data.
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cells, FACS is required to perform cell resuspension/filtration fre-
quently, which contributes to excessive cell loss.

Given that functional genomic screens will report on any stress 
exerted on CRISPR-edited cells, we investigated cell stress generated 
during sorting by surveying the phosphorylation of 26 common 
stress-related markers (Fig. 2D and fig. S5). Notably, in FACS-sorted 
samples, shear stress–related markers, such as COX-2 (40) and HSP70 
(41), were significantly altered. This alteration was not observed in 
MICS-sorted samples (Fig. 2E) likely due to its extremely low shear 

stress (<0.5 Pa according to simulation) (42). This result matches 
well with the previous studies suggesting that FACS can generate 
significant changes in the phosphorylation (43) and metabolome 
(44) of sorted cells when applying the hydrodynamic force and shear 
stress for proper sorting. We observed sufficiently lower enrichment 
of stress-related pathways in MICS compared to FACS during over-
representation analysis (ORA; Fig. 2F). However, it is noteworthy 
that, although MICS imposes low shear stress on sorted cells, oxidative 
stress–related markers, such as hypoxia-inducible factor–1α (HIF-1α) 

Fig. 2. MICS system to enable high-throughput and gentle sorting of cells based on the degree of magnetic labeling. (A) Working principle of the MICS system real-
ized by microfluidic chips with different thicknesses. (B) Representative cytometric profile of pre- and post-sort MDA-MB-231 cells by the FACS and MICS system. The 
pre-sort MDA-MB-231 cells contain two pre-generated and mixed populations (CFSE+/MNP+ and CFSE−/MNP−) for benchmarking purposes. (C) Quantitation of purity and 
recovery of sorting. (D) Heatmap of the protein expression of cell stress markers after sorting, normalized to unsorted controls. (E) Summary of cell stress profile after 
sorting. Minor, moderate, and severe changes are defined as the variation with 10%, 10 to 20%, and >20% compared to unsorted control, respectively. (F) ORA results of 
common cell stress pathways using moderately and severely changed phosphorylated proteins.
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(45) and cytochrome c (46), were still severely affected by both MICS 
and FACS procedures. There is still room to further optimize the 
sorting protocol to reduce oxidative stress on the cells.

Together, MICS offers better performance over FACS in terms of 
throughput, cell recovery, and cell stress, as summarized in table S2. 
Compared to other microfluidic cell sorting platforms, such as cell 
size–based sorting, the combination of NanoPro and MICS offers a 
first-of-its-kind sorting based on the ability of proliferation (refer to 
table S3 for comparison). Microfluidic sorting based on cell prolif-
eration is highly complementary to existing sorting schemes based 
on protein expression (47, 48) and cell size/deformability (49, 50). 
Together, these technologies may offer a more holistic approach for 
analyzing the effects of genetic perturbations on cell phenotypes.

NanoPro for genome-wide proliferative screen
Having demonstrated the feasibility of NanoPro and MICS for sorting 
cells based on their proliferation, we next benchmarked the hits from 
different approaches using MDA-MB-231 cells carrying genome-wide 
knockouts generated by transfecting the Toronto KnocKout (TKOv3) 

library (11). The workflow is shown in Fig. 3A. Wild-type cells were 
first transfected by lentivirus carrying genome-wide coverage of 
single-guide RNAs (sgRNAs) on a Cas9-expressing backbone at a 
multiplicity of infection (MOI) of 0.3, followed by a 48-hour selec-
tion of puromycin. CRISPRed cells were split and labeled by NanoPro 
or CFSE. Labeled cells were cultured for another 4 to 5 days to allow 
three to four rounds of division. In the end, cells were sorted by 
MICS or FACS. Sorted highly proliferative populations (NanoProlow 
or CFSElow) and unsorted controls were sequenced for sgRNA en-
richment and analysis. It is noteworthy that, for the CRISPR screen 
process, we used regular 25-nm MNPs without Cy5 labeling due to 
their cost-effectiveness.

We first determined the quality of the screen carried by NanoPro/
MICS with the internal negative control sgRNAs in TKOv3 targeting 
luciferase, green fluorescent protein (GFP), and LacZ, which are not 
expressed in human cell lines and therefore would not generate any 
impact on proliferation. Ranking of sgRNAs through the Bayesian 
Analysis of Gene Essentiality (BAGEL) algorithm (51) reveals that 
the negative control genes, including  luc2 (luciferase), GFP, and 

Fig. 3. NanoPro and MICS enable genome-wide screen on the proliferation of MDA-MB-231 cells. (A) Workflow of the genome-wide screen of cell proliferation using 
the NanoPro assay and MICS. (B) Rank of essential genes for proliferation calculated by the BAGEL algorithm. The red fonts indicate the noncommon genes reported for 
proliferation. (C) Comparison of the percentage of overlapped hits from different ways/replicates of the screen. (D) Pathway enrichment among the hits from different 
ways/replicates of the screen. (E) Validation of the druggable top hits (CDK1 and PERK) from the screen by corresponding inhibitors.
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lacZ, are the last three sgRNAs in the gene rank (Fig. 3B), indicating 
that they are least relevant to cell proliferation. In addition, we 
examined the sgRNA distribution of our top hits and confirmed a 
significant deduction when comparing sorted to unsorted popula-
tions (fig. S6). Not surprisingly, 7 of 10 top hits (Fig. 3B) are reported 
before as common genes affecting cell proliferation (11). Together, 
the location of negative controls and the enrichment of previously 
identified genes in top hits confirm that the screen carried by NanoPro/
MICS is of good quality.

Using the recommended standard of false discovery rate 
(FDR) < 0.3 and Bayes factor (BF) > 2, we identified gene sets that 
regulate the proliferation of MDA-MB-231 cells from different 
approaches and compare their overlap (Fig. 3C). NanoPro/MICS 
successfully recovered 80% of genes presenting in the traditional, 
4-week-long outgrowth screen, whereas CFSE/FACS can only re-
cover about 65%. This is likely due to the cell loss during sorting that 
dims the difference among sgRNAs or the biased amplification dur-
ing the excessive rounds of polymerase chain reaction (PCR) to pre-
pare libraries from recovered sgRNAs for sequencing (52). We also 
performed an ORA using the gene sets with the gene ontology; all 
approaches yield a similar profile of enrichment (Fig. 3D). Together, 
this head-to-head comparison shows that the NanoPro/MICS work-
flow yields a better screen result than the CFSE/FACS workflow. 
Eighty percent of the hits in the 4-week-long traditional screen can 
also be identified in the 1-week-long NanoPro/MICS workflow; this 
results in a fourfold faster turnaround and helps to reduce the re-
agent cost up to 75%.

To examine the effectiveness of the top hits from the NanoPro/
MICS workflow, we picked two druggable hits: CDK1 and EIF2AK3 
(also known as PERK). By adding corresponding inhibitors during 
culture, we observed a significant decrease (>50%) in proliferation 
in vitro (Fig. 3E). It is worth noting that the slowly growing cells still 
exhibit high levels of viability; this means that NanoPro/MICS has 
the ability to discriminate hits that relate to proliferation versus 
those resulting from essential genes.

Core proliferation gene set of mesenchymal cancers
Having demonstrated the quality and rapidness of the NanoPro/MICS 
workflow for screening cell proliferation, we next used this approach 
to probe the proliferation landscape of mesenchymal cancer cells. 
Mesenchymal phenotypes are with a strong ability to migrate and 
therefore often form metastasis on a remote organ (53). In addition, 
mesenchymal phenotypes often established a less immunogenic tu-
mor microenvironment that limits the outcome of immunotherapy 
(54). Hence, understanding the proliferation landscape of mesen-
chymal cancer cells would provide insights into therapeutic modali-
ties. With the aim to build a pan-cancer landscape, we picked 
four mesenchymal cell lines obtained from different cancer types: 
MDA-MB-231 for breast cancer, SBC5 for small cell lung cancer, 
SK-MEL-5 for melanoma, and HeLa for cervical cancer, as shown 
in Fig. 4A.

We first confirmed their mesenchymal phenotypes by running 
Western blotting of epithelial (E-cadherin) and mesenchymal (vimentin) 
hallmarks (Fig. 4B). Compared to the epithelial cancer cells (e.g., 
MCF-7), our panel of mesenchymal cells consistently displayed 
vimentin+E-cadherin− phenotypes. Subsequently, we used the 
NanoPro/MICS workflow presented in Fig. 3A and performed the 
proliferation screen. Notably, these mesenchymal cell lines are of simi-
lar sizes (15 to 20 μm in diameter) and exhibit similar MNP uptake 

profiles (fig. S2E). Therefore, we applied the same sorting flow rate 
(5 ml/hour) determined from the MDA-MB-231 cell line to all cell 
lines. After sorting, highly proliferative cells were collected for se-
quencing and BAGEL analyses. To obtain the data for analysis, two 
to three biological replicates of screens were performed for each cell 
line. In each biological replicate, four or more sgRNAs were used to 
target a specific gene. The statistical cutoff for identifying hits was 
set as follows: an FDR of less than 0.3 and a BF score greater than 2, 
as recommended by the BAGEL algorithm. Hits from different cell 
lines were compared (Fig. 4C and fig. S7), and the hits presented in 
multiple cell lines were considered as core proliferation gene sets 
(Fig. 4D). In total, 530 genes were identified (see the Supplementary 
Materials). Only six of the genes are shared by all cell lines: TRRAP, 
RPL30, PSMD6, RCL1, TUBB, and ZBTB11.

We investigated genes specific to individual cell lines to assess 
their impact on proliferation (Fig. 4, E to G, and fig. S8). We studied 
the impact of five druggable genes from the core set: PRODH, 
MMP7, MCT1, FURIN, and TUBB. We found that the reduction of 
proliferation (Fig. 4E and fig. S8A), as measured by the total fluores-
cence signals of viable cells, is highly associated with the screen re-
sults (Fig. 4F). In addition to measuring the fluorescence intensity, 
we stained the treated MDA-MB-231 cells with Ki-67 to confirm the 
reduction of proliferation at the molecular level (fig. S8B). Further-
more, we stained the treated MDA-MB-231 cells with annexin V 
and confirmed that the drug treatment resulted in minor changes of 
apoptosis (<10%; fig. S8C). These observations demonstrate the va-
lidity of the NanoPro-mediated CRISPR screens. We noticed a po-
tential dependency between hits and mutations in the targeted genes 
as two cell lines with TP53 mutations (MDA-MB-231 and SBC5) 
are sensitive to pan-MMP and FURIN inhibition (Fig. 4F). The in-
creased dependency of TP53-mutant cells on pan-MMP and FURIN 
inhibition might explain recent observations that multiple TP53-
mutant cells had significantly up-regulated expression of MMPs 
(55) and were sensitive to MMP7-targeting antiproliferation treat-
ment (56). Together, these results highlight the utility of data de-
rived from NanoPro screens for the discovery of mutation-specific 
treatments. However, additional screens and biological assays are 
necessary to further unravel the relationship among MMPs and 
FURIN and cell proliferation in TP53-mutant cells.

We next studied the enrichment of pathways in the panel of cell 
lines (Fig. 4, G and H). ORA among common pathway databases 
results in 400 to 600 significantly enriched pathways for each cell 
line (Fig. 4G). Here, 242 pathways are enriched in all cell lines, sug-
gesting that the proliferation of mesenchymal cancer cells shares 
a substantial portion of common pathways. In addition to the 242 
shared pathways, each cell line has 60 to 133 unique pathways show-
ing their individualized dependency on pathways. We further plot-
ted the shared common pathways as the heatmap of gene ratio and 
−log10(P) (Fig. 4H). Most pathways are related to DNA synthesis, 
RNA processing, RNA splicing, cell cycle advancement, and mitotic 
separation; all of these pathways are critical processes during cell 
division (57). In addition to the general pathways, unexpected path-
ways were also enriched, such as the regulation of slit guidance li-
gands and roundabout homologs (SLIT/ROBO), and the TCF (T cell 
factor)–dependent signaling. This indicates that the mesenchymal 
cancer cells may commonly use specific pathways for maintaining 
their invasiveness and proliferation.

In addition to the cell line–specific pathways, we also considered 
the core gene sets as a whole for analysis to yield more general and 
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Fig. 4. Identification of proliferation landscape of mesenchymal cancer cell lines using the NanoPro assay. (A) Schematics showing the origin of the mesenchymal 
panel of cancer cell lines. (B) Western blot results of vimentin and E-cadherin to confirm the mesenchymal phenotypes of the panel. (C) Venn diagram showing the overlap 
of hits from each cell line. (D) Definition of the core proliferation gene sets; a hit shows up multiple times on the screen panel. (E) Validation of cell line–specific genes for 
proliferation through protein inhibitors. (F) Correlation between hot mutations and dependency of specific genes for proliferation. Blue square highlights the potential 
dependency on Furin/MMP7 signaling for TP53-mutant cells. WT, wild type; N/A, not applicable. (G) Upset plots of the enriched pathways from cell-specific genes of pro-
liferation. Most of the enriched pathways were common and shared among all screened cell lines. (H) Multivariable heatmap showing the cell-specific enrichment in 
shared common pathways of proliferation. (I) Comparison of gene family between the core gene sets from this work and a previous work by Moffat and co-workers (11). 
A similar signature was observed. (J) Comparison of the enrichment of common pathways in two gene sets. (K) Comparison of the order of top pathways from this work 
in previous core gene sets. SLIT/ROBO pathway was not enriched in previous gene sets. (L) Validation of the SLIT/ROBO pathway as a general pathway to inhibit the growth 
of mesenchymal tumors in vitro.
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high-dimensional information (Fig. 4, I to K). It is noteworthy that 
a previous study has reported a core proliferation gene set using 
epithelial cell lines and an outgrow-based approach (11), defined as 
the Moffat set below. Therefore, we sought to compare the similarity 
and differences between the datasets. We observed a similar distri-
bution of the gene family from the two sets using the latest list avail-
able from gene set enrichment analysis (Fig. 4I). Over 30% of the 
genes reported in both sets are oncogenic transcriptional factors. 
ORA on both sets also reveals a similar profile of enriched pathways 
(Fig. 4J), including RNA processing and cell cycle. For some path-
ways, our set has a lower level of enrichment, indicating that the 
mesenchymal cancer cells may have less dependency on them for 
proliferation; this matches well with their ability to survive and es-
tablish secondary tumors (58). We also identified the SLIT/ROBO 
pathway as one that was higher ranked in our set compared to the 
Moffat set (Fig. 4K). The dramatic enrichment of SLIT/ROBO path-
way using cell-specific genes and shared core sets strongly suggests 
their common but important role in regulating the proliferation of 
mesenchymal cancer cells. We recently observed that the deletion of 
SLIT2 genes substantially enhances the progression of prostate cancer 
cells with mesenchymal phenotypes in xenograft mice (59). Mean-
while, prior studies suggest that the activation or overexpression 
of SLIT2 attenuates the proliferation of breast cancer (60) and squa-
mous cell carcinomas (61).

To probe the role of SLIT/ROBO signaling, we treated all cell 
lines with recombinant human SLIT2 proteins to activate the SLIT/
ROBO pathway and observed a decrease of 50% in proliferation rate 
for all mesenchymal cell lines (Fig. 4L). This suggests that the SLIT/
ROBO pathway may be a therapeutic target for pan-mesenchymal 
cancer cells, in addition to its known antitumor effects reported in 
epithelial cancer cell lines (62). Together, the comprehensive analysis 
of NanoPro-derived screen data broadens the applicability of targeting 
SLIT/ROBO pathway for attenuating the proliferation of mesenchymal 
cancer cells. This further validates the utility of NanoPro assay for 
the discovery of therapeutic targets.

DISCUSSION
At present, fewer than 5% of the cell lines listed in DepMap portal 
(https://depmap.org/portal/) have CRISPR knockout screening data 
available. One factor that contributes to this is due to the pro-
longed culture period and labor-extensive workflow of viability-
based CRISPR screens. Active sorting of subpopulations of interest 
would greatly enrich the corresponding sgRNAs and significantly 
accelerate the screening process (14). However, current genome-
wide CRISPR libraries contains 50,000 to 200,000 sgRNAs (11, 63, 
64) to cover over 18,000 protein-encoding genes. It is empirically 
suggested to have at least 1000-fold representation of each guide 
(52, 65); this requires a population of 5,000,000 to 20,000,000 cells 
for one replicate. Unfortunately, FACS can maximally process 
3,600,000 input cells when assuming a sorting rate of 1000 cells 
per second. Fifty to seventy percent to of the input would be lost 
during the cells due to bad droplet formation or incorrect scan-
ning (16, 17). Hence, it is neither fast nor cost-effective to use 
FACS to sort desired populations from a CRISPR screen. MICS 
offers sufficient throughput but can only be applied to immuno-
magnetically labeled protein markers (15); therefore, it is not ap-
plicable to the complex phenotypic screen that cannot be read out 
by a single protein marker.

The NanoPro assay described here provides a rapid, high-
throughput means to generate magnetic gradients with a single-cell 
resolution based on cell proliferation and therefore enables the us-
age of MICS for profiling cell proliferation. With the combination of 
NanoPro and MICS, we are able to perform four parallelized CRISPR 
screens in 1 week, surpassing the throughput of the traditional 
outgrowth-based screen by an order of magnitude (four cell lines in 
1 week versus one cell line in 3 to 4 weeks). The high throughput 
does not sacrifice the screen performance, as about 80% of the hits 
from the outgrowth-based screen can be successfully identified in 
the NanoPro/MICS workflow. Hence, we believe that the NanoPro/
MICS approach would be a useful alternative compared to the 
outgrowth-based approach for screening the dependency of cancer 
proliferation. The fast turnaround of the NanoPro/MICS approach 
makes it more straightforward to run a dependency screen on 
patient-derived cancer cells for individualized treatment (66). In ad-
dition, the high purity and gentleness of the NanoPro/MICS ap-
proach would allow easy integration of the current workflow with 
existing microfluidic multi-omic pipelines (67–71) for in-depth 
phenotyping.

In addition, the proliferation of therapeutic cells is essential for 
the success of cell therapy, such as the induced pluripotent stem cells 
(iPSC)–based tissue regeneration (72), the persistence of chimeric 
antigen receptor T therapy (73), and the expansion of tumor-
infiltrating lymphocytes targeting solid tumors (74, 75). Our data 
suggest that T cells are compatible with the NanoPro labeling proce-
dure (fig. S2). In addition to end-point analysis, our device supports 
the further subculturing of sorted cells, which may aid in selecting 
and preserving highly proliferative clones of iPSCs and T cells for 
research and manufacturing applications. Therefore, we anticipate 
that incorporating the NanoPro/MICS workflow would also help to 
accelerate the discovery of the regulator of proliferation in therapeu-
tic cells to maximize their potency.

One technical challenge for the broad utilization of the NanoPro/
MICS assay is that the sorting parameters (e.g., flow rate) need to be 
determined empirically. In this work, we have found that a flow rate 
of 5 ml/hour is effective for adherent, large cancer cell lines with 
diameters of 15 to 20 μm. The optimal parameter for sorting smaller 
and/or non-adherent cells with lower uptake capability remains to 
be determined. For these cells, we suggest to evaluate the sorting 
performance at different flow rates (e.g., at 2.5 or 7.5 ml/hour) and 
determine the optimal flow rate using a median fluorescence inten-
sity (MFI)–based protocol that we previously published (18). Addi-
tionally, the current MICS device contains only four capture zones, 
which may be insufficient to capture the proliferation of fast-
dividing cells, such as activated T cells. Future developments should 
include adding more capture zones to the platform to better capture 
the kinetics of these fast-dividing cells.

Together, our studies highlight the usefulness of nanoparticle-
based CRISPR proliferation screening to generate datasets describing 
genotype-to-phenotype relationships. The throughput and resolu-
tion of NanoPro/MICS provide a means to accelerate screening for 
proliferation modulators, generate valuable information for down-
stream data-driven analysis, and facilitate the discovery of potential 
therapeutic targets rapidly and cost-effectively. Given its long-term 
stability (>11 days), it might also be feasible to extend the applica-
tion of NanoPro to other cell tracking uses, such as in vivo magnetic 
tracking and in vivo CRISPR screens. These possibilities will be ex-
plored in our future studies.

https://depmap.org/portal/
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MATERIALS AND METHODS
Fabrication and operation of microfluidic chip
Microfluidic chip for cell sorting was 3D-printed by a stereolitho-
graphic 3D printer (Microfluidics Edition 3D Printer, Creative 
CADworks, Toronto, Canada) using the CCW master mold for 
polydimethylsiloxane resin (Resinworks3D, Toronto, Canada) with 
a layer thickness of 25 μm as described before (37, 76). Before use, 
the chip was conditioned by 1% Pluronic F68 (24040032, Thermo 
Fisher Scientific, Waltham, MA) in phosphate-buffered saline (PBS; 
Wisent Bioproducts, Montreal, Canada) for 1 hour to reduce non-
specific binding between cells and chips. During experiments, each 
device was sandwiched by arrayed N52 NdFeB magnets (D14-N52, 
K&J Magnetics, Pipersville, PA) and connected to a digital syringe 
pump (Fusion 100, Chemyx, Stafford, TX) for fluidic processing.

Numerical simulation
Numerical simulation of the flow velocity pattern within microflu-
idic device was carried out by COMSOL Multiphysics (version 5.3, 
COMSOL Inc., Stockholm, Sweden) using a 3D creeping flow module. 
The key parameters were defined as follows: wall condition: no slip; 
boundary condition: pressure of 0 Pa with suppression of backflow, 
mesh size: physics-controlled, normal and inlet velocity rate: 1 mm/s.

Cell culture
MDA-MB-231 (RRID: CVCL_0062), MDA-MB-436 (RRID: CVCL_0623), 
and MDA-MB-453 (RRID: CVCL_0418) were purchased from the 
American Type Culture Collection (ATCC) (Manassas, VA) under 
the panel of triple-negative breast cancer: mesenchymal and lu-
minal morphology. HeLa (RRID: CVCL_0030), SBC5 (RRID: 
CVCL_1679), SK-MEL-5 (RRID: CVCL_0527), and SH-SY5Y cells 
(RRID: CVCL_0019) were purchased from ATCC. MDA-MB-231, 
MDA-MB-436, MDA-MB-453, HeLa, SBC5, and SK-MEL-5 cells 
were cultured in RPMI 1640 supplied with 10% fetal bovine serum 
(FBS; Atlanta Biologicals, Atlanta, GA). SH-SY5Y cells were cultured 
in a 1:1 mixture of Eagle’s minimum essential medium and F-12K 
medium supplied with 10% FBS. Naïve human CD4+ CD45RA+ T 
cells were purchased from STEMCELL Technologies (SCT; #70029, 
Vancouver, Canada) and maintained in ImmunoCult-XF T Cell Ex-
pansion Medium (#10981, SCT) supplied with human interleukin-2 
(50 ng/ml) (#78036, SCT) and activated by CD3/CD28/CD2 cock-
tails (#10970, SCT) for 3 days every 10 to 14 days.

Nanomagnetic labeling of cell proliferation
Nanomagnetic labeling of cell proliferation (NanoPro) assay was 
performed using the carboxylated MNPs with a diameter of 25 to 
30 nm (MP25-CA-5, Nanocs, Boston, MA) for general experiments 
or Cy5-conjugated MNPs with a diameter of 25 to 30 nm (MP25-
S5-0.5, Nanocs) for flow cytometry. MNPs were mixed and sus-
pended in ddH2O to prepare a 100× working solution and further 
mixed with the culture medium before cell seeding. Cells were incu-
bated with the MNPs for up to 24 hours. Incubated cells were rinsed 
three times by PBS before the complete medium change to wash the 
extracellular MNPs and cultured using the regular protocol indi-
cated above.

XTT proliferation assays
The XTT proliferation assays were performed following a protocol 
provided by the manufacturer (https://goldbio.com/product/4029/
xtt-sodium-salt). In brief, XTT sodium salt was purchased from 

Gold Biotechnology (St. Louis, MO). The XTT solution was prepared 
by dissolving 5 mg of XTT in 4 ml of complete cell culture medium. 
Phenazine methosulfate (PMS; P9625) was obtained from Sigma-
Aldrich (St. Louis, MO). The PMS solution was made by dissolving 
3 mg of PMS in 1 ml of PBS. To prepare the detection solution, 10 μl 
of the PMS solution was mixed with 4 ml of XTT solution. Im-
mediately after mixing, 50 or 200 μl of this detection solution was 
added to each well, depending on the well size (48 or 12 wells). 
The samples were incubated for 4 to 5 hours at 37°C and thor-
oughly shaken, and the absorbance at 450 nm was measured af-
ter incubation using a Varioskan plate reader (Thermo Fisher 
Scientific).

Flow cytometry and FACS
Cultured cells were trypsinized and collected through centrifugation. 
For CFSE, cell pellets were stained in PBS for 10 min (see table S4 
for details). For NanoPro, cell pellets were treated as previously de-
scribed using the MNPs conjugated with Cy5. Some samples were 
fixed by 4% methanol-free paraformaldehyde (PFA; 28908, Thermo 
Fisher Scientific) in PBS for 10 min. Some samples were fixed by 
4% PFA and permeabilized by 0.5% Triton X-100 (648466, Sigma-
Aldrich) for intracellular staining (e.g., Ki-67). Stained samples, 
together with unstained control, were examined immediately after 
staining by flow cytometers (Attune NxT, Thermo Fisher Scientific). 
At least 10,000 events were recorded for each sample. Acquired data 
were analyzed by FlowJo software (version 10.5.3, FlowJo LLC, 
Ashland, OR). For FACS, stained cells were sorted by BD FACSAria 
IIIu (Becton Dickinson, Franklin Lakes, NJ) or BD FACSMelody 
using a 100-μm nozzle by gating forward scatter/side scatter (FSC/
SSC) and the fluorescein isothiocyanate (FITC) channel.

Confocal microscopy
Live cells stained by NanoPro or CFSE were incubated with live cell 
imaging solution (A14291DJ, Thermo Fisher Scientific) and imaged 
by a confocal microscope (Zeiss Axio Observer) with a 20× extra-long 
working distance (ELWD) lens in a temperature-controlled cham-
ber. Images were stacked using the maximum projection function in 
the Zen software (Blue edition, Zeiss).

Transmission electron microscopy
Collected cell pellets were fixed by 2% glutaraldehyde in 0.1 M 
sodium cacodylate buffer (pH 7.3) for 2 hours at room temperature. 
After washing three times with the same buffer, the cells were seri-
ally dehydrated by 70% ethanol, 90% ethanol, and 100% ethanol 
solution at 10-min intervals. The dehydrated cells were embedded 
with Quetol-Spurr resin (EM0300, Sigma-Aldrich) overnight, sliced 
to 70- to 80-nm sections with an ultracut microtome (Ultracut RMC 
MT6000, Leica Microsystems), and loaded onto carbon-coated cop-
per grids (Ted Pella). Cells were examined with a transmission elec-
tron microscope (FEI Tecnai 20, Thermo Fisher Scientific) using a 
100-kV accelerating voltage.

Assessment of cell stress
The determination of relative levels of cell stress–related markers 
was carried out via a proteome profiler following the manufacturer’s 
protocol (Human Phospho-Kinase Array Kit, ARY003B, R&D Sys-
tems). To develop the image, 1 ml of Chemi Reagent Mix was evenly 
added onto each set of membranes A and B and visualized using a 
Bio-Rad ChemiDoc imaging system. Integral intensities of dots 

https://goldbio.com/product/4029/xtt-sodium-salt
https://goldbio.com/product/4029/xtt-sodium-salt
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were quantified via WCIF ImageJ. Images were converted to 16-bit 
grayscale, inverted, and background-subtracted. Integral intensities 
of each spot were measured manually. Measured intensities were 
normalized based on the density of internal reference spots. Nor-
malized intensities were compared to the unsorted controls to cal-
culate the percentage of variation for each marker. Variation within 
10%, 10 to 20%, and  >20% was defined as minor, moderate, and 
severe, respectively.

Pooled CRISPR knockout screen
The Toronto KnockOut library version 3 (TKOv3) CRISPR knock-
out library was a gift from J. Moffat at the Department of Molecular 
Genetics, University of Toronto. The optimal conditions of virus 
titer were determined empirically for each cell line before screen 
using the protocol recommended by the library builder (11, 77). 
For the actual screen, 100 million cells were infected at the optimal 
titer of the virus with polybrene (10 μg/ml) (TR-1003, Sigma-
Aldrich) for 24 hours, which results in an MOI of 0.25 to 0.4. In-
fected cells were selected by 5 μg/ml (for SBC5) or 3 μg/ml (for 
others) puromycin (BioShop, Burlington, ON, Canada) for 48 to 
72 hours. Subsequently, cells were passaged and recultured in a 
regular medium. This time point is defined as time point 0 (T0). 
Parts of T0 cells were treated by CFSE or NanoPro assay and cul-
tured for 4 to 5 more days before FACS/MICS sorting. Sorted cells 
were collected and stored in a −80°C freezer before genomic DNA 
extraction. Genomic DNA extraction was performed using the 
QIAamp Blood Mini/Midi/Maxi kits (51104/51185/51194, Qiagen, 
Venlo, The Netherlands), depending on the number of recovered 
cells, according to the manufacturer’s instructions. Sequencing li-
braries were prepared by amplifying gRNA inserts via a two-step 
PCR using primers that include Illumina TruSeq adaptors with i5 
and I7 indices as described before (77). Resulting libraries were 
subsequently sequenced by an Illumina HiSeq2500 as described 
before (11). In brief, each read was completed with standard 
primers for dual indexing. The first 21 cycles were base additions 
without imaging. The actual 26–base pair read begins after the ad-
ditional cycles and contains two index reads that begin with i7 and 
are followed by i5 sequence. Sequenced results were demulti-
plexed, trimmed, aligned, and mapped by the sequencing facility. 
Sequencing samples with an aligned read ratio below 70% were 
excluded from the bioinformatic analysis described below.

Bioinformatics
Read counts for all samples were combined in a matrix and normal-
ized to 10 million reads per sample by dividing each read count by 
the sum of all read counts in the sample and then multiplying by 
10 million. Fold changes and BF scores were calculated using the 
T0 sample as a reference through the BAGEL algorithm (version 0.91; 
https://github.com/hart-lab/bagel) (51). FDR is defined as 1 – 
precision. Genes were indexed by the order of BF scores. Genes with 
BF > 2 and FDR < 0.3 were considered effective hits, as recommended 
by the developer (51). Overrepresentation analysis (ORA) was per-
formed by MetaScape (https://metascape.org/gp/index.html#/main/
step1) using a default setting (78). The visualization of ORA was car-
ried out by the eVITTA toolbox (79). Gene families were categorized 
based on the MsigDB 7.34 reference available at http://www.gsea-
msigdb.org/gsea/msigdb/gene_families.jsp?ex=1. Venn diagrams 
were generated using Venny (version 2.1; https://bioinfogp.cnb.csic.
es/tools/venny/).

Validation of hits
For the small molecule–based inhibition, the optimal concentration 
of each inhibitor titer was determined empirically by testing the 
three different concentrations based on reported IC50 (1× IC50, 
3× IC50, and 10× IC50). The highest concentration that allows >85% 
viability was chosen. The cells were treated by the corresponding 
small molecule for 48 or 72 hours as specified in the discussion. 
Table S5 provides the details of the inhibitor used in the validation. 
The cell number was measured through a 30-min calcein AM stain 
(564061, BD Biosciences, Franklin Lakes, NJ). The relative prolifer-
ation was quantified by normalizing the total relative fluorescence 
unit (RFU) signal of calcein AM to dimethyl sulfoxide (DMSO) 
control. For some experiments, samples were scanned by a fluores-
cence microscope (Axio Observer, Zeiss, Oberkochen, Germany) 
using a 5× ELWD lens.

Western blotting
Cells were lysed in the radioimmunoprecipitation assay buffer 
[9806, Cell Signaling Technology (CST), Danvers, MA] containing 
1% SDS, complete protease inhibitor cocktail (11836170001, Roche, 
Basel, Switzerland), and PhosStop phosphatase inhibitor cocktail 
(4906837001, Roche). After the protein concentration was deter-
mined using the BCA Protein Assay Kit (23227, Thermo Fisher 
Scientific), the cell lysate was mixed with Bolt LDS Sample Buffer 
(B0007, Thermo Fisher Scientific) in the presence of 2.5% 
2-mercaptoethanol and boiled at 70°C for 10 min before loading. 
Samples were separated on 4 to 12% bis-tris gradient gels (NW-
04125BOX, Thermo Fisher Scientific) in MES SDS Running Buffer 
(NP0002, Thermo Fisher Scientific) at 120 V for 1 to 1.5 hours. To-
tal protein (20 to 50 μg) was loaded to each lane. Separated proteins 
were transferred from gels to polyvinylidene difluoride membranes 
at 50 V in tris-glycine buffer containing 10% methanol for 2 hours. 
Membranes were blocked in tris-buffered saline with 0.1% Tween 
20 (TBST) containing 5% fat-free milk for 2 hours at room tem-
perature and probed with the respective primary antibodies over-
night at 4°C. After at least three washes with TBST, membranes 
were incubated with anti-mouse or anti-rabbit horseradish peroxi-
dase–conjugated secondary antibodies (7076 or 7074, CST) for 
2 hours at room temperature. The band signals were developed with 
enhanced chemiluminescence reagents (RPN2109, GE HealthCare, 
Chicago, IL) and visualized by a Bio-Rad gel imaging system. De-
tailed information about antibodies used in Western blotting was 
given in table S6.

Statistical analysis
Most of the results were shown by GraphPad Prism (GraphPad 
Software, San Diego, CA) as an average ± SD unless specified else-
where. Each dot represents a technical replicate. The data from 
BAGEL analysis were plotted in Excel (version 2016, Microsoft, 
Redmond, WA).

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Tables S1 to S6
Legends for data S1 and S2

Other Supplementary Material for this manuscript includes the following:
Data S1 and S2
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