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The Fanconi anemia (FA) pathway is an important DNA repair pathway 
to resolve DNA damage, in particular DNA interstrand crosslinks, during 
DNA replication. Despite the role of this repair pathway in counteracting 
replication stress to help cells to survive, FA-deficient cells can transform 
into tumor cells as demonstrated by the highly increased cancer risk 
seen in FA patients. This suggests the existence of compensatory 
mechanisms that are essential for FA-deficient cells to survive, and 
which are particularly required when cells transform and replication 
stress increases. By performing genome-wide high-throughput 
siRNA screening, we have investigated whether these compensatory 
mechanisms can be identified and might be exploited to develop new 
anti-cancer therapies for tumors in FA patients as well as FA-deficient 
tumors in non-FA patients. More lethal siRNAs were found in the FA-
deficient tumor cell line compared to the corresponding FA-corrected 
tumor cell line (312 versus 253), indicating that FA-deficient cells may 
indeed rely on specific survival mechanisms. Our screen identified the 
proteasome, the Vacuolar ATPase, the nuclear pore complex and mitosis 
as promising targets to further investigate for development of novel 
treatment strategies that are specific for FA-deficient tumors.

Introduction
Fanconi anemia (FA) is a rare chromosomal instability syndrome characterized 

by a variety of congenital abnormalities, bone marrow failure and a high incidence 
of malignancies, in particular squamous cell carcinomas of the anogenital and 
head and neck region1. Since physical abnormalities can be subtle or absent, 
hematological problems are often the first indication for FA and form a main cause 
of disease complications, often requiring bone marrow transplantation2,3. Because 
bone marrow transplantation outcomes have been improved tremendously in 
recent years, the high cancer susceptibility is the next life-threatening problem 
that FA patients are now facing4. The risk to develop head and neck squamous cell 
carcinomas (HNSCC) is 500- to 700-fold higher than in the general population5–7. 
These tumors are difficult to treat in FA patients. More advanced stages of HNSCC 
are treated by either surgery with postoperative radiotherapy or by chemoradiation, 
the concomitant application of systemic cisplatin with locoregional radiotherapy. 
However, FA patients frequently develop treatment associated toxicities due to 
the high sensitivity to the commonly used chemotherapeutic drug cisplatin and 
radiotherapy4. Therefore, it is important to find new, preferably targeted, therapies 
to treat cancer in individuals with FA.

 FA cells have a defect in an essential genome maintenance pathway that 
resolves problems during DNA replication8,9. Currently, bi-allelic mutations in one 
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of 17 FA genes are known to be causative of FA8–10. Together the FA proteins function 
in the FA pathway to repair DNA interstrand crosslinks. This repair pathway can 
be divided into an upstream part, in which 8 FA proteins (FANCA, -B, -C, -E, -F, 
-G, -L and -M) together with several FA-associated proteins are responsible for 
mono-ubiquitination of FANCD2 and FANCI, and a downstream part (FANCD1/
BRCA2, FANCJ, FANCN/PALB2, FANCO/RAD51C, FANCP/SLX4, FANCQ/XPF 
and FANCS/BRCA1), which is not required for this posttranslational modification8,9. 
Since tumor cells experience a lot of replication stress due to (epi)genetic alterations 
that deregulate cellular proliferation and apoptosis11,12, it is surprising that cells with a 
deficient FA pathway can transform into a tumor. Moreover, FA pathway inactivation 
may even occur in sporadic tumors in non-FA patients13,14. We therefore hypothesize 
that tumors with a defect in the FA pathway require compensatory mechanisms to 
survive. As a consequence, these mechanisms may represent an Achilles’ heel of the 
tumor and inactivation of such compensating mechanisms may result in reduced 
cellular fitness. These compensating processes will be synthetic lethal with the FA 
defect. By performing a high-throughput whole-genome RNA interference screen, 
we identified siRNAs targeting genes essential in FA-HNSCC but not the corrected 
cell line. Identification of these genes will aid in finding new treatment options for 
FA patients as well as for non-FA patients with FA-deficient tumors.

Results and discussion

High-throughput siRNA screening in FA-deficient and FA-corrected HNSCC cell 
lines

To identify genes that are essential for viability of FA head and neck tumor cells, 
we conducted high-throughput genome-wide siRNA screens in an FA-deficient 
HNSCC cell line with mutations in FANCC (VU-SCC-1131) and in the corresponding 
FANCC-corrected cell line (VU-SCC-1131+FANCC). The screening procedure 
was optimized for both cell lines to achieve uniform efficiency reflected by the 
sensitivity to transfection of a positive control siRNA SMARTpool (PLK1) and lack 
of sensitivity to transfection of a negative control siRNA SMARTpool (non-targeting 
siRNA (siCON)). Cells were reverse transfected in 384-wells format and after 5 
days, cell viability was measured by adding CellTiter-Blue Reagent. Transfection of 
siRNAs targeting PLK1 (positive control) resulted in a reduction of at least 95% cell 
viability compared to cells transfected with the negative control siRNAs (data not 
shown). Toxicity of our transfection protocol was very modest since cell viability of 
negative control transfected cells was only slightly reduced (10-20%) compared to 
untransfected cells (data not shown). With these optimal transfection conditions, we 
conducted triplicate screens for each cell line. Raw viability values were normalized 
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by first log2-transformation and subsequently corrected for an overall plate effect 
across the cell lines by using a linear regression model. Subsequently, Z-scores were 
calculated and a cutoff of Z=-2.75, which was previously used by others15, was chosen 
as a threshold to identify lethal siRNAs. Only 5 out of 3,264 negative controls (siCON) 
reached this threshold, whereas 4 out of 3,264 positive controls had Z-scores above 
-2.75 (Fig. 1A). The average Z-scores of untransfected, negative or positive control 
transfected VU-SCC-1131 cells was 0.30, 0.39 and -5.01, respectively (Fig. 1B). For 
VU-SCC-1131+FANCC cells, similar Z-scores (untransfected 0.19, negative control 
0.33 and positive control -5.29) were obtained (Fig. 1B). Finally, Z’ factors for each 
screen were calculated to determine the quality of the screens and varied between 

Figure 1 Genome wide siRNA screening in FA and FA-corrected HNSCC cell lines
(A) Z-scores of negative (non-targeting siRNA#2 (siCON)) and positive control (PLK1) used during 
high throughput siRNA screening in the FANCC-deficient FA-HNSCC cell line (VU-SCC-1131) and the 
corresponding genetically corrected cell line (VU-SCC-1131+FANCC). Symbols representing Z-scores 
above the cutoff of -2.75 for PLK1-transfected cells and below -2.75 for siCON-transfected cells are slightly 
enlarged. Note that there are some outliers (indicated with the arrow). These positive and negative 
controls were located on a plate with many lethal siRNAs and after normalization/re-scaling the data (see 
text), these Z-scores shifted upwards. (B) Average Z-score of untransfected (no siRNA (Buffer)), negative 
(siCON) and positive controls (PLK1). (C) Number of separate and overlapping lethal siRNAs (Z-score < 
-2.75) in VU-SCC-1131 and VU-SCC-1131+FANCC.
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0.55 and 0.75 (Table 1). Taken together, the transfection efficiency, discriminating 
power and reproducibility of the screening procedure were high and the toxicity was 
limited.

Figure 2 Top twelve genes that contribute to survival of FA-deficient tumor cells
Top twelve proteins of which knockdown decreased cell viability more in FA-deficient VU-SCC-1131 cells 
than in the FA-corrected tumor cell line. Boxplots and triangles correspond to negative controls (siCON) 
and the indicated siRNAs, respectively.

VU-SCC-1131 VU-SCC-1131+FANCC

Screen 1 0.55 0.74

Screen 2 0.75 0.73

Screen 3 0.63 0.55
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Figure 3 Inhibition of the Vacuolar ATPase decreases cell viability in FA-HNSCC
(A) Knockdown of four subunits of the Vacuolar ATPase reduced cell viability of VU-SCC-1131 more than 
that of VU-SCC-1131+FANCC. (B) Average of normalized values of all subunits of the Vacuolar ATPase 
after knockdown in VU-SCC-1131 and VU-SCC-1131+FANCC. (C) Inhibition of the Vacuolar ATPase with 
Bafilomycin A1 in wild-type primary (BeBu and VU1131 fibroblasts) and SV40-immortalized fibroblasts 
(FEN5280SV), VU-SCC-1131 and the corrected cell line VU-SCC-1131+FANCC.
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Top twelve FA-specific lethal siRNAs
By using tumor cells with either a defective or corrected FA pathway, two sets of 

essential genes might be found: one set of genes, of which knockdown is specifically 
lethal in tumor cells regardless of a functional FA pathway (tumor-specific), and 
a second set of genes, of which knockdown is only lethal in combination with the 
FA defect (FA-specific). Knockdown of some genes might turn out to be lethal in 
FA-deficient tumor cells but not in FA-deficient normal cells, making these genes 
excellent targets for novel therapies to treat tumors in FA patients.

Firstly, we addressed whether FA-specific hits could be identified by comparing 
lethal siRNAs in VU-SCC-1131 and VU-SCC-1131+FANCC. The cutoff of Z-score 
set at <-2.75 yielded 312 and 253 siRNAs that substantially reduced cell viability 
in VU-SCC-1131 cells or VU-SCC-1131+FANCC cells, respectively (Fig. 1C and 
Supplementary table 1). Interestingly, more lethal hits were found in VU-
SCC-1131 compared to the corrected cell line (Fig. 1C).

Secondly, we used 3 linear regression models (see material and methods) to find 
siRNAs that displayed different lethality in the FA-deficient and FA-corrected cell 
line. The top twelve genes that showed the largest difference between the two cell 
lines are shown in Fig. 2. Although not much is known of most of these genes, some 
(RBBP9, RPL29 and PSMD11) have been implicated in carcinogenesis previously16–21 
and might be promising targets in the development of anticancer drugs for FA-
deficient tumors. In addition, the proteins encoded by 3 of the 12 top genes are 
part of the proteasome (PSMC1, PSMB2 and PSMD11), suggesting that proteasome 
inhibition by small molecule inhibitors such as bortezomib or carfilzomib might also 
be an effective strategy in the treatment of FA-deficient tumors.

Inhibition of the vacuolar-ATPase is a promising target in the treatment of FA-
HNSCC 

By comparing VU-SCC-1131 and VU-SCC-1131+FANCC we also noticed a 
difference in cell viability after knockdown of several subunits of the vacuolar-
ATPase (V-ATPase). SiRNA-mediated depletion of ATP6V0A1, ATP6V1A, ATP6V1C1 
and ATP6V1E1 resulted in decreased cell viability in VU-SCC-1131 compared to the 
corrected cell line (Fig. 3A and B). The multi-subunit V-ATPase functions as an ATP-
dependent proton pump that is primarily involved in the acidification of intracellular 
compartments and extracellular environment, thereby regulating pH homeostasis22. 
Noteworthy, expression of the V-ATPase is upregulated in several cancers23,24. Since 
acidic pH alterations caused by high metabolic rates or altered metabolism of cancer 
cells favor cell proliferation, drug resistance and metastasis progression, interference 
with pH regulation has been suggested as an anti-cancer strategy25–31. Therefore, 
we tested whether FA-deficient tumor cells were more sensitive to the V-ATPase 
inhibitor Bafilomycin A1 than FA corrected cells. The difference in sensitivity in 
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terms of growth inhibition was small between the FA-deficient and FA-corrected 
cells. Whether this relates to drug specificity remains unclear, but the difference 
in sensitivity between tumor cells and normal fibroblasts derived from the same 
patient, was much larger (Fig. 3C). This suggests that inhibition of the V-ATPase 
might be beneficial in the treatment of HNSCC regardless of the FA defect.

The spindle assembly checkpoint is a potential therapeutic target for cancer 
therapy in FA patients

Based on Z-scores, many siRNAs (234) were lethal in both FA-deficient and 
corrected cells. Cluster analysis using the DAVID Functional annotation tool was 
performed on these hits (Z-score < -2.75) with the exception of the 15 genes that are 
now annotated as pseudogenes. This analysis revealed multiple clusters, of which 
the top ten with gene ontology enrichment scores above 2.67 are indicated in Fig. 4 
and Supplementary table 2. The largest five clusters contained genes involved in 
1) (m)RNA processing and splicing, 2) regulation of ubiquitination and proteasome 
proteolysis, 3) ribonucleoprotein and ribosome biogenesis, 4) macromolecular 
complex assembly and 5) mitosis. In particular the fifth cluster of genes involved 
in mitosis attracted our attention as regulators of mitosis have been proposed as 
candidate drug targets for antitumor therapies before. Antimitotic agents, such as 
taxol, have indeed been in clinical use for many years, including in neoadjuvant 
protocols for head and neck cancer, and therefore these hits were analyzed in more 
detail.

The fifth cluster harbors genes encoding proteins involved in the G2/M phase 
transition (e.g. WEE1 and CDK1) and (regulation of) mitotic spindle organization/
assembly (e.g. NDC80, TPX2, KIF11 and CKAP5). In addition, the fifth cluster 
contained genes encoding spindle assembly checkpoint (SAC) proteins (e.g. BUB1B, 
BUB3 and MAD2) and chromosomal passenger complex (CPC) proteins (e.g. BIRC5, 
CDCA8 and INCENP), which are two complexes with an important role in the correct 
segregation of duplicated chromosomes during mitosis32,33 (Supplementary Fig. 
1). In an independent experiment, we transfected VU-SCC-1131 and VU-SCC-
1131+FANCC cells with siRNA SMARTpools targeting the six key components of the 
SAC: BUB1, BUB1B, BUB3, MAD1, MAD2 and TTK (Fig. 5A). Knockdown of all 
components except MAD1 resulted in over 50% reduction in cell viability in both cell 
lines. Inhibition of BUB3 and MAD2, which also had the lowest Z-scores, resulted in 
more than 80% cell death (Fig. 5B). Although BUB1 and TTK were not scored as hits 
in the primary genome-wide siRNA screens, knockdown of BUB1 or TTK markedly 
reduced cell viability in the validation experiment (Fig. 5B). Since TTK already has 
been suggested to be a candidate drug target for anticancer therapies and several 
TTK inhibitors have been synthesized, we analyzed this hit in more detail. TTK (also 
known as MPS1) is a dual specificity protein kinase and besides a key component of 
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the SAC, it is also involved in regulating the CPC by phosphorylating CDCA8 (ref 34). 
Overexpression of TTK has been reported in several tumor types35–38 and knockdown 
of this protein can lead to accelerated mitosis through checkpoint abrogation, 
followed by apoptosis specifically in cancer cells39. Knockdown of TTK protein levels 
in TTK siRNA SMARTpool transfected cells was confirmed by western blotting (Fig. 
5C). Deconvolution of the TTK siRNA smartpool, in which the four siRNAs that make 
up the pool were tested separately, resulted in > 40% cell death for all four siRNAs in 
both cell lines (Fig. 5D). This shows that TTK expression is essential in these tumor 
cell lines, regardless of FA status. To further explore TTK as a promising drug target, 
we tested two commercially available TTK inhibitors: Reversine and AZ3146. When 
treated with Reversine, primary fibroblasts (VU1131 fibroblasts) from the same FA 
patient from whom VU-SCC-1131 was derived, showed a very mild growth inhibition 
of approximately 10% compared to untreated cells (Fig. 5E). Similar results were 
obtained for other primary fibroblasts (BeBu) or for SV40-immortalized wild type 
fibroblasts (FEN5280SV). In contrast, tumor cell lines (VU-SCC-1131, VU-SCC-1365 
and VU-SCC-1604) established from head and neck tumors from FA patients were 
more sensitive to Reversine treatment compared to wild type cells. Growth of these 
cell lines was reduced by approximately 60% to 90% (Fig. 5E). Previously, these 
three FA-HNSCC cell lines were functionally corrected for their FA defect40. These 
corrected cell lines were also tested for Reversine sensitivity and only VU-SCC-1604 
FANCL-corrected cells were less sensitive to Reversine compared to uncorrected 
cells. Primary wild type fibroblasts (BeBu) and FA-HNSCC cell lines were also tested 

Figure 4 Cluster analysis of lethal hits in FA and FA-corrected HNSCC cell lines
Cluster analysis of lethal hits (Z-score below -2.75) in VU-SCC-1131 as well as VU-SCC-1131+FANCC. 
Using DAVID Functional annotation tool revealed multiple clusters, of which the top ten with gene 
ontology enrichment scores above 2.67 are shown.
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Figure 5 Inhibition of the spindle assembly checkpoint decreases cell viability in HNSCC
(A) SiRNA SMARTpools targeting subunits of the spindle assembly checkpoint decreased cell viability in 
VU-SCC-1131 and VU-SCC-1131+FANCC. Cell viability was measured in triplicate and calculated relative 
to non-targeting transfected cells. (B) Z-score values of SAC proteins from the genome-wide siRNA screen. 
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for another TTK-inhibitor: AZ3146. Again, FA-HNSCC cell lines were more sensitive 
to AZ3146 than wild type fibroblasts (Fig. 5F). It should be noted though that the 
FA-HNSCC cell lines divided faster than the wild-type and FA fibroblasts. Rather 
than their tumor background per se, this might explain their higher sensitivity to 
Reversine and AZ3146 (Fig. 5G). More research, preferably by using mouse models, 
is required to establish the potency of TTK inhibition in treatment of sporadic and 
FA-HNSCC.

The nuclear pore complex as candidate drug target in FA-HNSCC
To identify more genes that are essential for the survival of HNSCC tumors 

regardless of an FA defect, we also analyzed the sixth cluster, which contained genes 
involved in (m)RNA and protein transport (Fig. 4 and Supplementary Fig. 2). 
Many of these genes encode proteins that make up the nuclear pore complex (NPC). 
The NPC is the largest multiprotein complex in eukaryotic cells and its best-known 
and probably primary function is directing the transport of RNAs and proteins across 
the nuclear envelope. However, other functions, such as the regulation of genome 
organization, gene expression, mitosis and DNA repair, have been reported as well41–

43. The NPC is built from a small number of proteins called nucleoporins (Nups), 
of which some (e.g. NUP88, NUP98, NUP214 and NUP358) have been implicated 
in cancer44–46. We selected 13 hits from the 6th cluster that are components of the 
NPC and 3 additional NPC genes with Z-scores above -2.75. For each gene, we tested 
the 4 separate siRNAs that composed the siRNA SMARTpools used in the screens, 
by transfecting VU-SCC-1131 and the corrected cells (Fig. 6A and B). Inhibition 
of 15 and 13 of the 16 selected genes in VU-SCC-1131 and VU-SCC-1131+FANCC, 
respectively, reduced cell viability by more than 50% with at least 2 of 4 siRNAs 
(Fig. 6A-C). Interestingly, knockdown of two genes (AHCTF1, also known as ELYS, 
and NUP35) with at least two separate siRNAs reduced cell viability in VU-SCC-1131 
cells more than in the corrected cell line (VU-SCC-1131+FANCC). For 3 other genes 
(SEH1L, NUP107 and NUP155) the difference in viability between the two cell lines 
was even larger (Fig. 6D-F). Whereas our initial analysis did not reveal differential 
effects of knockdown of NCP genes, deconvolution of the SMARTpools targeting these 
genes showed that for at least 2 of 4 siRNAs VU-SCC-1131 cells were approximately 
2-fold more sensitive to knockdown than VU-SCC-1131+FANCC cells (Fig. 6A-B). 

(C) Depletion of TTK/MPS1 protein after transfection with siRNAs (siGENOME SMARTpool) targeting 
TTK/MPS1 in VU-SCC-1131 and VU-SCC-1131+FANCC. Tubulin was used as a loading control. (D) 
Deconvolution of siGENOME SMARTpool targeting TTK/MPS1. Cell viability was measured in triplicate 
and calculated relative to siCON (negative control) transfected cells. Cell viability after inhibition of TTK/
MPS1 by Reversine (E) or AZ3146 (F) in wild-type primary (BeBu) or SV40-immortalized fibroblasts 
(FEN5280SV), FA-HNSCC cell lines (VU-SCC-1131, VU-SCC-1365 and VU-SCC-1604) and corresponding 
FA-corrected cell lines (VU-SCC-1131+FANCC, VU-SCC-1365+FANCA and VU-SCC-1604+FANCL). (G) 
Number of cell doublings during growth inhibition assay with Reversine shown in (E).
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Although knockdown of these genes should be confirmed by RT-PCR and/or western 
blotting and more FA-HNSCC cell lines should be tested, it seems that the NPC is 
essential for the survival of FA-defective HNSCC tumor cells.

Conclusion
The larger number of lethal hits in the FA-deficient cell line VU-SSC-1131 

compared to the corrected cell line suggests the existence of compensatory pathways 
that are essential for the survival of FA-defective tumor cells. Subsequent analyses 
revealed two classes of synthetic lethal interactions. The first class is tumor specific, 
but independent of FA status, and includes inhibition of the vacuolar ATPase and 
the spindle assembly checkpoint. This class may provide a cancer treatment strategy 
in both sporadic and FA patients. The second class is specific for the FA defect in 
HNSCC and includes inhibition of several nucleoporins and the proteasome. This 
class may be particularly interesting for the small subset of sporadic tumors with 
defects in the FA pathway.

Materials and methods

Cell culture
Primary (BeBu and VU1131 fibroblasts) and SV40-immortalized wild-type fibroblasts (FEN5280SV), 
VU-SCC-1131 (FANCC-deficient HNSCC cell line), VU-SCC-1365 (FANCA-deficient HNSCC cell line), VU-
SCC-1604 (FANCL-deficient cell line) as well as the corresponding genetically corrected cell lines VU-SCC-
1131+FANCC, VU-SCC-1365+FANCA and VU-SCC-1604+FANCL were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum and 1 mM sodium pyruvate (Gibco). 
FA-HNSCC cell lines were established as described previously40,47.

High throughput siRNA screens
VU-SCC-1131 and VU-SCC-1131+FANCC cells were subjected to a genome-wide siRNA screen by reverse 
transfection in 384-well plates. Of in total 21,121 siRNA SMARTpools derived from the siARRAY Humane 
Genome library (Catalog items G-003500 (Sept05), G-003600 (Sept05), G-004600 (Sept05), and 
G-005000 (Oct05); Dharmacon, Thermo Fisher Scientific), 25 nmols were put in individual wells by using 
the Sciclone ALH 3000 workstation (Caliper LifeSciences) and a Twister II microplate handler (Caliper 
LifeSciences). The non-targeting siCONTROL #2 (siCON) and the PLK1 siGENOME SMARTpool were 
used as a negative and positive control, respectively, and manually added to 8 different wells on each plate. 
RNAiMAX (Invitrogen) at a final concentration of 0.01 μl/well was added to the siRNAs by a Multidrop 
Combi (Thermo Fisher Scientific). Subsequently, cells were seeded using a μFill microplate dispenser 
(BioTek). Plates were incubated for 5 days at 37°C and 5% CO2. After 5 days, cell viability was determined 
by adding CellTiter-Blue reagent (Promega) using a Multidrop Combi (Thermo Fisher Scientific). Two 
hours later fluorescence was analyzed at 540 nm excitation and 590 nm emission wavelength using an 
Infinite F200 microplate reader (Tecan Group Ltd). Deconvolution of siRNA SMARTpools targeting TTK 

Figure 6 The nuclear pore complex is a potential drug target in FA-HNSCC
SiGENOME SMARTpools targeting the indicated genes (A-B) were deconvoluted in VU-SCC-1131 and 
VU-SCC-1131+FANCC. Cell viability was measured in triplicate and calculated relative to siCON (negative 
control) transfected cells. (C) Overview of Z-scores of the indicated genes from the genome-wide siRNA 
screen and the number of siRNAs that decreased cell viability by 50% (siRNAs scoring positive) after 
deconvolution as shown in (A-B). A difference in cell viability (indicated by normalized values) between 
VU-SCC-1131 and VU-SCC-1131+FANCC after knockdown of SEH1L (D), NUP107 (E) and NUP155 (F).
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and NUP genes was performed by using the same automated procedure as described above.
The Z’ factor48 was used to assess screen quality and was calculated for each screen with the formula:

After measuring fluorescence using CellTiter Blue reagent (living cells convert resazurin (redox dye) into 
resorufin (fluorescent end product)), the obtained raw viability values (fluorescent signals) were re-scaled 
by first log2-transformation and subsequently corrected for an overall plate effect across the cell lines by 
using a linear regression model. These values were used to calculate Z-scores or were used together with 3 
linear regression models to find siRNAs that caused a difference in cell viability between the FA-deficient 
and FA-corrected cells: We used a linear regression model to find siRNAs that differed significantly in their 
viability from the negative (siCON) controls, per cell line. Specifically, we explain normalized cell viability 
values by a factor indicating the siRNA or the siCON, using a linear regression that is fitted per siRNA 
and per cell line. P-values corresponding to the siRNA effect were corrected for multiple testing using 
Benjamini & Hochberg’s step-up FDR procedure49. Subsequently, we used a linear regression model with 
both cell line and siRNA vs siCON effect, as well as the interaction of these, to find siRNAs that displayed 
different lethality in the two cell lines. Here we extracted p-values corresponding to the interaction effect, 
which were subsequently corrected for multiple testing as with the previous model.

Western blot analysis of TTK/MPS1 protein expression
Whole-cell extracts were prepared in lysis buffer (50 mM TRIS (pH 7.5), 150 mM NaCl and 1% Triton 
X-100 supplemented with protease (complete EDTA free tablets, Roche) and phosphatase (PhosSTOP, 
Roche) inhibitors). Proteins were separated on a 3-8% Tris-Acetate NUPAGE gradient gel (Invitrogen) 
and transferred to Immobilon-P membrane overnight. After blocking with 5% dry milk in TBST (10 mM 
TRIS-HCl (pH 7.5), 150 mM NaCl, 0.05% Tween-20), the membrane was incubated with TTK/MPS1 
antibody (1:1,000, A300-296A, Bethyl Laboratories), followed by washing with TBST and incubation 
with horseradish peroxidase-conjugated secondary antibodies to visualize protein bands with ECL (GE 
Healthcare). Mouse monoclonal anti-α tubulin (1:5,000, B-5-1-2, SC23948, Santa Cruz Biotechnologies) 
was used as a control to ensure loading of equal amounts of protein in each western blot lane.

Drug treatments
Cells were seeded 6-well plates with increasing concentrations of drug (Reversine: R3904, Sigma-
Aldrich, AZ3146: SC_361114, Santa Cruz, and Bafilomycin A1: B1793, Sigma-Aldrich). After two weeks 
of incubation with the indicated drugs or earlier after untreated cells had made 3 population doublings, 
the relative cell number compared to untreated cells for each drug concentration was determined using 
a Coulter counter.

Acknowledgements
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Z’= 1 – 
( 3σpositive control + 3σnegative control )
|μpositive control – μnegative control|
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Supplementary figure 1 STRING protein analysis of the gene ontology term mitosis 
(GO:0007067) belonging to the fifth cluster.
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Supplementary figure 2 STRING protein analysis of gene ontology terms RNA and protein 
transport.
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VU-SCC-1131 +FANCC VU-SCC-1131 +FANCC

Gene Z-score Z-score Gene Z-score Z-score

UBC -5.61134 -5.44161 SNRNP200 -5.09997 -5.28209

UBB -5.55685 -5.40233 PSMD7 -5.08382 -5.02042

RRM2 -5.50381 -5.64482 NUP62 -4.98126 -5.48381

PSMD8 -5.50216 -5.58714 NUP93 -4.97748 -5.02728

RAN -5.50108 -5.58607 RBBP9 -4.96028 0.424674

NXF1 -5.49255 -5.70452 CKAP5 -4.9072 -5.28382

SMU1 -5.4695 -5.63053 SF3B5 -4.90361 -4.79809

SON -5.4546 -5.35276 POLR2A -4.90211 -4.52265

RBM8A -5.42686 -5.57497 NUTF2 -4.88388 -5.47033

EIF4A3 -5.40612 -2.68382 RBM22 -4.86103 -3.86354

POMP -5.37867 -5.51214 HNRNPK -4.8262 -4.78765

PSMD6 -5.36319 -5.52563 PSMD2 -4.82012 -4.63439

PSMA1 -5.35441 -5.39616 AQR -4.81733 -5.38519

PSMA2 -5.35385 -5.55217 CDK11A -4.80112 -3.6647

IK -5.34288 -5.16901 RPL10P9 -4.7949 -4.35231

NHP2L1 -5.25718 -5.46258 DDX19B -4.77101 -5.18705

NUP98 -5.23075 -4.98074 EFTUD2 -4.76826 -5.024

SFPQ -5.22707 -4.73729 RPL7AP66 -4.74473 -3.7798

KPNB1 -5.22132 -5.62868 RPS2 -4.73204 -4.29219

PSMB4 -5.20831 -4.66094 PPP1R12A -4.7105 -4.50192

RRM1 -5.20259 -5.54974 PRPF31 -4.69727 -5.04935

PSMD14 -5.18541 -5.52414 RPL27AP6 -4.66046 -4.03636

PLK1 -5.17226 -5.40492 SF3A3 -4.64675 -4.48556

NAPA -5.17009 -5.59728 NUP107 -4.63844 -2.48775

PRPF8 -5.16702 -4.82449 TUBA1B -4.6224 -3.4323

NDE1 -5.16352 -3.62667 SF3B14 -4.60961 -4.99473

CWC22 -5.15621 -5.31734 SAP30BP -4.58968 -3.39838

CDC5L -5.13775 -5.21408 RPS3AP49 -4.58551 -4.47959

TUBA1C -5.11096 -5.06481 RPL10P16 -4.57257 -3.96157

CRNKL1 -5.10685 -4.83685 LAMTOR2 -4.5666 -1.77647

NUP205 -5.1004 -5.05423 COPB2 -4.53416 -5.245

SLU7 -4.5314 -4.418 NUP54 -4.36745 -4.08071

KIF11 -4.53001 -5.14719 CCT6A -4.36478 -2.25553

COPA -4.52909 -5.19966 PSMD3 -4.36146 -4.10593

RPL5 -4.51974 -4.51776 PSMA5 -4.3585 -4.25705

RPL34P34 -4.51521 -4.03996 CCT7 -4.3459 -3.53508

Supplementary table 1. SiRNAs identified by genome wide screening that caused 
decreased cell viability (Z-score < -2.75) in VU-SCC-1131 and/or VU-SCC-1131+FANCC
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PSMD1 -4.50312 -3.96183 SF3B4 -4.34323 -4.77446

SALL1 -4.49941 -4.09468 RPL32 -4.34158 -4.12735

DDX19A -4.49384 -4.49564 ARL14 -4.3279 -3.98336

SF3A1 -4.4823 -4.55114 RPA1 -4.32281 -3.83704

RPL21P131 -4.46961 -3.90377 NUPL1 -4.31378 -4.95382

USP39 -4.46911 -5.10536 UBA52 -4.30766 -4.02865

POLR2G -4.46815 -4.5492 U2AF2 -4.30366 -5.17065

CACTIN -4.46802 -2.55534 RPL23 -4.30002 -4.74026

FAU -4.46451 -4.60391 RPL10 -4.29735 -3.96828

RPL14 -4.45781 -4.74982 RPL37A -4.28498 -4.34787

NDC80 -4.45705 -3.77319 RPL13P12 -4.28334 -3.76244

EIF3G -4.44909 -4.51661 MC3R -4.26904 -4.4465

PSMC3 -4.44863 -4.20072 PRPF19 -4.26537 -3.6963

PSMA3 -4.44219 -3.4974 PSMC5 -4.26407 -3.88193

PSMA7 -4.43973 -4.28468 EIF3B -4.25466 -4.53688

PSMB3 -4.43579 -4.27193 NUP133 -4.25221 -3.54633

XPO1 -4.42173 -4.44439 EIF3A -4.24815 -4.38296

PSMC4 -4.42046 -4.16654 SNW1 -4.24653 -2.70467

PSMA6 -4.41855 -4.17843 PSMB7 -4.22816 -3.73567

POLR2C -4.41505 -4.64191 LSM2 -4.21879 -3.38172

RPS5 -4.41094 -4.59819 U2AF1 -4.21601 -4.70368

DHX8 -4.40322 -4.84879 NAA38 -4.20897 -3.91765

XAB2 -4.38182 -3.19336 EIF3C -4.20022 -4.34413

PSMB1 -4.37693 -4.18678 RPS21 -4.19926 -4.18601

PSMA4 -4.37554 -4.20789 RPSA -4.1931 -4.62853

PRPF18 -4.37316 -4.03921 CDC40 -4.1912 -4.59492

LSM4 -4.18955 -4.63768 POLR2F -3.97248 -4.63541

HNRNPC -4.18137 -3.6349 CWC15 -3.97079 -4.20563

RPS19 -4.17772 -4.16768 AHSP -3.94583 -2.73814

RPS29 -4.17771 -4.20697 LSM7 -3.94433 -4.75632

RPL37 -4.16028 -3.7196 NUF2 -3.94411 -4.43776

RPS27AP5 -4.15972 -2.42563 SNRPB -3.94347 -4.01507

RPL13A -4.15771 -3.90688 COPZ1 -3.93575 -5.26647

POLR2B -4.15419 -4.63513 SF3B1 -3.93496 -3.78079

BUB3 -4.14868 -4.56291 RPL35 -3.9315 -2.36514

SRSF3 -4.1386 -3.68395 ZNF226 -3.90507 -2.10212

PSMB6 -4.10833 -2.34691 SNRPD3 -3.8864 -3.66706

PSMC6 -4.10599 -3.8238 RPL10A -3.88157 -4.08143

RPL18AP6 -4.09827 -3.86608 SYF2 -3.86018 -4.57029
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RPS16 -4.07727 -4.2704 PSMB2 -3.85783 -0.56549

CCT8 -4.07699 -4.15271 VPRBP -3.85519 -4.08385

RPSAP47 -4.06176 -2.7617 RPL18 -3.83778 -3.79292

CCT4 -4.05637 -4.17708 RPS3 -3.82288 -3.38401

SNRPD1 -4.05544 -3.70442 MFAP1 -3.81372 -2.82928

SNRPD2 -4.05534 -3.7091 ISY1 -3.79463 -3.08057

RPS4X -4.04588 -4.25448 RPS9 -3.78503 -4.13385

MBNL3 -4.04061 -1.84677 RPL7A -3.78228 -3.39616

PSMD12 -4.0311 -3.67055 DDX18 -3.76789 -3.65996

EIF3I -4.02673 -4.06242 PPP1CB -3.76768 -3.12307

RPSAP55 -4.01905 -2.63344 BIRC5 -3.75777 -4.7303

AHSP -4.00858 -2.76125 PSMD11 -3.74687 -0.6058

WEE1 -4.00265 -1.93392 NKAP -3.7436 -3.04365

CHMP2A -3.99967 -4.2446 RPA2 -3.74069 -3.40877

PHF5A -3.99691 -3.64536 RPAP2 -3.73795 -0.96694

RPL36 -3.99312 -4.25147 RPL7 -3.71627 -3.32812

ARCN1 -3.98751 -4.66428 POLR2E -3.71422 -3.71029

RPL11 -3.98013 -3.97839 WBP11 -3.7094 -4.362

RPL27A -3.70416 -3.66061 BCAS2 -3.42788 -1.68012

RPS26 -3.69456 -3.3679 RPL35A -3.42737 -3.35818

RPL15 -3.6499 -3.56077 RPS13 -3.42674 -3.11404

SF3B3 -3.63683 -3.18921 RSL24D1 -3.42289 -2.80722

CNKSR1 -3.63238 -1.93786 RPL17 -3.41929 -3.51489

RPS18 -3.61607 -3.50346 RPS12 -3.4098 -3.31502

POLR2L -3.60844 -2.32363 LSM6 -3.40745 -3.87706

RPL4 -3.5919 -3.27891 RPL9 -3.40636 -3.14568

RPL21 -3.5908 -3.49151 RPS15 -3.40579 -3.31709

OSCP1 -3.56431 -1.86733 PSMC1 -3.40513 0.12177

SLC22A6 -3.5643 -1.364 RPS28 -3.40369 -3.19147

RPL38 -3.55179 -3.25076 PSMC2 -3.40056 -3.49359

FBL -3.55154 -4.12298 NSA2 -3.39431 -3.06043

HLA-G -3.55088 -1.74882 SNRPA1 -3.39006 -3.50471

RPS15A -3.5411 -3.28907 GPKOW -3.38527 -0.7254

CCDC12 -3.53676 -1.35877 RPL34 -3.38459 -3.69177

SEC13 -3.52486 -2.56989 RRN3 -3.38029 -2.6144

CSE1L -3.51999 -1.21072 UBL5 -3.37968 -1.77381

RPL30 -3.50247 -3.50074 RPS27 -3.37699 -3.41004

RPL23A -3.50183 -3.44842 GSPT1 -3.3722 -2.54729

RPL19 -3.49258 -3.46879 RPL3 -3.36216 -3.25888
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RPS27A -3.4866 -3.2748 ODC1 -3.35787 -3.18052

RPL27 -3.48419 -3.29306 EIF2S2 -3.34019 -2.54754

RPL8 -3.48127 -3.29859 PKN3 -3.34003 -1.69712

PDPN -3.47426 -0.83012 RPL22L1 -3.33446 -2.41264

SNRPE -3.46083 -2.8197 MAK16 -3.32075 -1.77161

RPL26 -3.45933 -3.37877 RPL18A -3.3117 -3.27266

RPL6 -3.45565 -3.1967 NUP155 -3.29816 -1.31258

CCT2 -3.45376 -1.6505 WDR43 -3.29419 -3.05882

SF3A2 -3.43544 -1.99117 RPLP0 -3.28777 -2.86059

RPS23 -3.43473 -3.35288 RPL29 -3.28767 0.770134

RPS24 -3.287 -3.25421 HES4 -3.09865 -1.43476

SNRNP70 -3.28438 -3.38637 RPS6 -3.09136 -2.97638

TPX2 -3.28207 -3.7239 TTC33 -3.09075 -0.85596

KIF18A -3.28058 -3.15388 TNKS1BP1 -3.0896 -1.07485

RPS20 -3.27639 -3.05256 MAD2L1 -3.0895 -3.99701

RPS7 -3.25055 -3.33207 CIT -3.08478 -1.28655

ERH -3.24954 -2.38287 LSM3 -3.08319 -3.70565

RPS8 -3.24875 -3.26226 SUPT6H -3.05493 -3.7802

POLR2D -3.2421 -2.84064 NUP160 -3.05324 -2.34943

RPS17 -3.23687 -2.86194 KIF23 -3.05278 -4.95022

RBM25 -3.23137 -0.83646 HRK -3.0477 -1.10443

PLRG1 -3.22625 -1.34707 FCF1 -3.0451 -2.05344

RPL13 -3.20151 -2.92355 UTP11L -3.04385 -2.13965

DNTTIP2 -3.20097 -2.85365 GTPBP4 -3.02134 -2.61845

RPS11 -3.19637 -3.25296 MPHOSPH10 -3.02092 -3.89715

HSPB1 -3.19009 -1.41258 CDCA8 -2.99987 -4.2881

RPS10 -3.18814 -3.17446 SEH1L -2.99835 -1.08566

RPS14 -3.1837 -2.92964 PCF11 -2.98353 0.124074

RPL12 -3.17244 -2.91723 DYNC1H1 -2.97684 -2.40859

EIF3E -3.15854 -4.64314 DYNC1I2 -2.9731 -2.32926

GBF1 -3.15757 -4.52469 LOC402634 -2.96686 -1.10273

RPL32P36 -3.15591 -0.42628 RIOK1 -2.96251 -1.07415

LCOR -3.15493 -1.30516 CDK18 -2.95275 -0.45631

EIF2S1 -3.14387 -2.53745 RPL24 -2.94853 -2.91952

RPL31 -3.14163 -3.22043 ETF1 -2.93256 -2.76412

MT-ND3 -3.12292 -2.69748 AMD1 -2.92269 -1.55773

LOC342293 -3.12132 -1.71652 NAT8B -2.91406 -0.58708

RPS3A -3.11813 -2.98556 PRPF40A -2.9055 -1.59367

POLR2I -3.10721 -4.08045 UTP6 -2.89984 -2.91732
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EIF2S3 -3.10544 -2.71673 DDX10 -2.6833 -2.75838

NCKAP5L -3.09898 -0.6666 BUB1B -2.64244 -3.59129

HIVEP3 -2.88088 -1.36203 ARFGEF1 -2.59446 -3.2245

RNPS1 -2.86538 -1.60425 RPA3 -2.57625 -2.83321

NOL7 -2.86389 -2.1014 INCENP -2.54131 -3.68783

POLR1A -2.84646 -2.31081 Nop56 -2.52621 -3.58817

WDR46 -2.84483 -3.13331 MED14 -2.42438 -4.11114

ANLN -2.83465 -4.29108 EIF3D -2.40932 -3.84617

UTP18 -2.82979 -2.75227 WBSCR22 -2.38471 -3.01754

ZNF490 -2.82332 -0.79394 CENPE -2.33124 -3.23085

CEBPD -2.81121 -2.30453 LSM5 -2.30286 -2.8874

MKI67IP -2.80228 -2.39001 TOP2A -2.19964 -3.44265

POLR1B -2.79905 -2.22851 POLR2J -2.07677 -2.95576

RACGAP1 -2.79308 -3.95117 ISCU -2.89871 -2.96603

DDB1 -2.78793 -3.28431 COPB1 -2.89675 -2.45801

COL20A1 -2.77789 -1.17492 EIF1AX -1.783 -2.88085

PRPF38A -2.77126 -1.15455 NUP153 -1.54594 -3.71684

SSPN -2.75469 -1.32844 C8ORF59 -1.13145 -3.18123

CDK1 -2.7541 -4.07291 SKA3 -0.73493 -3.1998

ATP6V0C -2.74598 -3.18941 GPX4 -0.15914 -3.09123
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Term Count P value

Annotation cluster 1 (enrichment score: 45.358)

GO:0006396; RNA processing 93 1.42E-39

GO:0008380; RNA splicing 70 2.41E-36

GO:0006397; mRNA processing 69 2.64E-31

GO:0016071; mRNA metabolic process 71 3.19E-29

GO:0000375; RNA splicing, via transesterification reactions 48 1.03E-26

GO:0000377; RNA splicing, via transesterification reactions with bulged 
adenosine as nucleophile

48 1.03E-26

GO:0000398; nuclear mRNA splicing, via spliceosome 48 1.03E-26

Annotation cluster 2 (enrichment score 22.828)

GO:0031145; anaphase-promoting complex-dependent proteasomal ubiq-
uitin-dependent protein catabolic process

36 5.78E-26

GO:0051439; regulation of ubiquitin-protein ligase activity during mitotic 
cell cycle

37 7.73E-26

GO:0051436; negative regulation of ubiquitin-protein ligase activity during 
mitotic cell cycle

35 3.16E-23

GO:0051438; regulation of ubiquitin-protein ligase activity 37 6.57E-24

GO:0051352; negative regulation of ligase activity 35 1.27E-22

GO:0051444; negative regulation of ubiquitin-protein ligase activity 35 1.27E-22

GO:0031397; negative regulation of protein ubiquitination 36 2.51E-23

GO:0051340; regulation of ligase activity 37 3.72E-23

GO:0051437; positive regulation of ubiquitin-protein ligase activity during 
mitotic cell cycle

34 1.17E-20

GO:0051443; positive regulation of ubiquitin-protein ligase activity 34 4.07E-21

GO:0031396; regulation of protein ubiquitination 38 1.36E-19

GO:0051351; positive regulation of ligase activity 34 2.41E-19

GO:0000278; mitotic cell cycle 60 1.26E-18

GO:0031398; positive regulation of protein ubiquitination 34 7.50E-18

GO:0043161; proteasomal ubiquitin-dependent protein catabolic process 36 2.31E-16

GO:0010498; proteasomal protein catabolic process 36 2.31E-16

GO:0031400; negative regulation of protein modification process 36 1.04E-13

GO:0032269; negative regulation of cellular protein metabolic process 38 2.97E-09

GO:0022402; cell cycle process 62 3.22E-09

GO:0051248; negative regulation of protein metabolic process 38 1.24E-08

GO:0006511; ubiquitin-dependent protein catabolic process 38 1.40E-04

GO:0031401; positive regulation of protein modification process 34 1.95E-04

GO:0007049; cell cycle 65 3.92E-04

GO:0032270; positive regulation of cellular protein metabolic process 35 2.46E-03

Supplementary Table 2. Annotation cluster analysis of hits with Z-scores < 2.75 in FA and 
FA-corrected HNSCC cell lines
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GO:0051247; positive regulation of protein metabolic process 35 9.31E-03

GO:0043086; negative regulation of catalytic activity 37 1.10E-01

GO:0031399; regulation of protein modification process 38 1.24E-01

GO:0032268; regulation of cellular protein metabolic process 47 3.01E-01

GO:0044092; negative regulation of molecular function 39 1.19E+00

GO:0044265; cellular macromolecule catabolic process 48 5.35E+05

GO:0043085; positive regulation of catalytic activity 39 1.55E+06

GO:0009057; macromolecule catabolic process 48 6.44E+05

GO:0019941; modification-dependent protein catabolic process 40 7.34E+05

GO:0043632; modification-dependent macromolecule catabolic process 40 7.34E+05

GO:0051603; proteolysis involved in cellular protein catabolic process 40 2.60E+06

GO:0010605; negative regulation of macromolecule metabolic process 45 2.73E+06

GO:0044257; cellular protein catabolic process 40 2.99E+07

GO:0044093; positive regulation of molecular function 39 4.52E+07

GO:0030163; protein catabolic process 40 7.06E+06

GO:0010604; positive regulation of macromolecule metabolic process 40 2.30E+10

GO:0006508; proteolysis 40 0.00154

Annotation cluster 3 (enrichment score 20.134)

GO:0022613; ribonucleoprotein complex biogenesis 46 1.41E-19

GO:0042254; ribosome biogenesis 32 2.84E-08

GO:0016072; rRNA metabolic process 27 2.67E-05

GO:0006364; rRNA processing 26 1.46E-05

GO:0034470; ncRNA processing 26 7.65E+02

GO:0034660; ncRNA metabolic process 27 1.32E+05

Annotation cluster 4 (Enrichment score 8.869)

GO:0022618; ribonucleoprotein complex assembly 17 2.06E+04

GO:0043933; macromolecular complex subunit organization 45 9.83E+05

GO:0034621; cellular macromolecular complex subunit organization 30 2.49E+07

GO:0065003; macromolecular complex assembly 41 1.43E+08

GO:0034622; cellular macromolecular complex assembly 26 6.28E+07

Annotation cluster 5 (enrichment score 8.327)

GO:0000278; mitotic cell cycle 60 1.26E-18

GO:0022402; cell cycle process 62 3.22E-09

GO:0000087; M phase of mitotic cell cycle 25 2.56E+06

GO:0000280; nuclear division 24 9.96E+05

GO:0007067; mitosis 24 9.96E+05

GO:0048285; organelle fission 24 2.19E+07

GO:0000279; M phase 27 3.04E+06

GO:0022403; cell cycle phase 29 2.37E+09
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GO:0051301; cell division 24 2.48E+09

GO:0007059; chromosome segregation 11 1.37E+10

GO:0007052; mitotic spindle organization 5 2.88E+12

GO:0000226; microtubule cytoskeleton organization 11 0.00188

GO:0007051; spindle organization 6 0.00334

GO:0007018; microtubule-based movement 9 0.00411

GO:0007017; microtubule-based process 14 0.00503

GO:0007010; cytoskeleton organization 13 0.28429

Annotation cluster 6 (enrichment score 4.756)

GO:0051236; establishment of RNA localization 20 4.42E+02

GO:0050658; RNA transport 20 4.42E+02

GO:0050657; nucleic acid transport 20 4.42E+02

GO:0006403; RNA localization 20 7.89E+02

GO:0015931; nucleobase, nucleoside, nucleotide and nucleic acid transport 20 7.71E+03

GO:0051028; mRNA transport 18 8.09E+03

GO:0006913; nucleocytoplasmic transport 17 4.85E+08

GO:0051169; nuclear transport 17 5.77E+08

GO:0051168; nuclear export 8 3.91E+11

GO:0000059; protein import into nucleus, docking 5 4.84E+12

GO:0006606; protein import into nucleus 9 7.19E+11

GO:0051170; nuclear import 9 8.38E+11

GO:0034504; protein localization in nucleus 9 0.00129

GO:0045184; establishment of protein localization 32 0.00130

GO:0006405; RNA export from nucleus 6 0.00220

GO:0015031; protein transport 31 0.00221

GO:0046907; intracellular transport 27 0.00403

GO:0006886; intracellular protein transport 18 0.00517

GO:0008104; protein localization 33 0.00550

GO:0006406; mRNA export from nucleus 5 0.00626

GO:0017038; protein import 9 0.00982

GO:0034613; cellular protein localization 18 0.01239

GO:0070727; cellular macromolecule localization 18 0.01313

GO:0033365; protein localization in organelle 9 0.01795

GO:0006605; protein targeting 11 0.02451

GO:0043623; cellular protein complex assembly 9 0.03102

GO:0055085; transmembrane transport 17 0.21988

Annotation cluster 7 (enrichment score 4.676)

GO:0000245; spliceosome assembly 10 2.45E+08

GO:0000389; nuclear mRNA 3’-splice site recognition 4 1.11E+12
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GO:0006376; mRNA splice site selection 4 0.00347

Annotation cluster 8 (enrichment score 3.875)

GO:0051656; establishment of organelle localization 13 4.03E+07

GO:0051640; organelle localization 13 1.04E+08

GO:0048200; Golgi transport vesicle coating 6 1.32E+10

GO:0048194; Golgi vesicle budding 6 1.32E+10

GO:0048205; COPI coating of Golgi vesicle 6 1.32E+10

GO:0048199; vesicle targeting, to, from or within Golgi 6 3.98E+09

GO:0006901; vesicle coating 6 1.43E+11

GO:0006900; membrane budding 6 2.04E+10

GO:0006890; retrograde vesicle-mediated transport, Golgi to ER 6 8.66E+10

GO:0006903; vesicle targeting 6 1.10E+12

GO:0051650; establishment of vesicle localization 6 8.09E+11

GO:0051648; vesicle localization 6 0.00137

GO:0016050; vesicle organization 6 0.00625

GO:0006891; intra-Golgi vesicle-mediated transport 4 0.00849

GO:0048193; Golgi vesicle transport 8 0.02932

GO:0016044; membrane organization 8 0.76311

GO:0016192; vesicle-mediated transport 9 0.95217

Annotation cluster 9 (enrichment score 3.478)

GO:0006368; RNA elongation from RNA polymerase II promoter 10 1.06E+09

GO:0006354; RNA elongation 10 1.82E+10

GO:0006367; transcription initiation from RNA polymerase II promoter 11 2.76E+10

GO:0006352; transcription initiation 11 1.71E+11

GO:0006461; protein complex assembly 24 0.00116

GO:0070271; protein complex biogenesis 24 0.00116

GO:0006366; transcription from RNA polymerase II promoter 14 0.00262

GO:0006351; transcription, DNA-dependent 15 0.00677

GO:0032774; RNA biosynthetic process 15 0.00757

GO:0006350; transcription 31 0.99880

Annotation cluster 10 (enrichment score 2.672)

GO:0007059; chromosome segregation 11 1.37E+10

GO:0050000; chromosome localization 5 2.88E+12

GO:0051303; establishment of chromosome localization 5 2.88E+12

GO:0000070; mitotic sister chromatid segregation 6 0.00122

GO:0000819; sister chromatid segregation 6 0.00138

GO:0007080; mitotic metaphase plate congression 3 0.01653

GO:0051310; metaphase plate congression 3 0.02451

GO:0051276; chromosome organization 12 0.54003
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