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Abstract
Minor intron–containing genes (MIGs) account for <2% of all human protein–coding genes and are uniquely dependent on the minor 
spliceosome for proper excision. Despite their low numbers, we surprisingly found a significant enrichment of MIG-encoded proteins 
(MIG-Ps) in protein–protein interactomes and host factors of positive-sense RNA viruses, including SARS-CoV-1, SARS-CoV-2, MERS 
coronavirus, and Zika virus. Similarly, we observed a significant enrichment of MIG-Ps in the interactomes and sets of host factors of 
negative-sense RNA viruses such as Ebola virus, influenza A virus, and the retrovirus HIV-1. We also found an enrichment of MIG-Ps 
in double-stranded DNA viruses such as Epstein–Barr virus, human papillomavirus, and herpes simplex viruses. In general, MIG-Ps 
were highly connected and placed in central positions in a network of human–host protein interactions. Moreover, MIG-Ps that 
interact with viral proteins were enriched with essential genes. We also provide evidence that viral proteins interact with ancestral 
MIGs that date back to unicellular organisms and are mainly involved in basic cellular functions such as cell cycle, cell division, and 
signal transduction. Our results suggest that MIG-Ps form a stable, evolutionarily conserved backbone that viruses putatively tap to 
invade and propagate in human host cells.
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Significance Statement

Through a computational analysis of the role of minor intron–containing genes (MIGs), we found that the corresponding proteins were 
enriched in molecular interactomes and sets of host factors of a wide variety of viruses. Notably, MIGs are essential and highly an-
cestral (i.e. dating back to unicellular organisms), providing various basic cellular functions. Our observations suggest that 
MIG-encoded proteins may form a stable, evolutionarily conserved framework that viruses in general could tap into for their 
propagation.
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Introduction
Based on the consensus sequences at the 5′ splice sites (SSs), 
branch point sequences, and the 3′ SSs, introns in human genes 
are classified as major (>99%) or minor (<1%) introns (1, 2). 
Major introns are spliced by the highly abundant and ubiquitous 
major spliceosome (3) that is composed of small nuclear RNAs 
(snRNAs: U1, U2, U4, U5, and U6) and over 150 associated proteins. 
In contrast, minor introns are spliced by the less abundant minor 
spliceosome (4) consisting of snRNAs (U11, U12, U4atac, U5, and 

U6atac) and many proteins that are shared with the major spliceo-
some, as well as 13 unique proteins (3, 5). Notably, phylogenetic 

reconstructions of the minor and major spliceosomal snRNAs 

and proteins indicated that both spliceosomes existed in the last 

eukaryotic common ancestor (5, 6). Furthermore, minor and ma-

jor introns emerged roughly at the same time and have been con-

served in eukaryotic genomes (7–10). While minor intron– 
containing genes (MIGs) execute disparate functions across vari-

ous biological pathways (5), the reasons why a specific gene 
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acquired a minor intron that persisted across evolution remain 
unclear. We have previously reported that MIGs are enriched in 
genes that are essential for survival (5), which ensured their main-
tenance across evolution.

The significance of roughly 700 MIGs in mammalian genomes 
and their role in biological functions has emerged through studies 
of human diseases that are linked to minor spliceosome compo-
nents, or a targeted deletion of minor spliceosome components 
in mouse and other model systems (11). We and others have 
shown that inhibition of the minor spliceosome primarily results 
in either elevated retention of minor introns or alternative splicing 
around minor introns that is executed by the major spliceosome 
(11, 12). Unexcised minor introns in such transcripts are either re-
moved by exosome degradation and nonsense-mediated decay or 
could potentially encode a truncated protein (11). Regardless, the 
original function of MIG-encoded proteins (MIG-Ps) including DNA 
transcription, replication and repair, RNA processing and transla-
tion, as well as cytoskeletal organization and vesicular transport, 
is lost upon inhibition of the minor spliceosome (2, 3, 5).

The role of the minor spliceosome and altered function of 
MIG-Ps has been discovered in autoimmune, congenital, and de-
generative neurological diseases as well as cancer (13). However, 
little is known about the role of the minor spliceosome and 
MIG-Ps in viral infection. Since viruses are obligate intracellular 
parasites, and MIG-Ps appear in various biological functions in-
cluding RNA and DNA processing, we hypothesized that viruses 
strongly rely on MIG-Ps to replicate in infected cells. Initial sup-
port for our hypothesis comes from the potential role of the minor 
spliceosome components, including RNU4atac, snRNP25, and 
SNRPD2, in reversing the block to HIV multiple splicing (14).

Through computational data analysis, we investigated the en-
richment of MIG-Ps by considering large-scale screens of human 
proteins that interact with proteins of viral pathogens of major 
health concerns such as SARS-CoV-1, SARS-CoV-2, MERS corona-
virus (MERS-CoV), Zika virus (ZIKV), hepatitis C virus (HCV), hu-
man immunodeficiency virus 1 (HIV-1), Ebola virus (EBOV), 
influenza A virus (IAV), Epstein–Barr virus (EBV), human papilloma 
virus 1 (HPV-1), and herpes simplex virus 1 (HSV-1). Despite the 
relatively small proportion of MIGs in the human genome, we 
show that MIG-Ps were significantly enriched among proteins 
that interact with viral proteins. Furthermore, MIG-Ps were also en-
riched among host factors that do not directly interact with viral 
proteins but are known to allow viruses to tap the cellular machin-
ery of the host. Furthermore, we found that MIG-Ps that interact 
with viral proteins were mostly involved in elementary and essen-
tial cellular functions, dating back to unicellular organisms. In con-
clusion, our results suggest that viruses have generally evolved to 
access an evolutionary conserved backbone, presumably to tap 
elementary cellular host functions. Furthermore, our computa-
tional work sets the foundation for future experimental work 
that further explore the role of MIGs in viral infections.

Results
MIGs are enriched in human proteins that interact 
with SARS-CoV-2 and other viruses
To investigate the role of MIG-Ps and the minor spliceosome dur-
ing viral infections, we initially focused on SARS-CoV-2. 
Considering the first published SARS-CoV-2 host protein–protein 
interaction map (15), we surprisingly found that 20 out of 332 hu-
man host proteins that interacted with SARS-CoV-2 proteins were 
MIG-Ps (5). Notably, these 20 human MIG-Ps were involved in 

every stage of the viral replication cycle and executed disparate 
biological roles that SARS-CoV-2 uses to access various cellular 
pathways (Fig. 1A). Utilizing a hypergeometric test, we observed 
that the enrichment of the 20 MIG-Ps was statistically significant 
(P = 5.1 × 10−3), suggesting that the biological functions of MIG-Ps 
might be tapped by SARS-CoV-2. To corroborate our observation, 
we sampled 1,000 randomized lists of 332 protein-coding genes 
and found that a median of 10 MIG-Ps would occur by chance, in-
dicating that the presence of 20 MIG-Ps in the SARS-CoV-2 interac-
tome was well above background. Furthermore, we generated a 
randomized list of 332 protein-coding genes that initially included 
0% MIGs, while MIGs were added progressively in increments of 
10%. We found statistical significance at α < 0.05 when 90% 
MIGs (i.e. 18 MIGs) were part of the list of 332 targeted genes 
(P = 0.0210), supporting our conclusion that the presence of 20 
MIGs in the list of 332 human proteins that interacted with pro-
teins of SARS-CoV-2 was statistically significant. However, the 
selection of a set of genes that possess minor intron(s) may intro-
duce unexpected bias in our enrichment analysis. To explore if we 
would find similar enrichments in a list of genes with another in-
tron feature, we selected a similarly sized set of 685 genes with 
introns that contain microRNAs (miRNAs). Our analysis showed 
that there was no significant enrichment of miRNA-containing 
genes among proteins that interacted with proteins of SARS- 
CoV-2 (Fig. 1B). Specifically, our results suggest that MIG-Ps did 
not occur randomly in the interactome of SARS-CoV-2 but point 
to host proteins that SARS-CoV-2 might tap into for viral 
replication.

Given this unique role that MIG-Ps play for SARS-CoV-2, a 
member of the large group of positive-sense RNA viruses, we hy-
pothesized that MIG-Ps might show similar enrichment signals 
in the interactomes of other positive-sense RNA viruses, prompt-
ing us to extend our analysis to SARS-CoV-1, MERS-CoV, ZIKV, and 
HCV. Sampling 1,000 randomized lists for each of these viral pro-
tein–protein interactions (PPI), we found a distinct number of 
MIGs that would occur in the interactome of SARS-CoV-1 (12), 
MERS-CoV (9), ZIKV (16), and HCV (17) by chance (Fig. S1). While 
not significantly enriched for HCV (P = 0.3138), MIG-Ps were 
significantly enriched in the interactomes of SARS-CoV-1 (P =  
3.4 × 10−3), MERS-CoV (P = 2.0 × 10−4), and ZIKV (P = 0.0146; 
Fig. 1C). Similar to SARS-CoV-2, we did not find any significant 
enrichment signals of genes with miRNA-containing introns in 
these viral interactomes (Fig. S2).

Next, we sought to investigate whether MIG-Ps were generally 
enriched in the interactomes of viruses beyond positive-sense 
RNA viruses, including HIV-1, a retrovirus, EBOV, and IAV as rep-
resentatives of negative-sense RNA viruses, and EBV, HPV-1, and 
HSV-1 as representatives of double-stranded DNA viruses. 
Notably, we found a significant enrichment of MIG-Ps in the inter-
actome of all viruses (HIV-1, EBOV, IAV [P < 0.01]; EBV [P = 0.0604]; 
HPV-1 [P < 10−4]; HSV-1 [P = 0.0053]; Fig. 1C). With the exception of 
HIV-1 and IAV (P < 0.01), we did not observe significant enrich-
ment for miRNA-containing genes within the interactome of the 
other analyzed viruses (Fig. S2).

MIG-Ps are enriched in host factors
The significantly increased presence of MIG-Ps in virus–host pro-
tein interactions prompted us to determine whether MIG-Ps 
were also enriched in sets of viral host factors. Here, we utilized 
data from genome-wide screens of viral host factors that are hu-
man proteins which are essential for virus replication, as demon-
strated by genome-wide knockout screens (18). Applying our 
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quantitative enrichment framework, we found a significant en-
richment of MIG-Ps in host factors of SARS-CoV-2, HIV-1, HPV-1, 
IAV, EBOV, and HCV, while there was no significant enrichment 
of host factors when we considered EBV, ZIKV, or HSV-1 (Fig. 1D).

MIG-Ps in the vicinity of viral targets
Given that only a handful of MIG-Ps interact with viral proteins or 
serve as viral host factors, we hypothesized that the remaining 
MIG-Ps could potentially appear downstream of the viral interac-
tome and host factors. To investigate this conjecture, we utilized a 
network of human PPI (19) and calculated the shortest distance of 
each human protein to the nearest human protein that interacted 
with a viral protein or served as a host factor. As a result, proteins 
that directly interacted with a viral protein or host factors oc-
curred at a distance of d = 0, while a protein that interacted 
through a single intermediary protein appeared at a distance of 
d = 1. To determine whether MIG-Ps were enriched within groups 
of proteins that were at a given distance away from the viral inter-
actors or host factors in the underlying human protein interaction 
network, we performed a permutation analysis combining all viral 
protein targets and host factors, respectively. Specifically, we ran-
domly sampled 105 sets of MIG-Ps from all human proteins that 
appeared in the underlying interaction network. Calculating the 
lg2 of the ratio of the observed and expected numbers of MIG-Ps 
as a function of distance d, we found that MIG-Ps were significant-
ly enriched at a distance of d = 1 compared with non-MIG-Ps. Vice 
versa, MIG-Ps were found depleted at further distances (d ≥ 2; 
Fig. S3), suggesting that MIG-Ps also appeared immediately 

downstream of proteins that interacted with viral proteins or 
served as host factors.

Network characteristics of MIG-Ps
To further characterize MIG-Ps topologically, we investigated 
their placement in the underlying human protein interaction net-
work, given that viral proteins tend to interact with highly con-
nected host proteins (20–22). We binned proteins according to 
their number of interactions (23), randomly sampled 105 sets of 
MIG-Ps out of all proteins in the underlying interaction network, 
and determined the enrichment of MIG-Ps in the different bins 
of connectivity. As shown in Fig. 2A, we observed that MIG-Ps pref-
erably occurred in bins of highly interacting proteins. As a differ-
ent measure that captures the level of a node’s global centrality in 
the underlying human protein interaction network, we consid-
ered a protein’s betweenness centrality, reflecting a protein’s pro-
pensity to increasingly appear in shortest paths between all 
protein pairs (24). Sorting all proteins according to their between-
ness centrality, we defined the top 20% of the proteins with the 
highest betweenness centrality as a set of bottlenecks (23, 25) 
and hypothesized that MIG-Ps were preferentially bottleneck pro-
teins. Randomly sampling sets of MIG-Ps out of all proteins in the 
human interaction network, we calculated the lg2 of the ratio of 
the observed and expected numbers of MIG-Ps in the set of bottle-
neck nodes and, indeed, found that MIG-Ps were significantly en-
riched as bottlenecks (Fig. 2B).

As another indicator of the central topological role of proteins, 
we determined control nodes (26, 27) in a network of directed 

Fig. 1. Enrichment of MIG-Ps among human host proteins that interact with viral targets and host factors. A) A scheme of the SARS-CoV-2 replication 
cycle indicating viral proteins (black, underlined) that target MIG-Ps (red) as initially reported in the study by Gordon et al. (15). B) Comparison of the 
proportion of MIG-Ps and genes with miRNA-containing introns in the SARS-CoV-2 interactome with their proportion in the human genome employing 
hypergeometric tests. C) Significant enrichment of MIG-Ps in multiple sets of human proteins that are targeted by viral proteins. D) Significant 
enrichment of MIG-Ps in sets of host factor genes that are required by different viruses to infect their host cells. The statistical significance of enrichment 
in C and D) is established by performing hypergeometric tests. The dashed lines indicate a P < 0.01 threshold.
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protein interactions that we obtained from parsing pathways 
from the KEGG database (16), capturing protein and regulatory 
interactions. Specifically, we determined driver nodes that were 
sufficient for the structural controllability of linear dynamics of 
the underlying network (see Materials and methods). To establish 
their importance for the controllability of the underlying network, 
we deleted each node and determined the number of driver 
nodes in the perturbed network separately. If the number of 
driver nodes increased, the underlying protein was considered 
indispensable for network control. Conversely, nodes were 
considered neutral or dispensable for network control if the 
number of driver nodes remained the same or decreased in the 
network upon deletion of the nodes in question. Our analysis 
revealed that roughly 10% of the proteins in the underlying 
network were indispensable (Fig. 2C), suggesting that MIG-Ps 
may be enriched with control relevant proteins. Randomly sam-
pling 105 sets of MIG-Ps out of all proteins in the underlying 
directed interaction network, we observed that MIG-Ps in general 
were significantly enriched with indispensable nodes, while we 
found the opposite when we considered neutral or dispensable 
proteins (Fig. 2D).

Central placement in interaction networks also comes with an 
increased propensity that these proteins are essential. Indeed, 
previous analyses of human–viral protein interactomes indicated 
that viral proteins preferentially interact with essential human 
host proteins (20). Since our analyses showed that MIG-Ps were 

significantly enriched in sets of host interactors and host factors 
of individual viruses, we next explored whether each of the ana-
lyzed viruses targets host genes that are involved in essential cel-
lular functions. To test this hypothesis, we used a collection of 
genes from 342 cell lines that were identified as essential for cell 
survival (28) when knocked out through a genome-wide CRISPR/ 
Cas9 screen. Our enrichment analysis, indeed, revealed that en-
richment levels were higher among viral host interactors com-
pared with the enrichment of all MIG-Ps (Fig. 3A). We obtained 
similar results when we analyzed the enrichment of MIG-P host 
factors in this set of essential genes (Fig. 3B).

Expression of MIGs remains unchanged upon 
SARS-CoV-2 infection
Assuming that MIG-Ps might play a vital role in virus replication, 
we hypothesized that the expression levels of MIGs would not 
change upon virus infection to facilitate a stable environment 
for viral replication. Examining the transcriptomic profiles in 
SARS-CoV-2, MERS-CoV, and SARS-CoV-1 infections (29), we in-
deed found that MIG-Ps that interacted with viral proteins re-
mained mostly unchanged (i.e. nondifferentially expressed) over 
the course of infection (Fig. S4). Notably, this is markedly different 
compared with the backdrop of all genes in cells infected with 
SARS-CoV-2 that showed a considerable spread of expression 
change during viral infection.

Fig. 2. MIG-Ps are topologically central in networks of human protein interactions. A) Sets of MIG-Ps were randomly sampled out of all proteins in a 
human protein–protein interaction network, and the enrichment of MIG-Ps in the different bins of connectivity was determined. MIG-Ps were 
increasingly enriched in bins of highly interacting proteins. B) As a measure of global connectedness in a network, we considered a protein’s betweenness 
centrality in the underlying protein interaction network. The top 20% of the proteins with the highest betweenness centrality were defined as bottlenecks. 
These proteins were significantly enriched with MIG-Ps. C) The pie chart suggests that <10% of the proteins were indispensable, while the remaining 90% 
nodes were neutral or dispensable for the control of the underlying interaction network. D) Randomly sampling such control-specific labels revealed that 
MIG-Ps were significantly enriched with indispensable control proteins, while the opposite was observed when neutral and dispensable control nodes 
were considered.
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MIG-Ps date back to unicellular organisms
The observation that viruses specifically target essential human 
host proteins that carry out fundamental cellular functions (20) 
led us to hypothesize that this might be a consequence of evolu-
tionary adaptation, as viruses coevolve with their hosts. To evolu-
tionarily classify human genes, we obtained the point of their 
emergence in evolutionary history by phylostratigraphy (30). In 
this analysis, human genes were classified into 16 phylostrata, 
representing their major evolutionary innovations based on the 
most distant species with a clear ortholog. According to Trigos 
et al. (30), human genes assigned to phylostrata 1–3 date back to 
unicellular ancestors (UC genes), while genes assigned to later 
phylostrata (4–15, 18) emerged in multicellular ancestors (MC 
genes). Out of 17,318 genes, 6,684 were classified as UC genes 
(38.6%), while 10,374 (61.4%) were considered MC genes (inset, 
Fig. 4A) (30). Intriguingly, the ratio between UC and MC genes 
changed when we focused on MIGs. Our analysis shows that 
70.9% of all MIGs emerged from UC genes, suggesting that MIGs 
were enriched among UC genes (P < 10−20, Fisher’s exact test). 
When we randomly sampled UC and MC genes out of all phylos-
tratified genes, we observed a significant enrichment of MIGs 
among UC genes (Fig. 4A), while MIGs were diluted among MC 
genes. Together, our data suggest that MIGs that were classified 
as UC genes might correspond to elementary, evolutionarily con-
served cellular functions. To obtain a high-level summary of bio-
logical functions, we resorted to Gene Ontology (GO) Slim terms, 
which are cut-down versions of the original GO ontologies and 
provide a broad overview of the ontology content without the de-
tails of the specific, fine-grained terms. Functionally analyzing GO 
Slim terms of UC MIGs using GOATools (31), we found that these 
genes were significantly involved in cell cycle and division as 
well as signal transduction functions (hypergeometric tests, false 
discovery rate (FDR) < 0.05; Fig. 4B). Based on these results, we 

hypothesized that host interactors and host factors might be po-
tentially enriched with UC genes and determined the enrichment 
of ancestral UC and MC MIG-Ps among host interactors and host 
factors. In support of our hypothesis, our results indicate that 
UC MIG-Ps were more frequently enriched significantly with pro-
teins that interacted with viral proteins and were host factors 
compared with MC MIG-Ps (Fig. 4C and D).

Discussion
Our results demonstrate that MIG-Ps were significantly enriched 
in host virus interactomes of various viruses and were also en-
riched among host factors that play a role in virus replication 
but do not necessarily interact with viral proteins (20). Although 
our analyses were restricted to statistical analysis of data sets of 
viruses for which large-scale data exist, our observations allow 
us to formulate hypotheses of the putative roles of MIG-Ps in viral 
infections that can be experimentally probed. Notably, we per-
formed our analyses with a range of different viruses, including 
positive-sense and negative-sense RNA viruses, retroviruses, 
and DNA viruses, and obtained the same results across all virus 
groups.

Our results suggest that MIG-Ps might play a universal role in 
viral infections, allowing viruses to tap cellular host functions 
for their propagation. Given that MIG-Ps were enriched among cel-
lular proteins that interact with viral proteins, we surmise that vi-
ruses might leverage MIG-Ps as a consequence of their unusually 
high degree of conservation (7, 32) as the origin of MIG-Ps dates 
back to unicellular organisms. Furthermore, MIG-Ps have previ-
ously been categorized as “information-processing genes” (9), cov-
ering common RNA, DNA, vesicular transport, and signaling 
functions (33). Specifically, MIG-Ps that date back to unicellular 
organisms capture such functions. Since viruses and their hosts 

Fig. 3. Essential MIG-Ps are viral targets. A) Essential MIG-Ps were significantly enriched in sets of human proteins that interacted with proteins of a 
variety of viruses. B) Similarly, yet less frequently, essential MIG-Ps were enriched in sets of host factor genes that viruses require to infect their host cells. 
The statistical significance of enrichment in A and B) is established by performing hypergeometric tests. The dashed lines indicate a P < 0.01 threshold.
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have coevolved in a constant biological arms race (17), our data 
support the idea that viruses may preferentially leverage evolu-
tionarily conserved genes that are required for basic cellular func-
tions as these genes are not given much leeway to escape viral 
hijacking through mutation. This conclusion is based on a signifi-
cant enrichment of genes of unicellular origin among human pro-
teins that interact with viral proteins or were host factors, while 
genes of multicellular origin were significantly diluted in these 
groups. Notably, the observed enrichment was enforced when 
we focused on MIG-Ps, presumably pointing to a pan-viral back-
bone closely, which is tied to the evolutionary history of genes 
and provides pan-viral entry points to tap elementary and funda-
mental cellular processes.

It is also conceivable that MIG-Ps serve as a cellular defense 
mechanism that viruses need to interrupt. In particular, apoptosis 
of an infected host cell has been identified as a powerful 

mechanism to curtail viral spread, prompting viruses to evolve 
strategies to subvert host cell apoptotic defenses (34, 35). When 
we focused on 1,037 genes that are involved in the apoptotic pro-
cess as of the GO database (36), we found that MIG-Ps that interact 
with viral proteins were indeed enriched with genes that are in-
volved in cell death functions (P = 8.2 × 10−5, Fisher’s exact test), 
lending credence to the idea that viruses may target MIG-Ps to 
evade shutdown of their host cells.

Independently of the functional roles MIG-Ps might play in the 
infection process, we also showed that the expression levels of 
MIG-Ps during viral infections hardly changed, putatively indicat-
ing an essential role of these proteins in elementary cellular func-
tions. A stable expression of essential cellular proteins might help 
to provide a supportive environment for viruses to mediate the 
replication and production of progeny viruses. Recent evidence 
points to the role of the minor spliceosome in posttranscriptional 

Fig. 4. MIG-Ps that interact with viral proteins date back to unicellular organisms. A) The inset shows the percentage of human genes that date back to 
MC or UC origin. MIG-Ps were enriched among genes of UC origin and diluted among gens that first appeared in MC organisms. B) Regarding biological 
processes, MIG-Ps were mostly enriched in pathways that regulate the elementary functions of unicellular cells. MIG-Ps of UC origin were more 
frequently enriched among proteins that interacted with viral proteins C) and host factors D) compared with MIG-Ps that date back to MC organisms. 
The statistical significance of enrichment in C and D) is established by performing hypergeometric tests. The dashed lines indicate a P < 0.01 threshold. 
The significance of enrichment differences is established by proportion tests.

6 | PNAS Nexus, 2024, Vol. 3, No. 1



regulation, as intron retention leads to the degradation of MIG 
transcripts by nonsense-mediated decay, alternative splicing of 
the transcript, or translation into a truncated protein (11). 
According to this mechanistic concept, the overarching function 
of minor introns in MIGs could be to act as “molecular switches” 
that regulate protein expression (37). Notably, we found that 
MIG-Ps were enriched in sets of virus-specific host factors that 
are essential for virus replication as shown by knockout studies. 
As a reverse conclusion, it is tempting to speculate that “turning 
off” MIG-Ps through inhibition of the minor spliceosome might 
lead to a pan-viral therapeutic strategy to combat viruses 
effectively.

While such interpretations of our results appear plausible, we 
stress that our observations were exclusively based on computa-
tional data analyses and do not provide experimental validation. 
While more experimental work needs to be done to determine 
the role of minor intron retention in the regulation of MIG expres-
sion and its relevance for viral infections, our work should be con-
sidered as a first step toward understanding the role of MIG-Ps, 
building the foundation for future in vitro and in vivo studies.

Materials and methods
Determination of the essentialome
Meyers et al. (28) identified genes that were essential for the sur-
vival of 342 rapidly dividing cancer cell lines through a genome- 
wide CRISPR/Cas9 screen. In accordance with recommendations 
from the Broad Institute, we removed the PK59_PANCREAS cell 
line from our analysis, since it failed subsequent quality controls 
(38). Classification of the remaining 341 cell lines by cancer origin/ 
type was performed based on the cell line data provided in 
Supplementary Table 1 by Meyers et al. (28). Based on their thresh-
olding, we identified 4,360 genes in this essentialome (5).

Phylostratigraphy of human genes
Trigos et al. (30) mapped a total of 17,318 human genes to a phylo-
genetic tree that captured 16 clades (i.e. phylostrata), ranging 
from all cellular organisms (phylostratum 1) to homo sapiens 
(phylostratum 16). To classify human genes, they assigned the 
most ancient phylostratum to a gene if its orthologs appeared in 
the most distant species using the OrthoMCL database version 5 
(39) and considered this the point of emergence of the human pro-
tein (40). Following their guidelines, we defined that genes of uni-
cellular origin capture phylostrata 1–3, while we considered genes 
of multicellular origin in the remaining phylostrata.

MIG and miRNA-containing gene enrichment 
analysis
The proportion of MIGs and genes that harbor miRNAs in their in-
trons was compared with that one found in the human genome 
through a hypergeometric test. Additionally, a pollution analysis 
was performed for SARS-CoV-2, where 332 non-MIGs were se-
lected randomly, and MIGs were added increasingly, in incre-
ments of 10%. Hypergeometric tests were utilized to determine 
the minimum number of MIGs necessary to reach significance 
at α < 0.05. Finally, random sampling was performed to retrieve 
subsets of randomly selected genes with the size of the different 
viral interactomes. This procedure was repeated 1,000 times, al-
lowing us to obtain the median number of MIGs for each 
interactome.

Network enrichment analysis
To consider the enrichment of MIG-Ps in a given set (e.g. bottle-
neck proteins), we first determined their frequency in the under-
lying set of interest (i.e. observed frequency f). As a null model, 
we randomly sampled proteins of the same set size 105 times 
and calculated the corresponding random expected frequency, 
fr, in each sample. Finally, we defined the enrichment/depletion 
of proteins as the average over all E = lg2 (f/fr).

As for determining the enrichment of MIG-Ps in bins of proteins 
with a certain number of interaction partners, k, we similarly cal-
culated their observed frequency up to a given k, f≥k. We deter-
mined the expected frequencies f r

≥k of randomly sampled 
MIG-Ps out of all proteins in the underlying human interaction 
network 105 times and defined the enrichment/depletion of 
MIG-Ps in given bins of connectivity as the average over all 
E≥k = lg2 (f≥k/f r

≥k).

Pathway and GO Slim enrichment analysis
As for GO Slim analysis, we utilized GOATools (31). In particular, 
we applied hypergeometric tests and obtained FDR-corrected 
P-values using the Benjamini–Hochberg correction (41).

Human–viral protein interactions
We collected 1,659 human proteins that were experimentally 
found to interact with proteins of SARS-CoV-2 from the study by 
Gordon et al. (15). Furthermore, we used 365 targets of 
SARS-CoV-1 and 292 targets of MERS-CoV from the study by 
Gordon et al. (42). As for other viruses, we collected human pro-
teins that are linked to proteins of ZIKV (823), HIV-1 (1,709), HPV 
(2,126), IAV (2,797), EBV (1,141), EBOV (332), HSV-1 (2,197), and 
HCV (1,033) using the HVIDB database (43).

Viral host factors
We collected 799 human host factors of SARS-CoV-2 from (44–49) 
as well as 917 in HIV-1 (18, 50), 790 in ZIKV (51, 52), 315 in HPV (53), 
1,251 in IAV (54–57), 144 in EBV (58), 458 in EBOV (59), 358 in HSV-1 
(60), and 262 in HCV (61).

Gene expression
Data from samples that were infected with three different corona-
viruses, including SARS-CoV-2, MERS-CoV, and SARS-CoV (29), 
were analyzed for changes in gene expression. DESeq2-processed 
data were downloaded for all three coronaviruses. Data pertain-
ing to MRC5 cell lines 24 h postinfection at a multiplicity of infec-
tion of 3 were included in the current analysis.

Controllability analysis
To determine nodes that are important for the control of a di-
rected, unweighted molecular interaction network, we first deter-
mined driver nodes by following Liu et al. (26). In particular, we 
map such a structural controllability problem to a maximum 
matching problem, given that a network of direct interactions is 
a graph-based proxy of the underlying dynamical system. We 
solve the maximum matching problem by the Hopcroft–Karp 
algorithm (62), mapping a directed to a bipartite network. 
Specifically, we mapped directed links to edges between partitions 
of nodes that start and end edges. In the matching, a subset of 
edges M is a matching of maximum cardinality in a directed net-
work if no two edges in M share a common starting and ending 
vertex. Vertices that do not appear in M are unmatched and 
have been shown to be nodes that structurally control the 
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underlying network (26). As a corollary, a maximum matching im-
plies the presence of a minimum set of such driver nodes of size 
ND. To assess the influence of network nodes on the controllability 
of the underlying directed network, we followed the following 
heuristic (27, 63, 64): when a node is removed from the underlying 
network, we determined the size N′D of driver nodes in the changed 
network. If N′D > ND, the node is classified as indispensable (i.e. a 
control node) as the number of driver nodes increased. In other 
words, the deletion of a node increased the number of nodes 
that allowed the control of the underlying network. In turn, if 
N′D ≤ ND, the node is classified as noncontrolling as the number 
of driver nodes remained unchanged (neutral node) or decreased 
(dispensable node).

Bottleneck proteins
As a measure of global topological centrality, we defined the be-
tweenness centrality of a node v as cB(v) =


s≠t≠v∈V (σst(v)/σst). In 

particular, σst is the number of shortest paths between node pairs 
s and t out of all nodes in the underlying network (65), while σst(v) is 
the number of shortest paths running through protein v. As a rep-
resentative set of bottleneck proteins, we selected the top 20% of 
the most central proteins (23, 25).
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