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Abstract

Nanocarriers have to cross many biological barriers including the cell membrane to 
deliver their drug. To increase the efficiency of drug delivery a clear understanding of how 
nanocarriers are recognized and internalized by cells is key. Often the uptake of nanocarriers 
is studied in relation to known endocytic pathways. However, the cellular receptors and 
pathways involved in nanocarrier uptake are often still unclear and unknown pathways may 
be involved. Within this context, full genome screening can be used to characterize cellular 
pathways without prior assumptions. Thus, here, for the first time, a full genome forward 
genetic screening based on insertional mutagenesis was successfully applied to study 
the internalization of nanoparticles and discover novel targets involved in nanoparticle 
uptake. To this aim we used 50 nm silica nanoparticles with a human serum corona as a 
model nanoparticle known to target the low-density lipoprotein receptor, but entering cells 
through another pathway than what is normally used by its endogenous ligand. A library 
of mutagenized cells was prepared using a retroviral vector and the mutagenized cells with 
reduced nanoparticle uptake were selected and repeatedly sorted by fluorescence activated 
cell sorting to enrich the phenotype. By changing the fluorescence threshold for selection, 
different genes were identified including both known and novel targets. Additionally, we 
determined the targets after every sort to study how repeated sorting affects the identified 
targets over time. The time-resolved analysis showed that many genes were only enriched 
for mutations at one sort, and was used to filter for genes enriched in multiple consecutive 
sorts. Different enrichment patterns were identified, with some genes becoming more 
strongly enriched, while others disappeared over consecutive sorts. Overall, the time-
resolved approach showed the dynamic response of the pathways involved in nanoparticle 
uptake and this method allowed us to identify several new targets involved in nanoparticle 
uptake by cells. 

Keywords:
Forward genetic screening; Genome-wide approach; Nanoparticle uptake;  
Time-resolved analysis

Introduction

Nanocarriers for drug delivery have been studied for decades with success1–5. However, it 
is generally recognized that drug delivery efficiency and efficacy can still be improved. To 
deliver the drug to its target, the nanocarrier needs to pass several barriers, including the 
cell membrane4–7. To target specific cells and cross the cell membrane, nanoparticles are 
often modified to engage with a certain receptor1,5,8,9. However, nanoparticle binding to a 
receptor does not necessarily induce internalization by the same pathway as used for the 
endogenous ligand, as it was observed, for instance, for silica interacting with the low-
density lipoprotein receptor (LDLR)10. Thus, in order to achieve efficient targeting, it is 
important to characterize the interactions of nanocarriers with cells and cell receptors 
at the plasma membrane and how these trigger the subsequent internalization, since the 
interaction at the cell membrane can determine cell specificity and the mechanism of 
entry. The mechanism of entry can in turn affect uptake efficiency and kinetics, as well as 
the subcellular location and trafficking of the nanocarrier and its drug. These are all crucial 
factors, which are important for drug efficacy11–14.

Studying uptake of nanocarriers is complex. It is generally recognized that nanoparticles 
enter cells via some form of endocytosis. This is often studied using chemical inhibitors 
or RNA interference to block known endocytic mechanisms10,15–18. However, some of 
the endocytic components that are blocked are involved in multiple pathways, which 
complicates the interpretation of the results10,13,19. Additionally, the inhibition of these 
endocytic pathways often only partially reduces nanoparticle uptake, challenging the 
identification of the mechanism of entry10,13,15–18,20. The partial reduction of uptake observed 
in many cases with these methods also suggests that nanoparticles may be internalized 
by multiple mechanisms at the same time. Adaptions of the cells to the inhibition (e.g. 
by upregulation of another mechanism) further complicate the interpretation of the 
mechanisms involved in physiological conditions10,16,17. 

Another possible explanation for the ambiguous results on nanoparticle internalization is 
that unknown mechanisms might be activated. To be able to characterise novel endocytic 
mechanisms, a more data-driven ‘fishing’ approach using so called ‘OMICS’ methods can be 
used. In these methods the whole set of cellular molecules, such as all genes or proteins, are 
screened at the same time for their involvement in a specific pathway or phenotype. Several 
novel methods of this type have been developed and are used in several fields, including 
in cell biology to gain new insights in endocytic mechanisms by cells21–23. However, only 
in very few cases they have been applied to the study of nanoparticle uptake by cells. 
For example, Hofmann and colleagues studied nanoparticle intracellular trafficking by 
isolating organelles containing magnetic polystyrene particles24. By analysing the protein 
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Additionally, it was reported that despite LDLR involvement, these particles did not 
enter through clathrin-mediated endocytosis, which is the pathway used by LDLR 
to internalize its endogenous ligand, the low-density lipoprotein10. This makes silica 
nanoparticles with human serum corona an interesting model to both validate the 
power of forward genetic screening on the endocytosis of nanoparticles, and study 
the relation between cell surface recognition and the mechanism activated for the 
subsequent internalization. Additionally, because the effect of multiple sorting on the 
targets identified is unclear, we determined the genes enriched in mutations after every 
sort. This additional time-resolved analysis allowed us to separate targets enriched 
early or late in the selection process, and to follow how the enrichment of the targets 
changes with the sorting. 

Results

The forward genetic screening method developed by Brummelkamp and colleagues26,28 
was used to study nanoparticle uptake and potentially discover novel proteins involved 
(Figure 1a). A library of randomly mutagenized cells was created by transduction 
of approximately 100 million near-haploid HAP1 cells with a retroviral gene trap 
vector. The gene trap vector is based on a replication defective retroviral vector of 
murine stem cell virus and contains a gene encoding for GFP preceded by a strong 
splice acceptor site and followed by a poly-adenylation signal which upon pre-mRNA 
processing results in a truncated non-functional protein fused to GFP26,28. The GFP 
signal indicates effective integration and can be used as a measure for transduction 
efficiency. Approximately 80% of the cells was GFP-positive in our library. A library 
of this size (100 million cells) with a similar transduction efficiency (~75%) was shown 
previously to contain mutations in nearly all expressed genes37. The mutagenized HAP1 
cells were expanded for at least ten days after viral transduction, so the remaining 
protein would be degraded. Subsequently, the cells were exposed overnight (~14-18h 
exposure) to fluorescently labelled silica nanoparticles (~50 nm in diameter) with a 
human serum corona in serum-free medium (see Supplementary Table S1 for size 
and zeta potential)10. After nanoparticle exposure, cells with reduced nanoparticle 
uptake were selected using FACS. In an earlier study, only GFP-positive cells of the 
phenotype of interest were selected34, but as previously reported this could exclude 
relevant mutated genes that have a low expression level and therefore display a low 
GFP signal. Moreover, genes might be mutated without expressing GFP, when the gene 
trap vector integrated in an exon in the opposite orientation of transcription, which 
would lead to a frame shift and non-functional protein37. Therefore, we collected all 
cells with a reduced nanoparticle fluorescence independent of the GFP signal. 

composition of nanoparticle-containing organelles with mass spectrometry they 
demonstrated the involvement of an atypical dynamin-dependent macropinocytic 
mechanism and identified specific endo-lysosomal proteins24. Another ‘OMICS’ 
method is full genome screening in which all genes are studied simultaneously. Many 
new full genome screening approaches have recently emerged using for example 
RNA silencing, mutagenesis by random insertion, or CRISPR-Cas925–30. Using full 
genome screening receptors for entry of viruses, toxins, or other pathogens have 
been identified25–28,31. Genome-wide screening based on RNA interference has also 
successfully been applied to study the endocytosis of the proteins transferrin and 
epidermal growth factor, and to understand intracellular pathways for cell surface 
expression and protein sorting23,28–30. In respect to nanoparticle uptake, a similar 
large scale screening has been performed (though not covering the entire human 
genome) to study endocytosis of polystyrene nanoparticles32.

A genetic screening can be performed in a reverse or forward manner. In reverse genetic 
screening, a specific gene is first knocked-out or knocked-down by for example CRISPR-
Cas9 or RNA interference, and subsequently the effect on the phenotype is determined. 
On the other hand, a forward genetic screening starts from the phenotype of interest, 
for example cells with reduced nanoparticle uptake. The phenotype of interest is selected 
among a large library of randomly mutagenized cells after which the mutagenized gene 
that caused the phenotype is determined. The use of forward genetic screening, which 
requires a library of randomly mutagenized cells, is greatly enhanced by the relatively 
recent availability of haploid cells of human origin26,33. Brummelkamp and co-workers 
developed a method in which knock-outs were created in human haploid cells by random 
integration of a retroviral vector resulting in a truncated non-functional protein with 
a fluorescent label26,28. Mutagenized cells created by the retroviral insert were not only 
used for live-dead screens26,28, but also to select cells with the phenotype of interest by 
fluorescent activated cell sorting (FACS)23,34. By repeating the sorting a few times the 
phenotype of interest was greatly enriched (to even >95%) after which the integration 
site was determined by next generation sequencing23,34. This forward genetic screening 
approach has been proven to be a useful tool to study viral infections, host-pathogen 
interactions, drug sensitivity, protein trafficking, and endocytic sorting23,26–28,31,34,35, but 
it has not yet been applied to study endocytosis of nanoparticles.

Here, following the method developed by Brummelkamp and co-workers, we have 
used a genome-wide forward genetic screening for the first time to study the entry of 
nanoparticles in human cells. We used fluorescently labelled 50 nm silica nanoparticles 
with a human serum corona as a model. It was recently shown that these nanoparticles 
enter cells, at least partially, through interaction of their corona with LDLR10,36. 
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NP-reduced samples. Moreover, both samples selected with a 0.1% threshold hardly 
contained GFP-negative cells, while the samples selected starting with a 1% threshold 
clearly contained a population of GFP-negative cells with reduced nanoparticle uptake.

We started by selecting cells with the 1% lowest nanoparticle uptake based on the following 
considerations. Firstly, within literature studying viral entry or protein trafficking, the 
phenotype of interest was successfully enriched by sorting cells with the lowest 0.01 
to 1% fluorescence23,34,35. Secondly, previous studies on nanoparticle internalization 
mechanisms reported only partial reduction in uptake upon inhibition of an endocytic 
pathway10,16,17, suggesting that the knockout of one gene might not be sufficient to fully 
block nanoparticle uptake. Therefore, many relevant gene targets might be excluded 
by using a highly stringent selection. Moreover, nanoparticle-negative cells might 
internalize less nanoparticles due to low viability. The latter might also be true for cells 
with reduced uptake, but we expected the relative contribution of cells with low viability 
to be less among cells with reduced uptake than among nanoparticle-negative cells. On 
the other hand, selecting a large percentage of cells might result in no enrichment of 
the phenotype and identification of too many mutations to find genes enriched in the 
number of viral inserts.

After sorting a couple of hundred million mutagenized cells for the lowest 1% of uptake, 
the small amount of collected cells (3 million) were expanded for 7 days to obtain enough 
cells to repeat the exposure and selection procedure. By repeatedly selecting the cells 
with reduced uptake the impurities of cells with normal uptake might be removed and 
the phenotype of interest becomes more strongly enriched. In total the cells were sorted 
7 times. After three selection procedures a distinct population with lower nanoparticle 
uptake was visible. We further separated this population in cells which did not 
internalize nanoparticles (NP-negative) and those that internalized a reduced amount 
of nanoparticles (NP-reduced), as shown in Figure 1b. These two populations were each 
enriched another three times (in total 7 sorts per sample) for either cells with no or 
reduced uptake. During the last sort, the proportion of cells with reduced nanoparticle 
uptake seemed to have stabilized to approximately 50% for both the NP-negative and 
NP-reduced samples. 

In order to determine whether a stricter selection would increase the enrichment of 
cells with reduced nanoparticle uptake, the experiment was repeated using a more 
stringent nanoparticle fluorescent threshold corresponding to the lowest 0.1% uptake. 
However, being more stringent did not have a clear impact on the enrichment of cells 
with reduced nanoparticle internalization, which again increased to ~30% after 3 sorts 
and reached 50-60% at sort 6 (Supplementary Figure S1). Comparing the phenotype of 
the cells after the last sort of the four samples, clear differences are observed (Figure 
2a). Firstly, while the relative number of cells with reduced uptake was similar (50-60%) 
for the NP-negative and the NP-reduced samples of both screenings, the NP-negative 
samples contained a more prominent population of cells with normal uptake than the 

Figure 1. Selection of cells with reduced nanoparticle uptake for forward genetic screening. a) A schematic 
representation of the creation of a library of randomly mutagenized HAP1 cells by retroviral transduction 
(containing GFP gene) and the selection procedure using FACS. b) Double scatter plots of repeated sorting 
of mutagenized HAP1 cells with the nanoparticle uptake corresponding to the lowest 1% of uptake. Briefly, 
mutagenized HAP1 cells were exposed overnight (~14-18h exposure) to 100 µg/ml corona-coated silica 
nanoparticles in serum-free medium (see Methods for details) and cells with low nanoparticle uptake were 
selected using FACS. The collected cells were expanded for repeated exposure to the nanoparticles and sorting to 
enrich for cells with reduced or no uptake (NP-reduced and NP-negative respectively) (a total of 7 sorts). The FACS 
plots show the gate used for the sorting with the percentage of cells from the mutagenized HAP1 sample (red). 
Non-sorted non-mutagenized HAP1 cells exposed to nanoparticles (blue) were used as a control.
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(Figure 2c, d). Among this list is also the gene for LDLR, a receptor known to be involved 
in the internalization of these nanoparticles10,36. Interestingly, the LDLR was not found to 
be significantly enriched with retroviral insertions in the sample with the most stringent 
selection procedure (NP-negative of the 2nd screen in which cells with the lowest 0.1% 
uptake were selected).

One of the striking differences between our results and those found in literature using 
this forward genetic screening method for other purposes23,34,35, was the relatively long 
enrichment process of the phenotype of interest. Repeated selection can affect the 
enrichment of mutated genes, however how repeated selections may affect the targets 
involved in nanoparticle uptake is unknown. We speculated that some genes important 
for nanoparticle uptake may be identified already after few sorts, while repeated 
sorting may allow to identify different ones. At the same time some genes may get lost 
over repeated sorts due to additional effects on cell viability, or if a secondary factor 
(e.g. ploidy) may take over. Since this is largely unknown, in order to understand how 
enrichment of mutated genes evolves during repeated selections, part of the sorted cells 
was taken apart and sequenced after every sort. For this time-resolved study, in total the 
cells were sorted six times and a fluorescence threshold based on the lowest 3% uptake 
in non-sorted non-mutagenized HAP1 cells was applied. We used the less stringent 
selection of the lowest 3% to compare with the previous screenings and tested whether a 
less stringent selection allowed to identify different targets. 

Also this time, when selecting cells with a fluorescence corresponding to the lowest 3% of 
nanoparticle uptake, cells with reduced uptake were gradually enriched and stagnated 
at ~50% phenotype enrichment after 4 sorts (Figure 3a). After the 6 sorts, 174 genes were 
found enriched including the LDLR and multiple genes related to glycosaminoglycan 
metabolism, cholesterol homeostasis, Golgi trafficking, and endo-lysosomal trafficking 
(Figure 3b). 

Next, we compared the results of the samples enriching cells with reduced uptake 
obtained using a selection pressure of the lowest 0.1%, 1%, and 3% of nanoparticle uptake 
(corresponding to NP-reduced of 0.1% selection, the NP-reduced of 1%, and the 3% 
selection performed for the time-resolved analysis, respectively). The samples of the three 
different screens showed clear difference in the phenotype and gene enrichment (Figure 
4). The relative number of GFP-negative cells with a reduced uptake differed between 
the screenings. Furthermore, little overlap was found between the enriched genes in the 
0.1%, 1% and 3% samples. Again, the two genes LINC00486 and TM9SF2 were found also 
in the 3% samples, thus they were shared in all three screenings performed. The common 
genes also included LDLR, and genes involved in glycosaminoglycan metabolism 

As a control to verify influences of sorting on nanoparticle uptake that are independent 
of the induced mutations, non-mutagenized HAP1 cells were also repeatedly sorted 
(six times in total) for reduced nanoparticle internalization. Interestingly, a similar 
enrichment pattern was observed as for the mutagenized cells (Supplementary 
Figure S2a). Repeated exposure to nanoparticles instead did not cause a similar 
uptake reduction, suggesting that it was the repeated selection of cells with lower 
uptake to cause it (Supplementary Figure S2b). DNA staining of sorted and non-sorted 
cells confirmed that the sorted population contained more haploid cells (Supplementary 
Figure S2c). Moreover, these sorted cells were relatively smaller than the non-sorted 
cells of equivalent passage number, as also observed for sorted mutagenized cells 
(Supplementary Figure S2d and S3). It is known that several factors, including cell size, 
lead to a large heterogeneity in nanoparticle uptake by cells38–40. Further studies have 
been performed elsewhere to understand these observations for non-mutagenized 
cells41.

Next, the retroviral gene trap insertion sites in the sorted mutagenized cells were 
determined by DNA amplification starting at the end of the viral construct and directed 
towards the host genome using Linear Amplification Mediated-PCR (LAM-PCR) and 
next generation deep sequencing (NGS sequencing) of the LAM-PCR product26,28. After 
mapping the insertion sites, the number of inserts per gene in the sorted population was 
compared to those in the unsorted library to find genes significantly enriched in retroviral 
inserts (more than 1 insert and multiple testing corrected p-value < 0.01), hereafter called 
‘enriched genes’. While, as expected, in the library the mutations covered almost the 
entire genome (inserts were present in ~23,000 genes), in the samples of both screens 
inserts were found in 2800-13,000 genes, of which 85-182 were significantly enriched 
with up to 38 independent insertions in one gene (Supplementary Table S2). Comparison 
of the enriched genes among samples showed that the genes significantly enriched with 
retroviral inserts were highly different, with only two genes found in all four samples: 
LINC00486 and TM9SF2 (Figure 2b). LINC00486 is a long intergenic non-protein 
coding RNA gene of which the function is unknown. TM9SF2 encodes a transmembrane 
protein important for heparan sulphate and sphingolipid biosynthesis27,42. The most 
similar were the results of the NP-negative and NP-reduced samples derived from the 
same screening and in particular those of the first screening (see Figure 1b selecting cells 
with 1% lowest uptake at the beginning) in which approximately a third of the genes 
significantly enriched in retroviral inserts were overlapping between the NP-negative 
and NP-reduced sample (29% and 33% of NP-reduced and NP-negative respectively). 
Within this short list of overlapping genes (28 genes; Supplementary Table S3), multiple 
genes were involved in the regulation of cholesterol metabolism, and the biosynthesis of 
the glycosaminoglycans. Most of these genes were not identified with the 0.1% selection 
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Figure 2. Small overlap in enriched genes between samples with different phenotype selection. a) Double 
scatter plots of last sort of mutagenized HAP1 cells selected using nanoparticle uptake thresholds of lowest 1% or 
0.1% (see Figure 1b and Supplementary Figure S1 for gating). The FACS plots show the sorted mutagenized HAP1 
sample (red) acquired during the last sort. Non-sorted non-mutagenized HAP1 cells exposed to nanoparticles 
(blue) were used as a control. b-d) After the last sort, the viral integration sites were determined by LAM-PCR 
and next generation sequencing, and enrichment in mutations compared to the library was calculated for each 
gene (see Methods for details). b) Venn diagram showing the overlap between the genes enriched in retroviral 
inserts in the 4 samples selected using different thresholds. c, d) Scatterplot of the p-values of retroviral insert 
enrichment in genes identified in the NP-negative and NP-reduced samples selected starting with the c) 1% 
d) or 0.1% nanoparticle uptake threshold. Genes significantly enriched in both the populations NP-reduced 
and NP-negative cells (red) of the 1% selection contained genes related to cholesterol metabolism (blue) and 
glycosaminoglycan metabolism (green). The inset in panel d shows an enlargement of the boxed area. Genes were 
considered significantly enriched if the corrected p-value was < 0.01 calculated by Chi-square test with Benjamini-
Hochberg correction and the gene had more than 1 inactivating insert.
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(EXT1, PAPSS1, SLC35B2). The 0.1% and 1% samples shared only one additional gene 
(the non-receptor tyrosine kinase PEAK1), and the 0.1% and 3% samples 4 additional 
genes (pseudogene AL160314.3; long intergenic non-protein coding RNA LINC02306; 
histone methyltransferase SUV39H2; and long non-protein coding RNA MALAT1). The 
1% and 3% samples had the most genes in common (14 genes including those shared 
among all three samples). These common genes included LDLR and genes involved 
in glycosaminoglycan metabolism (EXT1, NDST1, TM9SF2, PAPSS1 and SLC35B2), 
cholesterol homeostasis (SREBF2, MBTPS1, and SCAP), and Golgi trafficking (COG7 and 
COG8) (see Supplementary Table S5 for the corresponding p-values). 

Unlike in the previous screenings, for the time-resolved screening (selecting the lowest 
3%), the cells were first expanded to obtain enough material and then sequenced. In 
order to check for possible influences of this on the result, some cells of the last sort 
(sort 6)  were sequenced directly after sorting, and some after growing them for 3 days. 
As an additional control, the influence of the number of cells prepared for sequencing 
was also tested by comparing the sequencing results obtained using 5 million or 40 
million of cells (this was done for the 3rd sort sample). In both cases (prepared directly 
vs grown, and 5 vs 40 million cells), approximately half of the genes significantly 
enriched in retroviral inserts overlapped between the differently prepared samples 
(Supplementary Figure S4). This was considerably more than the overlap between 
the enriched genes in the three screenings with 0.1%, 1% and 3% uptake threshold 
(Figure 4), suggesting that the different result of the three screenings cannot fully be 
explained by technical differences in preparation. 

< Figure 3. Progressive sorting shows enrichment of retroviral insertions in genes involved in cholesterol 
metabolism, glycosaminoglycan metabolism and vesicle trafficking in mutated cells with reduced uptake. a) 
Double scatter plots of repeated sorting of mutagenized HAP1 cells with the nanoparticle uptake corresponding 
to the lowest 3% of uptake compared to non-sorted non-mutagenized HAP1 cells. Briefly, mutagenized HAP1 
cells were exposed overnight (~14-18h exposure) to 100 µg/ml corona-coated silica nanoparticles in serum-free 
medium (see Methods for details) and cells with reduced uptake were selected using FACS. The collected cells 
were expanded for repeated exposure to the nanoparticles and sorting to enrich for cells with low nanoparticle 
uptake (a total of 6 sorts). After each sort part of the cells were used for LAM-PCR and next generation sequencing 
to determine genes enriched in viral integration sites. The FACS plots show the gate used for the sorting with 
the percentage of cells from the mutagenized HAP1 sample (red). Non-sorted and non-mutagenized HAP1 
cells exposed to nanoparticles (blue) and unexposed HAP1 (yellow) were used as controls. b) Bubble graph 
showing the genes enriched for mutations after 6 sorts. The size of the bubble represents the relative number of 
independent insertions in the gene. Significantly enriched genes are coloured based on their biological function: 
cholesterol metabolism (pink), glycosaminoglycan metabolism (green), vesicle transport (yellow) and others 
(blue). Genes were considered as significantly enriched if the corrected p-value < 0.01 calculated by Chi-square 
test with Benjamini-Hochberg correction and if the gene contained more than 1 inactivating insert.
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Next, we examined the genes enriched after each sort for the screening in which the 
lowest 3% was selected. Around 200 genes significantly enriched in retroviral inserts 
were found after every sort with the highest number after 4 sorts (258 enriched genes) 
and slowly decreasing to 166 genes after 6 sorts (Supplementary Table S4). Enriched 
genes contained up to 353 independent inactivating inserts (SREBF2 after 4 sorts). 
The lists of genes significantly enriched in retroviral inserts found after each sort 
were compared using an upset graph (Figure 5). Most genes were enriched at only one 
time point (ranging from 76-153 genes per time point) suggesting that these genes 
were found by coincidence and might be false positives. Several genes were enriched 
in consecutive sorts (2-21 genes per combination). Only a few genes were overlapping 
between multiple sorts but in a random pattern (1-7 genes per combination), which 
could also be false positives.

Figure 5. Time-resolved enrichment of enriched genes to exclude false-positives. Upset graph comparing 
the genes significantly enriched in retroviral inserts found after every sort (in total 6 sorts). The vertical bars 
present the number of genes overlapping between the sample combination indicated below. Genes significantly 
enriched in at least 3 consecutive sorts and without fluctuations over time are highlighted by a grey box. Genes 
were considered as significantly enriched if the corrected p-value < 0.01 calculated by Chi-square test with 
Benjamini-Hochberg correction and if the gene contained more than 1 inactivating insert.

Figure 4. Enrichment of cells with reduced nanoparticle uptake using different stringency of selection. 
a) Double scatter plots of last sort of mutagenized HAP1 cells selected using different nanoparticle uptake 
thresholds for the lowest 0.1%, 1%, and 3% uptake (see Figures 1 and 3 and Supplementary Figure S1 for the 
enrichment procedure). The FACS plots show the sorted mutagenized HAP1 sample (red) acquired during the 
last sort. Non-sorted and non-mutagenized HAP1 cells exposed to nanoparticles (blue) and unexposed HAP1 
(yellow) were used as controls. b) After the last sort, the viral integration site was determined by LAM-PCR and 
next generation sequencing. The enrichment in inserts compared to the library was calculated for each gene (see 
Methods for details). The Venn diagram shows the overlap between the genes significantly enriched in retroviral 
inserts after starting selecting mutagenized cells with nanoparticle uptake comparable to the lowest 0.1%, 1%, 
or 3% of uptake. Genes were considered as significantly enriched if the corrected p-value < 0.01 calculated by 
Chi-square test with Benjamini-Hochberg correction and if the gene contained more than 1 inactivating insert.
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As a great advantage, the time-resolved analysis allowed us to exclude possible false 
positive results and focus on the genes which were robustly enriched. Therefore, we 
included only the genes that were continuously significantly enriched in at least three 
consecutive sorts (indicated by grey boxes in Figure 5). The few genes that seemed to 
be enriched at multiple random time points were excluded as well. Functional analysis 
of the list of continuously enriched genes showed clusters that could be assigned to 
cholesterol metabolism, glycosaminoglycan metabolism, and intracellular vesicle 
trafficking (both Golgi and lysosomal trafficking) (Figure 6). The genes related to 
these pathways were enriched even with a more stringent cut-off for significance 
(multiple testing corrected p-value < 10-5) showing the robustness of the enriched 
pathways (Supplementary Figure S5).

The time-resolved analysis made it also possible to follow the effect of the selection 
process on the appearance or disappearance of enriched genes. Most genes were 
significantly enriched (multiple testing corrected p-value < 0.01 and more than 1 
inactivating insert) later in the process, starting from the 3rd or 4th sort (18 and 14 
genes respectively). Although the late appearing genes were not clearly enriched for 
a specific biological process according to gene ontology analysis, part of these late 
appearing genes were involved in intracellular trafficking (RAB1A, COG8, MON2, 
and VPS18) (Figure 7a). There were also 16 genes that were already significantly 
enriched after the first selection and remained enriched till the last. Instead, several 
other genes disappeared at sort 5 or 6. Pathway analysis showed that most of the 
disappearing genes were connected to vesicle trafficking (Figure 7b).

The time-resolved analysis also allowed us to determine the enrichment profile of 
each individual gene over time and define whether functionally related genes followed 
the same pattern (Figure 8). The genes annotated to cholesterol metabolism were all 
highly enriched early during selection, except for MBTPS2 (a protease required for 
activation of the sterol sensing transcription factor SREBF)43. The genes belonging 

< Figure 6. Time-resolved enrichment of genes related to cholesterol metabolism, glycosaminoglycan 
metabolism and intracellular trafficking. a) Cluster analysis of the genes with a consistent enrichment pattern 
in at least three consecutive sorts (see Figure 5). Node colours indicate genes involved in Golgi trafficking (red) 
and lysosomal trafficking (blue), cholesterol metabolism (green), and glycosaminoglycan metabolism (yellow). 
Line thickness corresponds to the confidence strength of the protein interaction. b) Pathway enrichment 
analysis of the genes with a consistent enrichment pattern in at least three consecutive sorts according to the GO 
biological processes, KEGG, and REACTOME databases. The top 10 and top 3 enriched pathways of GO biological 
processes, and KEGG and REACTOME database (respectively) are shown. Abbreviated pathway terms: GAG, 
glycosaminoglycan; metab, metabolism; Cholesterol by SREBP, Regulation of cholesterol by SREBP. Colours of 
the bar correspond to the colours of the gene node in the cluster analysis (a). FDR, false discovery rate.
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to glycosaminoglycan metabolism appeared early (after 1 or 2 sorts) and became 
stronger enriched over time (except for the sulphotransferase HS2ST1). Genes related 
to Golgi trafficking included different enrichment patterns, and those of lysosomal 
trafficking mainly appeared at sort 2.  Interestingly, the enrichment of genes related 
to Golgi and lysosomal vesicle trafficking decreased during later sorts.

Discussion

In this work, we used a genome-wide forward genetic screening approach to identify 
novel targets involved in nanoparticle uptake. Cells were mutagenized using a 
retroviral vector, and subsequently the mutagenized cells with reduced nanoparticle 
uptake were selected by repeated sorting. The site of the retroviral insert was 
determined by sequencing to identify the genes significantly enriched in retroviral 
inserts. The screening was performed three times with different stringency of the 
selection. The samples with the more stringent selection contained a more prominent 
population of cells with normal uptake. This might be a reflection of a lower viability 
of cells in which essential processes such as uptake are fully inhibited and would 
suggest that less stringent selections may be more appropriate. In all the screenings 
the enrichment of the cells with reduced uptake was remarkably lengthy compared 
to studies using cell surface marker expression as a read out23,34,35 and even when 
increasing the number of sort up to 7, only around 50% of the cells showed the selected 
phenotype. Furthermore, we found more targets than reported when studying other 
biological processes using this method (84-258 enriched genes per sample in this study 
compared to 0-50 enriched genes per sample in other studies)23,35,44,45. Although these 
differences might be caused by technical variations, for example sequencing depth, 
it could also reflect the complexity of nanoparticle-cell interactions. In line with this, 
results obtained using chemical inhibitors or siRNA to block endocytic pathways  
showed only partial inhibition in nanoparticle uptake, suggesting that multiple 
pathways may be involved10,16,17.  In case of entry by multiple pathways, blocking 
only one gene or component might not be sufficient to inhibit nanoparticle uptake. 
Another explanation could be that the cell compensates for the loss of one component 
for instance by upregulating another pathway. Moreover, it must be noted that even 
within a population of cells, nanoparticle uptake is highly variable (as demonstrated 
by the large distribution obtained by flow cytometry, see for instance Figure 1b)41. 
While here we used a threshold to determine the relative number of cells with reduced 
uptake, one could also interpret the data as a shift of the entire population to reduced 
uptake. This phenomenon of variability in uptake among cells is actively studied 
in the field. One of the cell traits that is reported to influence nanoparticle uptake 

Figure 8. Highly variable enrichment pattern of genes. The enrichment of genes related to a) cholesterol 
metabolism, b) glycosaminoglycan metabolism, c) Golgi trafficking, or d) lysosomal trafficking was followed over 
time by determining the corrected p-value after each sort. Corrected p-value was determined with Chi-square 
test (smallest reportable p-value of 10-100) and Benjamini-Hochberg correction for multiple testing. Genes with 
corrected p-value of 0.01 and more than 1 inactivating insert were considered significantly enriched (red line). 

Figure 7. Cluster analysis of late and disappearing genes. a) Cluster analysis of the genes identified starting 
from 3 or 4 sorts and enriched in at least three consecutive sorts (see Figure 5). b) Cluster analysis of the genes 
disappearing after they have been enriched in at least three consecutive sorts (see Figure 5). Node colours 
indicate genes involved in Golgi trafficking (red) and lysosomal trafficking (blue). Line thickness corresponds to 
the confidence strength of the protein interaction.
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nanoparticle uptake can be obtained by varying the number of selections. Two genes 
that were quickly enriched and stayed enriched were the receptors LDLR, a known 
receptor of silica nanoparticles with human serum corona10,36, and the scavenger 
receptor SCARB1 (also called SR-BI). Both receptors can interact with apolipoproteins, 
and these are proteins known to be present in the corona forming on this (and several 
other) nanoparticles10,36,46,47. Thus, the results suggest that due to the highly complex 
composition of the corona, nanoparticles can interact with multiple receptors. The 
implication of similar effects due to corona formation and receptor interactions on 
nanoparticle targeting will have to be carefully considered to improve nanomedicine 
efficacy. Additionally, the recognition by multiple receptors could result in the 
induction of different endocytic pathways, and this would be in line with the partial 
reduction often reported when blocking specific endocytic mechanisms10,16–18. Thus, 
in order to understand how nanoparticles enter cells all the nanoparticle-receptor 
interactions that occur at the cell membrane need to be identified, also when studying 
targeted nanoparticles. Interactions of corona proteins of targeted nanoparticles 
might not only direct nanoparticles to different receptors, but also, by doing that, 
affect their uptake mechanism and efficiency. 

Both the identified receptors LDLR and SCARB1 are involved in cholesterol 
metabolism. The expression of these receptors is tightly regulated, amongst others, 
by sterol binding transcription factors43,46. One of the sterol binding transcription 
factors is SREBF2 and this gene was enriched in retroviral inserts in this screening 
together with factors that regulate its activity (SCAP, MBTPS1 and MBTPS2)43. Further 
research should indicate whether these targets influence nanoparticle uptake by 
regulating the expression of receptors such as LDLR and SCARB1, or because of their 
effects on cholesterol synthesis, a cell membrane component which is important in 
various endocytic pathways48.

Another pathway that was enriched among the target genes was that of 
glycosaminoglycan metabolism. Two types of glycosaminoglycans can be found at 
the cell surface attached to certain peptides, which are chondroitin sulphate and 
heparan sulphate. The two types require different genes for the synthesis of their 
polysaccharide backbone and their sulphonation27,49. Genes that play a role in the 
general sulphonation process were found (PAPSS1, an enzyme synthesizing the 
common sulphate donor, and SLC35B2, a transporter of the sulphate donor)50. 
However, the other genes identified are specific for the biosynthesis of heparan 
sulphate (EXT1, NDST1, HS2ST1, and TM9SF2) and are not involved in synthesis of 
the other cell surface glycosaminoglycan, chondroitin sulphate27,49,51. Interestingly, 
most of the genes related to heparan sulphate were also found when this forward 

is cell size38–40. This was also observed here, where by sorting the mutagenized and 
non-mutagenized cells for reduced nanoparticle uptake, a population of cells smaller 
in size could be enriched. Haploid cells are also known to have a smaller size than 
their diploid form and can become diploid when cultured for long time33. In line with 
this, sorting non-mutagenized cells allowed us to enrich for smaller haploid cells. 
The source of nanoparticle uptake heterogeneity has been studied in more detail in a 
separate work41. Although cell size and other cell traits might be an additional factor 
that influenced the selection of mutagenized cells, sorting the mutagenized cells 
allowed us to enrich several genes, confirming that the method was successful. As a 
further confirmation of this, among the identified targets a known receptor for this 
nanoparticle, LDLR10,36, was also identified. 

Thus, we performed multiple screens using a different selection pressure. Besides 
several overlapping genes, the list of genes significantly enriched in retroviral inserts 
was highly different between the different samples obtained. It is possible that these 
large differences are due to sensitivity of the selection procedure to small changes, 
or that the list contained false positive results, for example resulting from genetic 
drift (caused by random effects in selection). The time-resolved analysis allowed us 
to exclude possible false positives and select genes significantly enriched in retroviral 
inserts in at least three consecutive sorts. 

When looking at the identified targets, among the genes enriched in retroviral 
inserts, one may expect to find genes clearly related to known endocytic pathways, 
such as clathrin or caveolin, which are often studied in relation to nanoparticle 
uptake10,13,16–18. Instead, we found other targets involved in recognition and in 
intracellular trafficking. These targets also differed from those found in the large 
siRNA screening performed by Panarella et al. on uptake of polystyrene nanoparticles 
by HeLa cells in serum-free medium32. They identified motor proteins, cytoskeleton 
components and remodelling proteins, and several Rab GTPase proteins (other 
than the Rab genes identified here). Because different nanoparticle conditions and 
methods are used, it is difficult to directly compare the results. Nevertheless, the 
different outcomes illustrate that different approaches can complement each other. 
In this respect, as shown by the results in this study, genome-wide forward genetic 
screening is a powerful addition to the methods used to study nanoparticle uptake to  
provide new insights.

Moreover, by adding time-resolved analysis to the forward genetic screening, we could 
follow the effect of multiple sorting on the enrichment of genes. Different genes could 
be found depending on the number of sorts, indicating that different information in 
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Additionally, recycling of LDLR requires the clathrin adaptor complex AP-1 which 
includes the enriched AP1M1 and AP1G167. Also, the cargo sorting Sortilin-1 can 
interact with ApoE at the cell surface and affects LDL internalization68,69. Moreover, 
heparan sulphate biosynthesis takes place in the Golgi system, and requires proper 
functioning and localization of the enzymes in this organelle, which depends amongst 
others on the COG complex49,51,63. Overall, understanding the role of the targets related 
to vesicle trafficking in nanoparticle uptake is complex and requires further research. 
This will allow to disentangle their potential effects on receptor expression and those 
on nanoparticle sorting to lysosomes or other intracellular destinations. 

Conclusions

Genome-wide forward genetic screening is a powerful method to study pathways 
and to discover both known and potentially novel components. Here we applied 
this approach for the first time to gain more insights on how nanoparticles enter 
cells. When applied to this question, we found unique features not reported in 
previous studies with the method. In fact, unexpectedly, the enrichment of cells 
with the phenotype of interest (in this case cells with reduced nanoparticle uptake) 
was slow and even after several sorts only around 50% of the cells had the enriched 
phenotype. The same was obtained even when using a less selective or a highly 
stringent phenotype selection. These results showed the high complexity of studying 
endocytosis of nanoparticles and suggest that cells may be able to compensate for 
the inhibition of an endocytic component, or also that nanoparticles may enter 
through multiple pathways. The selection procedure had major effects on the 
resulting genes enriched in retroviral inserts. The difference in genes enriched in 
inserts between screenings was the result of the different selection pressure, but may 
also be a consequence, at least in part, of the presence of false positives. Potential 
false positives could be excluded by the additional time-resolved analysis which we 
performed, in order to study how the identified targets change in consecutive sorts. 
More importantly, the time-resolved analysis helped to reveal the most important 
genes and provided further information about the dynamic response of the pathways 
involved in nanoparticle uptake. Additionally, it allowed to define the enrichment 
profile of individual genes. We found that some genes were enriched faster than 
others, and several genes disappeared over time. The disappearance of genes could 
suggest the presence of a second selection pressure such as, for instance, effects of 
the knockout on cell viability after repeated sorts. Overall, by combining the forward 
genetic screening with time-resolved analysis we identified two cell surface receptors 
involved in the uptake of these nanoparticles, and different intracellular trafficking 

genetic screening method was used to study the viral entry of Rift Valley Fever virus 
and Vaccinia Ankara virus44,52. Viruses are also nano-sized objects, and the similar 
results obtained suggest that some aspects of cellular interactions may be shared 
between natural and man-made nano-sized materials (indeed viruses themselves 
have also been used for drug delivery and have inspired the design of several nano-
sized drug carriers)53–55. Moreover, heparan sulphate can bind to apolipoproteins 
B and E51,56,57 and mediate the clearance of small lipoprotein particles58. Heparan 
sulphate has also been shown to be involved in the internalization of exosomes, 
which are another example of endogenous nanoparticles59, and in the uptake of 
various positively charged nanomaterials via electrostatic interactions60–62. However, 
the silica nanoparticles used in this study are not positively charged. It is therefore 
more likely that components of the corona, like apolipoprotein B and E, interact 
with heparan sulphate51,56,57. Changing nanoparticle design and corona composition 
may allow to tune the interaction with heparan sulphate on the cell surface, thereby 
providing novel ways to control nanomedicine targeting. 

Many other of the targets identified were related to vesicle trafficking within and 
between different organelles. Remarkably these targets were only found using the time-
resolved analysis, because many of them disappeared over time. The disappearance 
of these genes could be a simple reflection of that disturbance of intracellular 
trafficking affects cell viability. At the same time, it may also indicate, instead, that 
the intracellular trafficking has less influence on nanoparticle uptake in comparison 
to other factors such as cholesterol homeostasis and heparan sulphate biosynthesis. 
Multiple vesicle trafficking genes are implicated in transport to and within the Golgi, 
including components of the COG complex (COG5, COG7, and COG8)63. COG and 
other Golgi proteins were also identified in other haploid genetic screens studying 
viral entry and protein glycosylation27,28,44,52. Moreover, genes involved in transport 
between the Golgi apparatus and recycling endosomes or lysosomes, were found, 
including Sortilin-1 and clathrin adaptor proteins AP1G1 and AP1M164. Lastly, genes 
related to vesicle transport from endosomes or autophagosomes to lysosomes were 
enriched. These intracellular trafficking-related genes did not include the classically 
studied endo-lysosomal components, but instead provided other targets including 
UVRAG, HRS, and core proteins of the HOPS and CORVET complex (VPS16, VPS18, 
VPS33A)65,66. It can be imagined that blocking vesicle transport mechanisms can 
affect nanoparticle uptake for example by inhibiting lysosomal functioning (the final 
intracellular location of many nanoparticles10,24,32), or by reducing receptor expression 
on the cell surface. Some of the identified trafficking proteins can be connected to 
LDL trafficking or heparan sulphate expression. HRS was found to be involved in 
the transport of cholesterol of LDL from endosomes to the endoplasmic reticulum66. 
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adenoviral Virus Associated I RNA (pAdVAntage; Promega) in the mass ratio (0.61 : 
0.24 : 0.15) using FuGene HD (Promega). Two days after transfection, culture medium 
was collected twice with 8-hour difference and the virus was concentrated (2.5x) by 
centrifugation for 90 min at 40,000 x g and 4 oC. The virus was stored overnight at 
4 oC to led the viral pellet slowly loosen in the solution. Hundred million HAP1 cells 
were transduced twice (8 hours in between) with the concentrated viral supernatant 
containing polybrene (10 µg/ml). Mutagenized cells were grown for several days, 
before cryopreservation at -150 oC in IMDM + 20% FBS + 10% DMSO. 

Selection of phenotype
For each screening, 120 million mutagenized cells were thawed and cultured until ten 
days after transduction to ensure the protein encoded by the knocked-out gene was 
degraded. After these ten days, 150 million mutagenized HAP1 cells were seeded and 
the next day exposed to 50 nm plain red-fluorescently labelled silica nanoparticles 
with human serum corona in serum-free medium (100 µg/ml) supplemented with 
Pen/Strep. After overnight incubation on cells (~14-18h exposure), the nanoparticle 
solution was removed and cells were washed once with cIMDM and twice with DPBS 
to remove nanoparticles on the cell surface. Subsequently, cells were detached with 
0.05% trypsin–EDTA (Gibco) for 5 min, centrifuged, and resuspended in cIMDM. 
Cells were filtered on a 35 µm strainer to remove cell clumps before sorting. Cells 
were sorted at room temperature using MoFlo Astrios cell sorter (Beckman Coulter). 
Single cells were gated in forward scatter height vs side scatter width, and from 
those cells with reduced nanoparticle uptake were selected and collected in 50% 
FBS in IMDM. The selected cells were spun down (5 min at 300 x g) to remove the 
FACS fluid and expanded to obtain enough cells for further enrichment by FACS. 
For the time-resolved screening, approximately a third of the cells were taken 
apart for sequencing 2 to 4 days after every selection, and the rest of the cells was 
further expanded for additional sorting. The expanded cells were re-exposed to 
nanoparticles 5 to 14 days after sorting and selected for reduced nanoparticle uptake 
compared to non-sorted non-mutagenized cells of equivalent passage number. The 
gate for reduced nanoparticle fluorescence was adjusted per sorting for the first and 
second screen (see Figure 1 and Supplementary Figure S1) and was set at the lowest 
3% fluorescence of non-sorted non-mutagenized HAP1 cells for every sort of the time-
resolved screening. As a control, the selection procedure to enrich cells with reduced 
nanoparticle uptake was also performed on non-mutagenized cells using a gate set at 
the lowest 1% of non-sorted HAP1 cells of similar passage number.

components that are not commonly studied in relation to nanoparticle uptake. The 
role of these genes in nanoparticle entry will need to be further investigated (see 
Chapter 5). In conclusion, this study showed that forward genetic screening can be a 
useful tool to discover new targets involved in both cell recognition and nanoparticle 
trafficking, especially when it is combined with time-resolved analysis. 

Methods

Cell culture
HAP1 cells (Horizon Discovery C859) were cultured in complete medium (cIMDM) 
consisting of IMDM (Gibco ThermoFisher Scientific) supplemented with 10% 
fetal bovine serum (FBS; Gibco ThermoFisher Scientific) and 100 U/ml penicillin-
streptomycin (Pen/Strep; Gibco ThermoFisher Scientific). GP2-293 cells (Clontech 
Laboratories, Inc. 631458) were grown in DMEM containing high glucose, sodium 
pyruvate, and GlutaMAX (Gibco ThermoFisher Scientific) and 10% FBS (cDMEM). The 
cells were grown at 37 oC and 5% CO2 and split before full confluency was reached.

Nanoparticle characterization and corona isolation
Plain red-fluorescently labelled silica nanoparticles with a diameter of 50 nm were 
purchased from Kisker Biotech GmbH & Co., and human serum from a mixed pool 
and sterile filtered were purchased from TCS Biosciences Ltd. The corona was formed 
by incubation of 300 µg/ml silica nanoparticles in 62 mg/ml human serum protein for 
1 hour at 37 oC. Next, nanoparticles were pelleted by centrifugation at 20,000 x g and 
15 oC for 1 hour. The pellet was carefully resuspended in DPBS and further diluted to 
100 µg silica/ml in serum-free IMDM for cell exposure. Pen/Strep was added to reduce 
bacterial contamination during the selection procedure using fluorescence activated 
cell sorting (FACS) in a non-sterile environment. The zeta potential and size of the 
nanoparticles in water, PBS, and with a human serum corona in serum-free IMDM 
were measured at a concentration of 100 µg/ml by electrophoretic and dynamic light 
scattering on a Malvern ZetaSizer Nano ZS (Malvern Instruments Ltd). Each sample 
was measured three times with at least 10 runs per measurement. Data are presented 
as the mean with standard deviation over two to three independent dispersions.

Insertional mutagenesis
A library of mutagenized cells was created by transduction of HAP1 cells with 
a retroviral gene trap as previously described28,31,37. Firstly, GP2-293 cells were 
transfected with three plasmids containing the genes encoding the gene trap vector 
(pGTen2), the envelope protein VSV-G (pVSVG; Clontech Laboratories, Inc.), or 
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After demultiplexing, the reads were trimmed for low quality and sequencing 
adaptors using Trimmomatic package (version 0.33). High quality reads were aligned 
against primary human genome reference (GRCh38) using bowtie2 (version 2.2.4).  
5’-ends of uniquely mapped reads, with mapping quality of at least 20, were used to 
count reads starting at the same genomic position and forming peaks where each 
peak potentially indicates an integration event. We removed the secondary peaks that 
situated within 5 bp of a more prominent (based on read count) peak. The resulted 
peaks were annotated with gene information by overlapping their coordinates with 
those of genes annotated in Ensembl release 91 (http://www.ensembl.org). The results 
were saved in BED-formatted files. 

Statistical and pathway analysis
Gene trap inserts in an exon or in sense orientation in an intron were considered to be 
inactivating. Enrichment for inactivating inserts in the sample compared to all inserts 
in the control library was calculated for each detected gene with Chi-square test 
using Perl with the module Statistics::ChisqIndep (smallest reportable value of 10-100). 
P-values were corrected for multiple testing using the Benjamini-Hochberg procedure. 
Genes were considered enriched in the number of inserts when the corrected p-value 
was smaller than 0.01 and the genes contained more than one inactivating insert in 
the sample. Further data analysis and visualization was performed with R (UpsetR 
package). Pathway and cluster analysis were performed using STRING (version 11.0; 
https://string-db.org/), in which interaction of median confidence were considered 
relevant. The cluster analysis of the time-resolved screening was performed on genes 
that were stably enriched in at least three consecutive sorts to exclude fluctuating 
enriched genes which could be false positives.

Repeated nanoparticle exposure
As a control, HAP1 cells were repeatedly exposed overnight (~16h exposure) to the 
silica nanoparticles with a human serum corona with one-week interval. After 
nanoparticle exposure, cells were washed once with cIMDM and twice with DPBS 
to remove nanoparticles from the cell membrane. Cells were harvested using 0.05% 
trypsin-EDTA (Gibco) for 5 min at 37 oC to detach the cells.  cIMDM was added and 
cells were collected. Part of the collected cells were cultured at 37 oC and 5% CO2 to be 
re-exposed to nanoparticles after one week. The rest of the cells was spun down (5 
min at 300 x g) and resuspended in PBS for flow cytometric measurement on Cytoflex 
(Beckman Coulter). At least 20,000 single cells were measured in triplicate. Data was 
analysed with FlowJo (version 10) and a gate was set in forward scatter area vs forward 
scatter height to exclude doublets from the analysis.

Mapping of insertion sites
Gene-trap insertion sites were determined by linear amplification of the DNA 
flanking the long terminal repeats (LTRs) of the viral insertion using LAM-PCR as 
described before31 with some minor modifications kindly provided by Dr. Carette. 
In brief, genomic DNA was isolated from 5 to 10 million mutagenized sorted cells 
using QIAamp DNA Mini Kit (Qiagen) according to manufacturer’s protocol. Thirty 
million unsorted mutagenized cells from the library were used as control. Also, DNA 
was isolated from 40 million cells of the 3rd sort of the time-resolved screening to 
check for the influence of the amount of starting material on the final sequencing 
result. Genomic DNA was digested with MseI or SpeI, subsequently purified using 
Wizard® SV Gel and PCR Clean-Up System (Promega) according to manufacturer’s 
protocol and mixed in equal amounts. The LAM-PCR was performed on 6 µg DNA 
of cells from the 1st screening, 2.4-3.6 µg DNA from sorted cells of the time-resolved 
screening, and on 10 µg DNA for the control samples (unsorted cells and 40 million 
cells from the 3rd sort of the time-resolved screening). The insertion site from the 
viral LTR into the genomic DNA was amplified by linear PCR (100 cycles) using a 
biotinylated primer (3LTRflanking-biot1) specific to the viral packaging signal in the 
gene trap vector (see Supplementary Table S6 for primers used). The biotinylated 
single-stranded DNA (ssDNA) PCR product was purified using streptavidin-coated 
magnetic M280 Dynabeads (Invitrogen). Next, the purified PCR product was ligated 
to a 5’-phosphorylated ssDNA linker with 3’ chain terminator (dideoxycytidine, 
ddC) using CircLigase ssDNA ligase (Epicenter Biotechnologies). This p7DNA linker 
contains the Solexa adaptor II sequence required for sequencing on an Illumina 
platform. Following purification, the ligated product was further exponentially 
amplified (35 PCR cycles) using indexed NextSeq_Hap primers annealing to the 
Solexa adaptor II sequence or the LTR. All NextSeq_Hap primers contained a barcode 
to allow multiplexing of different samples during sequencing. After purification 
(Wizard® SV Gel and PCR Clean-Up System), the quality of the final barcoded PCR 
product was analysed for high heterogeneity in fragment length using agarose gel 
electrophoresis and Bioanalyzer High Sensitivity DNA Analysis (Agilent). Samples in 
which more than 10% of fragments were smaller than 200 bp, were further purified 
by size selection of fragments with size above 200 bp from a 2% E-gel EX (Invitrogen) 
or from an agarose gel. The LAM-PCR product was sequenced on a NextSeq 500 
sequencer (Illumina) using a NextSeq 500/550 High Output Kit v2 (75 cycles; Illumina) 
and a custom sequencing primer specific to the extreme end of the 5’LTR to allow 
sequencing of the genomic sequence directly flanking the insertion site of the gene 
trap vector.
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DNA staining by propidium iodide
The ploidy was determined of non-mutagenized cells that were sorted six times to 
enrich for cells with reduced uptake, and of non-mutagenized non-sorted cells of 
similar passage number as control. Cells were incubated 6 hours with colcemid (100 
ng/ml) in cIMDM at 37 oC and 5% CO2 to block mitosis at the metaphase. Subsequently, 
cells were washed ones with medium containing 10% FBS and twice with DPBS. Cells 
were detached with 0.05% trypsin-EDTA (Gibco). Complete medium was added, and 
cell were harvested and pelleted by centrifugation for 5 min at 300 x g. 

The cells were fixed with ice-cold 70% ethanol for 1 hour at 4 oC. Ethanol was removed 
by washing the cells with DPBS, and the cells were incubated 10 minutes with 100 µg/
ml RNase (Sigma Aldrich) at room temperature. Propidium iodide was added to a 
final concentration of 10 µg/ml and cells were incubated 30 minutes in dark at room 
temperature to stain the DNA. Cells were spun down (5 min at 300 x g) to remove excess 
of propidium iodide and the cell pellet was resuspended in DBPS for measurement 
on Cytoflex (Beckman Coulter). Data was analysed using FlowJo software (FlowJo, 
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Supplementary information

Supplementary table S1. Size and zeta potential of 50 nm SiO2 nanoparticles. The size of 50 nm SiO2 
nanoparticles with and without corona (see Methods for details on corona preparation) was measured in PBS 
by differential centrifugal sedimentation and reproduced from 1. The diameter is presented as the mode and 
the half height width of the peak is given as a measure for the size distribution. Zeta potential of 50 nm SiO2 
nanoparticles was measured at 100 µg/ml in water, PBS, and with a corona in serum-free medium (see Methods 
for details) using dynamic light scattering. The average and standard deviation (s.d.) of two to three independent 
dispersions are presented.

Nanoparticle 
condition

Mode (nm) ± s.d. Half height width of the 
peak (nm) ± s.d.

Zeta potential (mV) 
± s.d.

Water - - -30 ± 4

PBS 35.8 ± 0.3 6.5 ± 0.5 -13 ± 1

Corona 36.0 ± 0.3 14.3 ± 5.5 -5 ± 1

Supplementary Table S2. Details on sequencing depth of first two genetic screenings. A library of mutagenized 
cells was created by retroviral insertion. The cells were exposed overnight (~14-18h exposure) to 100 µg/ml SiO2 
nanoparticles with a human serum corona in serum-free medium. The mutagenized cells were sorted starting 
by selecting the cells with nanoparticle uptake corresponding to lowest 1% or lowest 0.1% of the uptake in non-
sorted non-mutagenized cells. The sorting was repeated for another three times after which cells with either a 
reduced nanoparticle uptake (NP-reduced) or no nanoparticle uptake (NP-negative) were sorted for an additional 
three to four times. (See Figure 1 and Supplementary Figure S1 for the corresponding gating during fluorescence 
activated cell sorting). The position of the retroviral insert in the genome was determined by sequencing. The 
number of inactivating inserts per gene was compared to the number of inserts found in the library (see Methods 
for more details) and used to determine the significantly enriched genes (corrected p-value < 0.01 and > 1 insert) 
using a Chi-square test and corrected for multiple testing with the Benjamini-Hochberg procedure.

Sample Number of 
reads

Number of 
inserts in 

genes

Number of 
genes with  

an insert

Number of 
enriched 

genes*

Highest number of 
inactivating inserts in 

an enriched gene
Unsorted 
library

70003453 481188 23021 - -

1% lowest  
NP-negative

50414028 3825 2963 84 28

1% lowest  
NP-reduced

59327267 3753 2848 98 38

0.1% lowest  
NP-negative

29972884 50181 12774 138 29

0.1% lowest  
NP-reduced

35508040 13348 6704 182 11

* Multiple testing corrected p-value < 0.01 and > 1 inactivating insert

Supplementary table S3. Genes overlapping between mutated cells selected for reduced or no uptake starting 
from a 1% selection. Mutagenized cells were exposed overnight (~14-18h exposure) to 100 µg/ml human 
serum-coated silica nanoparticles, and selected for cells with 1% nanoparticle uptake by fluorescence activated 
cell sorting (FACS). The selection was repeated and after three sorts the population was separated in cells 
with reduced or no nanoparticle uptake (NP-reduced and NP-negative). The site of mutation was determined 
by sequencing and compared to the unsorted library for enrichment of mutations in genes. A Chi-square test 
was used to determine the significantly enriched genes (smallest reportable p-value of 10-100) and corrected for 
multiple testing with Bejamini-Hochberg procedure. Genes were considered significantly enriched if they had > 1 
inactivating insert and corrected p-value < 0.01 (see Methods for details on inactivating inserts).

1% selection NP-negative 1% selection NP-reduced
Number of 
inactivating inserts

BH corrected 
p-value

Number of 
inactivating inserts

BH corrected 
p-value

AC087190.3 2 1,40537E-74 4 < 1E-100

LINC00486 9 < 1E-100 6 < 1E-100

MBTPS1 6 4,25203E-63 8 < 1E-100

NDST1 4 7,28486E-56 10 < 1E-100

LDLR 6 3,41464E-59 12 < 1E-100

SREBF2 16 < 1E-100 18 < 1E-100

TM9SF2 10 < 1E-100 21 < 1E-100

PAPSS1 16 < 1E-100 26 < 1E-100

SLC35B2 28 < 1E-100 38 < 1E-100

EXT1 10 2,5293E-62 11 4,11885E-75

AC022182.2 4 7,28486E-56 4 9,11539E-56

AL021453.1 6 2,19186E-17 9 1,2516E-38

AC009264.1 2 1,05419E-37 2 1,25192E-37

UHRF2 2 3,82852E-07 3 5,47236E-15

AC022182.1 4 1,55632E-14 4 1,53047E-14

SCAP 2 1,50269E-06 3 9,5077E-14

ZDBF2 2 6,78589E-12 2 6,66705E-12

LINC01841 2 0,001940514 3 6,22295E-07

TRIP4 3 3,72403E-14 2 9,47424E-07

LINC01588 3 0,00042557 3 0,000438812

KIAA0825 2 0,000968674 2 0,000995673

ZNF436-AS1 2 0,002886216 2 0,002956466

CADPS2 2 0,00312563 2 0,00318367

ENPP7P7 2 0,003445117 2 0,003513426

LITAF 2 0,003787265 2 0,003867449

XIAP 2 0,004049972 2 0,004106664

GLOD4 2 0,006403486 2 0,006544511

IFT81 2 0,00849966 2 0,008650424
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Supplementary Table S4. Details on sequencing depth of the time-resolved screening. A library of  
mutagenized cells was created by retroviral insertion. The cells were exposed overnight (~14-18h exposure) to 
100 µg/ml SiO2 nanoparticles with a human serum corona in serum-free medium. Fluorescence activated cell 
sorting was used to select the mutagenized cells with nanoparticle uptake corresponding to the lowest 3% of 
uptake in non-sorted non-mutagenized cells. After cell expansion, nanoparticle exposure and the selection were 
repeated to a total of 6 sorts (see Figure 3a for the gating). The position of the retroviral inserts in the sorted 
cells was determined by sequencing. The number of inactivating inserts per gene was compared to the number 
of inserts found in the library (see Methods for more details) and used to determine the significantly enriched 
genes (corrected p-value < 0.01 and > 1 insert) using a Chi-square test and corrected for multiple testing with the 
Benjamini-Hochberg procedure.

Sample Number of 
reads

Number of 
inserts in 
genes

Number of 
genes with an 
insert

Number of 
enriched 
genes*

Highest number of 
inactivating inserts in 
an enriched gene

1st sort 34127562 33612 10843 201 39
2nd sort 17529513 22399 8986 195 118
3rd sort 41710216 78307 14867 216 335
4th sort 40584157 23350 9038 258 304
5th sort 41247958 17676 7746 215 312
6th sort 21260708 10038 5484 166 238

* Multiple testing corrected p-value < 0.01 and > 1 inactivating insert

Supplementary Table S5. Genes significantly enriched in the screen selecting the cells with the lowest 1% or 
3% nanoparticle uptake. A Chi-square test was used to determine the significantly enriched genes (smallest 
reportable p-value of 10-100) and corrected for multiple testing with Benjamini-Hochberg procedure. Genes with 
corrected p-value < 0.01 and more than 1 inactivating insert were considered significantly enriched.

Gene Corrected p-value in screen with 
lowest 1% uptake

Corrected p-value in screen 
with lowest 3% uptake

LDLR < 10-100 < 10-100

SREBF2 < 10-100 < 10-100

MBTPS1 < 10-100 < 10-100

SCAP 9.5 x10-14 < 10-100

NDST1 < 10-100 < 10-100

TM9SF2 < 10-100 < 10-100

PAPSS1 < 10-100 < 10-100

SLC35B2 < 10-100 < 10-100

AC026464.6 5.1 x 10-5 3.6 x 10-42

EXT1 4.1 x 10-75 1.4 x 10-37

COG7 7.0 x 10-19 5.7 x 10-38

COG8 6.5 x 10-5 2.38 x 10-41

AL021453.1 1.3 x 10-38 < 10-100

LINC00486 < 10-100 5.0 x 10-17

Supplementary Table S6. Primers for LAM-PCR. LAM-PCR was performed as described in the methods using the 
primers dictated in the table. 5Biosg, biotinylated at 5’ end;  5Phos, 5’-phosphorylated; 3ddC, 3’-dideoxycytidine 

Name Primer sequence (5’-> 3’)
3LTRflanking-biot1 /5Biosg/GGTCTCCAAATCTCGGTGGAAC

p7 DNA linker /5Phos/GATCGGAAGAGCACACGTCTGAACTCCAGT/3ddC/

NextSeq_
Hap_F_501

AATGATACGGCGACCACCGAGATCTACACTATAGCCTACACTCTTTCCCTA-
CACGACGCTCTTCCGATCTATCTGATGGTTCTCTAGCTTGCC

NextSeq_
Hap_R_701

CAAGCAGAAGACGGCATACGAGATCGAGTAATGTGACTGGAGTTCAGACGT-
GTGCTC

NextSeq_
Hap_R_702

CAAGCAGAAGACGGCATACGAGATTCTCCGGAGTGACTGGAGTTCAGACGT-
GTGCTC

NextSeq_
Hap_R_703

CAAGCAGAAGACGGCATACGAGATAATGAGCGGTGACTGGAGTTCAGACGT-
GTGCTC

NextSeq_
Hap_R_704

CAAGCAGAAGACGGCATACGAGATGGAATCTCGTGACTGGAGTTCAGACGT-
GTGCTC

NextSeq_
Hap_R_705

CAAGCAGAAGACGGCATACGAGATTTCTGAATGTGACTGGAGTTCAGACGT-
GTGCTC

NextSeq_
Hap_R_706

CAAGCAGAAGACGGCATACGAGATACGAATTCGTGACTGGAGTTCAGACGT-
GTGCTC

NextSeq_
Hap_R_707

CAAGCAGAAGACGGCATACGAGATAGCTTCAGGTGACTGGAGTTCAGACGT-
GTGCTC

NextSeq_
Hap_R_708

CAAGCAGAAGACGGCATACGAGATGCGCATTAGTGACTGGAGTTCAGACGT-
GTGCTC

Custom sequencing 
primer

CTAGCTTGCCAAACCTACAGGTGGGGTCTTTCA
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Supplementary Figure S1. Stricter selection of mutagenized HAP1 cells with reduced nanoparticle uptake. 
Double scatter plots of repeated sorting of mutagenized HAP1 cells with nanoparticle uptake corresponding 
to the lowest 0.1% of uptake. Briefly, mutagenized HAP1 cells were exposed overnight (~14-18h exposure) to 
100 µg/ml corona-coated silica nanoparticles in serum-free medium (see Methods for details) and cells with 
reduced or no uptake (NP-reduced and NP-negative respectively) were selected using fluorescence activated 
cell sorting (FACS). The collected cells were expanded for repeated exposure to the nanoparticles and sorting 
to enrich for cells with low nanoparticle uptake (a total of 6 sorts). The FACS plots show the gate used for the 
sorting with the percentage of cells from the mutagenized HAP1 sample (red). Non-mutagenized HAP1 cells 
exposed to nanoparticles (blue) were used as a control. The results show a slow enrichment of cells with reduced 
nanoparticle uptake for both the NP-negative and NP-reduced sample.
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< Supplementary Figure S2. Enrichment of small haploid non-mutagenized cells with reduced nanoparticle 
uptake. a) Double scatter plots of repeated sorting of non-mutagenized HAP1 cells with the nanoparticle uptake 
corresponding to the lowest 1% of uptake. Briefly, HAP1 cells were exposed overnight (~14-18h exposure) to 100 
µg/ml corona-coated silica nanoparticles in serum-free medium (see Methods for details) and cells with reduced 
uptake (corresponding to the lowest 1% of uptake by non-sorted cells) were selected using fluorescence activated 
cell sorting (FACS). The collected cells were expanded for repeated exposure to the nanoparticles and sorting to 
enrich for cells with low nanoparticle uptake (a total of 6 sorts). The FACS plots show the gate used for the sorting 
with the percentage of cells from the mutagenized HAP1 sample (red). Non-mutagenized HAP1 cells exposed 
to nanoparticles (blue) only once were used as a control to set the gate, and non-exposed HAP1 cells (yellow) as 
negative control. The plots show enrichment of non-mutagenized cells with reduced nanoparticles uptake after 
repeated sorting. b) Double scatter plots of repeated nanoparticle exposure of non-mutagenized HAP1 cells. The 
HAP1 cells were exposed overnight (~16h exposure) to 100 µg/ml corona-coated silica nanoparticles in serum-
free medium (see Methods for details) with one-week interval and uptake was measured by flow cytometry. 
Non-mutagenized HAP1 cells exposed only once to nanoparticles (blue) and non-exposed HAP1 cells (yellow) 
were used as controls. The data show that cells exposed multiple times to nanoparticles have similar uptake to 
cells exposed only ones to nanoparticles. c) Flow cytometric histograms of sorted non-mutagenized HAP1 cells 
after DNA staining. After 6 selections, the sorted non-mutagenized HAP1 cells (red) were stained with propidium 
iodide DNA staining. Non-mutagenized HAP1 cells of similar passage number (but not sorted; blue) were used as 
a control. 1N, haploid cells; 2N, diploid cells. The sample sorted for non-mutagenized cells with reduced uptake 
contained more haploid cells than the non-sorted sample. d) Flow cytometric histogram of forward and side 
scatter of sorted non-mutagenized HAP1 cells (red). Non-mutagenized HAP1 cells of similar passage number 
(but not sorted; blue) were used as a control.  (Representative histogram of two biological replicates is shown.) 
The plots show that non-mutagenized cells sorted for reduced uptake were smaller than non-sorted cells.

Supplementary Figure S3. Size of sorted mutagenized cells. Mutagenized cells were sorted repeatedly for cells 
with reduced uptake after overnight (~14-18h exposure) exposure to 100 µg/ml silica nanoparticles with a human 
serum corona (see Figure 1 for the gating of the NP-reduced cells). As a reference for uptake and size, non-sorted 
non-mutagenized HAP1 cells of similar passage number were exposed to the nanoparticles and measured. The 
nanoparticle uptake level is compared in the scatterplot and the histograms of forward and side scatter are 
shown to compare cell size. A representative example is shown (the 5th sort of NP-reduced from the screening 
selecting the lowest 1% in Figure 1). The results show that mutagenized cells sorted for reduced uptake were 
smaller than non-sorted (non-mutagenized) cells.



Chapter 4 - Time-resolved forward genetic screening on nanoparticle uptake

4

161160

Supplementary Figure S4. Influence of sequencing preparation on number of enriched genes. a-b) Comparison 
between the genes found significantly enriched after different preparation for sequencing. a) Cells were either 
grown after sorting or directly used for sequencing preparations. b) The effect of the amount of material used for 
sequencing preparation on the resulting enriched genes was determined starting from either 5 million cells or 
40 million sorted (grown) cells. Genes were considered as significantly enriched if the corrected p-value < 0.01 
calculated by Chi-square test with Benjamini-Hochberg correction and if it contained > 1 inactivating insert. 
The results show an overlap of approximately 50% in the significantly enriched genes found after different 
sequencing preparation conditions of the same sample (directly versus growing the cells before preparation (a) 
and preparing 5 million versus 40 million cells for sequencing (b)).

> Supplementary Figure S5. Enriched genes with a more stringent corrected p-value of 10-5.  a) Upset graph 
comparing the number of enriched genes found after every sort selecting for the cells with nanoparticle 
uptake corresponding to the lowest 3% of uptake (see Figure 3a). The vertical bars present the number of 
genes overlapping between the samples indicated below. Genes significantly enriched in at least 3 consecutive 
sorts and without fluctuations over time are highlighted by a grey box. Genes were considered as significantly 
enriched if the corrected p-value < 10-5 calculated by Chi-square test with Benjamini-Hochberg correction and if it 
contained > 1 inactivating insert. The graph shows that many genes were identified only in one sample, and that 
several genes were significantly enriched in  consecutive sorts. b) Cluster analysis of consistently significantly 
enriched genes (grey boxes in panel a). Node colours indicate genes involved in Golgi trafficking (red) and 
lysosomal trafficking (blue), cholesterol metabolism (green), and glycosaminoglycan metabolism (yellow). Line 
thickness corresponds to the confidence strength of the protein interaction. The results show that part of the 
genes significantly enriched in at least three consecutive sorts are involved in pathways including intracellular 
trafficking (Golgi and lysosomal), cholesterol metabolism, and glycosaminoglycan metabolism.
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