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Abstract

Angiotensin-converting enzyme 2 (ACE2) is the cell receptor that the coronavirus SARS-CoV-2
binds to and uses to enter and infect human cells. COVID-19, the pandemic disease caused by
the coronavirus, involves diverse pathologies beyond those of a respiratory disease, including
micro-thrombosis (micro-clotting), cytokine storms, and inflammatory responses affecting many
organ systems. Longer-term chronic illness can persist for many months, often well after the
pathogen is no longer detected. A better understanding of the proteins that ACE2 interacts with
can reveal information relevant to these disease manifestations and possible avenues for
treatment. We have undertaken an approach to predict candidate ACE2 interacting proteins
which uses evolutionary inference to identify a set of mammalian proteins that “coevolve” with
ACE2. The approach, called evolutionary rate correlation (ERC), detects proteins that show
highly correlated evolutionary rates during mammalian evolution. Such proteins are candidates
for biological interactions with the ACE2 receptor. The approach has uncovered a number of key
ACE?2 protein interactions of potential relevance to COVID-19 pathologies. Some proteins have
previously been reported to be associated with severe COVID-19, but are not currently known to
interact with ACE2, while additional predicted novel ACE2 interactors are of potential relevance
to the disease. Using reciprocal rankings of protein ERCs, we have identified strongly
interconnected ACE2 associated protein networks relevant to COVID-19 pathologies. ACE2 has
clear connections to coagulation pathway proteins, such as Coagulation Factor V and fibrinogen
components FGA, FGB, and FGG, the latter possibly mediated through ACE2 connections to
Clusterin (which clears misfolded extracellular proteins) and GPR141 (whose functions are
relatively unknown). ACE2 also connects to proteins involved in cytokine signaling and immune
response (e.g. XCR1, IFNAR2, and TLRS), and to Androgen Receptor (AR). The ERC
prescreening approach has elucidated possible functions for relatively uncharacterized proteins
and possible new functions for well-characterized ones. Suggestions are made for the validation



of ERC-predicted ACE2 protein interactions. We propose that ACE2 has novel protein
interactions that are disrupted during SARS-CoV-2 infection, contributing to the spectrum of
COVID-19 pathologies.

Introduction

The coronavirus SARS-CoV-2 is causing severe pathologies and death among infected
individuals across the planet. In addition to the symptoms expected from a respiratory disease,
the infection can develop systemic manifestations (Gupta et al., 2020; Terpos et al., 2020;
Siddiqi, Libby & Ridker, 2021). As a consequence, a wide range of pathologies are associated
with COVID-19, including vascular system disruption, the extensive formation of blood clots
(thrombosis) resulting in microvascular injury and stroke (Magro et al., 2020; Connors & Levy,
2020), gastrointestinal complications (Luo, Zhang & Xu, 2020) cardiac and kidney pathologies,
ocular and dermatological symptoms (Bouaziz et al., 2020), neurological manifestations
(Niazkar et al., 2020; Taquet et al., 2021), male infertility (Khalili et al., 2020), and a Kawasaki-
like blood and heart disorder in children (Jones et al., 2020; Morand, Urbina & Fabre, 2020). A
severe and often lethal immunoreaction can occur from respiratory and other infection sites,
termed a “cytokine storm” (Chen et al., 2020). Even after acute SARS-CoV-2 infection has
passed, individuals can suffer a suite of complications for many months, termed “Long Haul”
syndrome (Lopez-Leon et al., 2021), and the causes of these syndromes are not well understood.

Angiotensin-converting enzyme 2 (ACE2) is of obvious interest because it is a primary receptor
for SARS-CoV-2 entry into human cells (Lan et al., 2020). However, ACE2 also plays a role in
other important processes, such as regulation of blood pressure and vasodilation by the renin-
angiotensin system (RAS), and protein digestion in the gut (Kuba et al., 2010). SARS-CoV-2
binding to ACE2 leads to a downregulation in ACE2 function (Verdecchia et al., 2020) which
may be linked to the systemic damage by COVID-19 (Medina-Enriquez et al., 2020). It has been
proposed that ACE2 receptor degradation during SARS-CoV-2 infection disrupts protection by
ACE2 from inflammatory processes through the RAS and bradykinin pathways, possibly
explaining patterns of COVID-19 severity with age and sex (Bastolla, 2020; Bastolla et al.,
2021). As well as being a cell receptor, a circulating soluble form of the ectodomain of ACE2
(sACE2) is shed from cells and found in blood plasma, but the biological function of circulating
ACE2 remains relatively unknown. Elevated levels of sACE2 have been detected in critically ill
COVID-19 patients (van Lier et al., 2021) which coincides with a reduced expression of
membrane-bound ACE2 (Medina-Enriquez et al., 2020), and a recent study indicates that SACE2
may assist SARS-CoV-2 entry into cells via other receptors (Yeung et al., 2021).

In general, ACE2’s protein-protein interaction network is likely to contribute to COVID-19
pathologies, due to ACE2’s role in systemic processes that are disrupted by the infection.
Therefore, a fuller knowledge of ACE2 protein interactions is important to a better understanding
of COVID-19 pathologies, including those that go beyond respiratory illness.



Common methods to identify protein-protein interactions include protein co-localization and
precipitation, genetic manipulation, and proteomic profiling (Rao et al., 2014). Evolutionary
approaches have also been used to evaluate protein interactions (De Juan, Pazos & Valencia,
2013), particularly to identify functional domains within proteins based on sequence
conservation in evolution. Another set of methods utilize evolutionary rate correlations (also
called evolutionary rate covariance or evolutionary rate coevolution). The concept is that
coevolving proteins will show correlated rates of change across evolution (Wolfe & Clark,
2015). The approach has been used to detect physical interactions within and among proteins, as
well as shared functionality not involving physical interaction, such as within metabolic
pathways (Clark, Alani & Aquadro, 2012). For example, it has been employed to identify gene
networks for post-mating response (Findlay et al., 2014), ubiquitination (B6hm et al., 2016), and
recombination (Godin et al., 2015), and more recently to identify DNA repair genes (Brunette et
al., 2019), cadherin-associated proteins (Raza et al., 2019), mitochondrial-nuclear interactions
(Yan, Ye & Werren, 2019), and a mitochondrial associated zinc transporter (Kowalczyk et al.,
2021), with subsequent experimental support. Evolutionary rate correlation (ERC) approaches
are relatively inexpensive screening tools for detecting candidate protein interactions, and can
also detect novel protein interactions that are not readily found in more traditional proteomic and
genetic approaches (Colgren & Nichols, 2019; Yan, Ye & Werren, 2019). As such, “the ERC
method should be a part of the toolkit of any experimental cell or developmental biologist”
(Colgren & Nichols, 2019).

We have developed an evolutionary rate correlation (ERC) method that uses well-established
phylogenies based on multiple lines of evidence (e.g. Misof et al. 2014 for insects and Kumar et
al. 2017 for mammals) and calculates protein evolutionary rates for terminal branches for
different proteins across a set of related species (Fig. 1). The approach is predicated on the idea
that proteins that have strong evolutionary rate correlations are more likely to have functional
interactions that are maintained by their coevolution, a conclusion supported by its predictive
power in identifying known nuclear-mitochondrial encoded protein interactions in insects (Yan,
Ye & Werren, 2019). That study also found that nuclear-encoded proteins and amino acids in
contact with their mitochondrial-encoded components (e.g. oxidative phosphorylation proteins or
mitochondrial ribosomal RNA) have significantly stronger ERCs than those not directly in
contact. This result implicates physical interactions between proteins as one driver of
evolutionary rate correlations, at least among nuclear-mitochondrial interactions. Other studies
have found evolutionary rate correlations among proteins that do not make direct contact, such as
in metabolic pathways (Clark, Alani & Aquadro, 2012).
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Figure 1: Evolutionary Rate Correlations. The Spearman rank correlations between two proteins are calculated
based on rates of protein evolution on terminal branches of a phylogeny. The relative rates of two proteins (red and
blue lines) are shown in the hypothetical phylogenetic trees. Correlated and uncorrelated protein rates are illustrated
below using a larger number of terminal branches (data points) than presented in the phylogeny.

We have developed a reciprocal rank approach to identify ACE2 associated networks and
propose that these strongly coevolving proteins reveal ACE2 protein interactions that could be
disrupted by COVID-19, thus contributing to its diverse pathologies. Particularly noteworthy are
strong connections to coagulation pathway proteins, cytokine signaling, inflammation, immunity,
and viral disease response.

It is important to note that our approach cannot be used to study coronavirus-ACE2 coevolution.
The reason is that coronaviruses move between mammalian species and therefore do not have the
same phylogenetic history as mammalian proteins, a prerequisite for the approach. We are also
not asserting that coronavirus pressure is causing the evolution of ACE2 observed in the ERCs.
Rather, it is our proposition that the ACE2 ERCs are revealing evolved mammalian protein



interactions that are not caused by, but could be relevant to COVID-19 pathologies, due to
disruption of pathways in which ACE2 is normally involved.

We recognize that the predicted protein interactions detected by the ERC approach may not be
causal for COVID-19 pathologies. However, the ERC connections to coagulation pathways,
cytokine signaling, and immunity are striking and suggest a possible role of these ACE2 protein
interactions in COVID-19 syndromes. The ERC results may also have implications for ACE2’s
role in the regulation of vasodilation through the renin-angiotensin system (RAS), cardiovascular
disease, and protein digestion and absorption in the gut (Kuba et al 2010). Furthermore, the ERC
analysis reveals possible novel connections for coagulation pathway and cytokine-signaling
proteins that may be worthy of further investigation. Therefore, validation studies of the ERC
predictions described here are desirable, both for possible applications to COVID-19 disease and
treatment, and for investigations of other important biological processes.

Materials & Methods

Taxon Selection and Data Collection. Our evolutionary rate correlation (ERC) approach
requires orthologous protein sequence data across a large number of taxa with well-defined
phylogenetic relationships. Calculation of evolutionary rates requires a resolved phylogeny of the
taxa analyzed that is scaled to evolutionary time. Our ERC calculations utilize the TimeTree
(Kumar et al., 2017) to generate a time-scaled phylogenetic tree using the mammalian taxa that
are represented in OrthoDB sequence data (Supplementary Fig. S1). The tree generated is in
units of millions of years and is based on a compilation of many phylogenetic-dating related
studies. The tree is utilized as a base topology in phylogenetic analysis and its branch lengths are
used to measure time for calculating evolutionary rates from the resultant individual protein trees
(Fig. 1). Additional details on the data set are provided in the Supplementary Text, including
Supplementary Figures and Tables. Large files are deposited in FigShare (available from the
following link: https://doi.org/10.6084/m9.figshare.14637450) and listed in Supplementary Table
S1.

Well-defined orthologous sequence data is sourced from OrthoDB (Kriventseva et al., 2019) at
the “mammalia” (taxonomic id: 40674) taxonomic level. Since OrthoDB sequence data is
gathered from a variety of sources and clustered algorithmically (unsupervised), primarily based
on sequence similarity (Kriventseva et al., 2015), related paralogous proteins are often clustered
with each other even if canonically annotated as functionally distinct proteins (Supplementary
Table S2). Additionally, since the data sources for sequences can have varying levels of
completeness, most ortholog groups on OrthoDB are missing sequence data for one or more taxa
represented in the database. So, a majority of the data we initially selected was from single-copy
ortholog groups with at least 90 of the 108 possible mammalian taxa present. In addition, some
proteins with a possibly relevant function to COVID-19 pathologies (such as XCR1, and
IFNAR?2) or other relevant pathways in ortholog groups that did not meet the initial criteria, but
that had minimal paralogy issues, were included. Paralogous sequences were manually
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disambiguated based on published protein annotations and phylogenetic analysis. If a taxon in a
given sequence had duplicate sequences that could not be disambiguated, the taxon was excluded
in phylogenetic and ERC calculations for the specific proteins involved. In total, 1,953
orthologous protein groups are used in analyses.

Phylogenetic Calculations and Protein Alignments. To prepare orthologous sequence data for
ERC calculation, each set of protein sequences are first aligned using the MAFFT software
package (Katoh & Standley, 2013) using the following arguments: “--maxiterate 1000 --localpair
--anysymbol”. Since the sequences come from data sources with varying levels of quality and
multiple alignment programs can be imperfect, the aligned sequences must then be trimmed. The
alignments are trimmed using the trimAl software package (Capella-Gutiérrez, Silla-Martinez &
Gabaldon, 2009) using the “-automated1” argument to remove poorly aligned regions. These
final prepared alignments are then used to generate maximum-likelihood phylogenies. The 1Q-
TREE software package (Minh et al., 2020) is used to estimate protein branch lengths
(equivalent to average substitution counts per site). Specifically, the “LG+F+G+I"” model (which
utilizes an empirically derived amino acid substitution matrix) is used with the following
additional parameters: “-B 1000 -st AA -seed 1234567890 and the TimeTree phylogeny is
provided to constrain output tree topology to reduce possible branch length estimation errors
with the “-g” option. These trees are the basis of ERC calculations. Protein branch lengths are
based on the average number of changes in amino acids at each residue in the alignment. The
resultant branch lengths are paired with corresponding branches in the TimeTree to quantify
branch-specific rates to be used for ERC calculations (described below). ERCs calculated with
the more complete phylogeny (108 species) had short branch problems in oversampled
taxonomic groups (described below and in the Supplementary Text). We therefore used a
reduced phylogeny consisting of 60 taxa for subsequent ERC analyses.

Calculation of ERCs. Our evolutionary rate correlation (ERC) method is designed to predict
protein-protein interactions using evolutionary data (Yan, Ye & Werren, 2019), and is based on
protein evolutionary rates on terminal branches of the mammalian phylogeny (Fig. 1). We found
that the more complete phylogeny (108 species) had short branch problems that inflate ERC
spearman rank correlations (discussed in Supplementary Text). Most notably, there was an
association between branch time and protein rate for many proteins, with oversampling in some
taxonomic units (e.g. in Primates and Rodentia) leading to many ERCs being driven by relatively
short branches (Supplementary Text). We attempted to control for these effects initially by using
a partial correlation method, but found that it was not sufficient due to correlations between
residuals and branch time (Supplementary Text). We then removed taxa that contributed short
branches in our phylogeny based on either a 20MY or 30MY divergence time threshold
(Supplementary Text) and recalculated branch rates for all proteins. We found that the 30MY
threshold short branch removal eliminated significant branch time to protein rate correlations for
the majority of proteins (87.5%). The resultant rate data no longer has branch time to branch rate
as a confounding cofactor, and the ERCs themselves are no longer biased by extremely short



branches and taxonomic oversampling (Supplementary Text). The resulting data set is composed
of 60 taxa and is used in our subsequent analyses of ERCs.

Using the adjusted data set, ERCs are calculated for every possible combination of protein pairs
for which a tree has been generated. Every protein pair for which an ERC is calculated has each
respective tree and the TimeTree topology is pruned to only include the shared taxa between the
two, using the “ETE3” Python package (Huerta-Cepas, Serra & Bork, 2016). ETE3 is also used
to extract the terminal branch lengths of each pruned tree. Evolutionary rates are calculated by
dividing the terminal protein-tree branch lengths (average substitutions per site) by the
corresponding branch in the TimeTree (measured in millions of years). Terminal branches are
used for calculations as they do not have shared evolutionary histories and are therefore
independent. The resulting rates have the unit of average substitution per site per millions of
years. Given the resultant rates, evolutionary rate correlations are then calculated by performing
a Spearman’s rank correlation test (Yan, Ye & Werren, 2019) using the Python package “SciPy”
(Virtanen et al., 2020).

Multiple Test Corrections. P-values are corrected using the Benjamini-Hochberg FDR
multiple-test correction procedure implemented in the Python package “statsmodels” (Seabold &
Perktold, 2010). The FDR correction is applied to each respective protein’s set of ERCs.
Correlation test results are non-directional, but FDR corrections are dependent on the rank of
each correlation’s p-values. Since the rank of each correlation test value on respective protein
lists vary, the FDR-corrected p-values of a given protein pair can differ depending on the specific
ERC set. An ERC is considered significant if the FDR-corrected p-value is less than 0.05.

ERC Set Enrichment Analysis. To summarize the common biological function of proteins that
tend to have strong ERCs, gene set enrichment analysis is performed on the top 2% of ERCs (by
p) of each protein(s) of interest (including the protein itself), including only proteins with ERCs
that are significant following an FDR correction at a significance level of 0.05. At most, a
protein of interest will have 41 proteins included for enrichment analysis (2% of the total 1953
proteins plus itself). Protein set enrichment analyses are performed using the Enrichr service (Xie
et al., 2021) via the Python bindings provided by the “GSEApy” Python package (Fang et al.,
2021) given the background of the full set of 1,953 proteins. We calculate enrichment results for
ACE2 and all of its top 20 ERC partners. Additional enrichment analyses were also performed
on a case-by-case basis based on relevance, including the reciprocal rank networks. Enrichments
are performed using selected relevant term databases: KEGG 2019 Human,

GO _Biological Process 2018, GO_Cellular Component 2018, GO _Molecular Function 2018,
Reactome 2016,WikiPathways 2019 Human,

Tissue Protein Expr from Human Proteome Map,

Tissue Protein Expr from ProteomicsDB, and Jensen TISSUES.



Enrichment results for terms that are significant at FDR-adjusted p < 0.05 for all analyses are
placed into a single table, organized by the enrichment term database (Supplementary File 3).
The outputs from different databases can contain redundant terms to each other, so only the most
significant of the redundant terms are reported for any enrichment analysis in the main text.

Reciprocal Rank Network (RRN) Generation. To evaluate and visualize the strongest ERCs
centered around proteins of interest, “reciprocal rank networks” (RRNs) are produced.
Reciprocal ranks refer to the fact that a significant ERC between two proteins can have different
ranks in the two respective protein ERC lists because some proteins have more and higher ERCs
than others. To focus on networks of proteins with strong reciprocal rank correlations, we have
constructed networks based on proteins with reciprocal ranks of 20 or less (RR20), which is the
top 1% in each protein's highest ERCs based on p values. Specifically, we have developed an
ACE2 centric reciprocal rank network by the following steps (1) for ACE2, select its top 1% (20)
proteins, (2) for each of those proteins, select additional proteins in their ERC list with reciprocal
rank 20 or less, and then (3) Given the core set of proteins generated in the previous two steps,
connect proteins which have a unidirectional rank of 20 or less.

The resultant network represents the strongest ERCs centered around a protein of interest (in this
case ACE2), along with the immediate neighborhood of the strongest ERCs surrounding the
protein of interest. The ACE2 Core Reciprocal Rank (CRR) was initiated with the four proteins
to which ACE2 has RR20 ERCs (CLU, TMEM63C, FAM3D, and L1CAM), with GPR141
added due to its RR1 strong connection to CLU and unidirectional connection to ACE2. ACE2
also has highly significant ERCs to proteins that do not rank it in their top one percent.
Therefore, a similar approach has been used to generate an ACE2 reciprocal network initiated
with the top 10 proteins to which ACE2 has highly significant ERCs, but are not reciprocally
RR20 ranked, with a subsequent one cycle RR20 built upon these. This ACE2 Unidirectional
Reciprocal Rank Network (URR) contains strong network connections to ACE2 through its high
unidirectional ERCs. Steps 2-3 were omitted as the network becomes extremely large following
just the first step, and our focus is on examining close connections to ACE2 based on ERC
analysis.

ERCs Within and Between Protein Complexes. To compare whether calculated ERCs are
stronger between known interactions versus non-interactions, the protein complex database,
CORUM (Giurgiu et al., 2019), was used to retrieve known complexes. The “Core Complex”
dataset was downloaded and filtered for human complexes to eliminate redundancy, resulting in
233 protein complexes from this CORUM data set which have two or more components present
in our 1,953 protein ERC set, representing 258 pairwise ERC comparisons. As these protein
complexes have redundancy (i.e. some complexes contain overlapping protein pairs), the set was
further restricted to complexes containing unique protein components—resulting in 139 effective
unique complexes considered. To test whether ERCs within complexes are higher than between
complexes, all pairwise ERCs within complexes were compared to the median p value for each



pair to proteins present in non-redundant CORUM set that are not in complex with either of these
proteins. A Wilcoxon matched signed-rank test was performed using the “wilcox.test” function
in base R (version 3.6.1; with parameters “paired” and “exact” set to “TRUE”) on the in-
complex p values and the median out-of-complex p values, to test if the in-complex p values
were significantly greater than the median out-of-complex p values. In addition, as there were
many complexes with a majority of subcomponents not present in our 1,953 datasets, the
likelihood of individual pairs directly interacting within the complex decreases with the
increasing number of proteins in a complex. Therefore, an additional Wilcoxon matched signed-
rank test was performed on members of protein complexes composed of five or fewer proteins.

Testing for Taxonomic Effects. We use three methods to test for taxonomic effects on the
calculated ERCs, (1) multiple linear regression, (2) analysis of covariance (ANCOVA), and (3)
non-parametric independent contrasts (Garland, Harvey & Ives, 1992). For the regression and
ANCOVA approaches, rate data was grouped by mammalian taxonomic orders accessed via
ETE3 (Huerta-Cepas, Serra & Bork, 2016) and treated as an independent variable. The
independent contrasts test uses the mammalian topology previously created with TimeTree
(Kumar et al., 2017) to generate independent contrasts within the phylogeny. Statistical tests for
each method are performed using base R (version 3.6.1). See the Supplementary Text for details.

Testing Whether Branch Rates Increase When Extending Branch Time Within Clades. To
test whether increasing branch length results in increasing protein evolutionary rate, we selected
separate phylogenetic groups (clades) from the full phylogeny (Supplementary Fig. S1) that
contain short branch lengths. Protein evolutionary rate was calculated for each protein on the
short branch, and then sequentially recalculated after removing adjacent taxa to extend the
branch internally (Supplementary Fig. S5). In this way, the protein evolutionary rate was
examined as branches are extended internally in independent clades within the tree. Comparing
original branches to the 20MY correction resulted in 12 clades for which time scales change
between 20MY and 30MY corrections, and 16 clades for which time scales change between
OMY and 30MY. Tests on each branch’s rate against the respective adjusted rate were performed
using two-tailed Wilcoxon Matched Signed Rank Tests (Base R v3.6.1), first for proteins of
interest (e.g. ACE2) and then for the full protein set. Results are described in the Supplementary
Text.

Results

A. Basic Approach. The basic methods are outlined here to provide context for the results which
follow. To identify candidate protein interactions using evolutionary rate correlation, we utilized
the consensus TimeTree phylogenetic reconstruction for mammalian species (Kumar et al.,
2017). A total of 1,953 proteins (including ACE2) were aligned and evolutionary rates for each
protein were then calculated for terminal branches of the tree (Fig. 1). This was determined by
dividing the protein-specific branch length on each terminal branch by terminal branch time from
the consensus tree (Yan, Ye & Werren, 2019). Maximum likelihood branch lengths were



estimated in IQ-TREE (Minh et al., 2020) using an empirical amino acid substitution matrix (see
methods for details). To investigate evolutionary rate correlations (ERCs) among proteins,
Spearman rank correlations were calculated for every protein pair using terminal branch rates
(Fig. 1). Due to the large number of comparisons, a Benjamini-Hochberg false discovery rate
(FDR) correction was calculated for each protein’s ERC set (significance threshold o = 0.05).
We subsequently found that many proteins show a positive correlation between terminal branch
time and evolutionary rate, and observed that short branches in relatively oversampled taxa
significantly contributed to this correlation (Supplementary Text). We, therefore, removed
species that accounted for short branches, which eliminated the protein evolutionary rate to
branch time correlation (see Methods and Supplementary Text for details). ERCs were then
recalculated, and our ERC analyses are based on this set of 60 taxa.

In addition, we tested whether the observed lower rates of protein evolution for short terminal
branches in the phylogeny are due to rates actually increasing over evolutionary time, versus a
taxonomic effect. This was accomplished by examining changes in protein rates in independent
clades as terminal branches were effectively extended by selective removal of flanking taxa. The
analysis shows that evolutionary rates for many proteins increase as branch length is increased
(described in more detail in Supplementary Text, Supplementary Fig. S4). A possible
explanation for the pattern is that protein coevolution is mostly episodic, and short branches in a
phylogeny are less likely to capture such events. In additional analyses, we tested for but did not
find significant confounding effects of taxonomy on the ERC results (Supplementary Text).

Our analyses are focused on candidate protein interactions involving ACE?2 using evidence of
highly significant ERCs. For this purpose, we first examine proteins in ACE2’s highest 2% of
ERC:s (top 40 proteins), all of which are highly significant after FDR correction (Table 1). Some
of these ACE2 ERC proteins have been previously implicated in severe COVID-19 or SARS-
CoV-2 gene expression effects on infected cells. However, while they have not been previously
identified as having protein interactions with ACE2, this is predicted by our ERC analysis.



ACE2's GEN1's
ACE2 Partner GEN1 Partner
Protein Rank Rank p P FDR Protein Rank Rank p P FDR
GEN1 1 203 0.67 4.3E-08 4.2E-05 | IFNLR1** 1 1 089 3.2E-20 6.2E-17
XCR1 2 37 0.67 3.2E-08 4.2E-05 | CC2D1B** 2 1 0.84 53E-16 5.2E-13
CLU** 3 8 0.63 3.1E-07 1.5E-04 | MUC15** 3 15 0.84 4.2E-15 2.7E-12
TMEM63C** 4 11 0.63 2.0E-07 1.3E-04 | SPZ1 4 30 0.82 5.0E-14 1.4E-11
IFNAR2 5 392 0.62 2.5E-06 6.1E-04 | SLC10A6** 5 2 082 1.2E-14 5.9E-12
KIF3B 6 26 0.60 1.7E-06 4.9E-04 | ARID4A** 6 9 0.81 2.0E-14 8.0E-12
ITPRIPL2 7 364 0.59 1.7E-06 4.9E-04 | RAD51AP2 7 22 081 6.7E-14 1.6E-11
FAM227A 8 175 0.59 1.8E-06 4.9E-04 | TESPA1** 8 2 081 39E-14 1.3E-11
TLR8 9 243 0.58 3.7E-06  7.2E-04 | IFNAR2** 9 9 0.80 3.4E-12 2.6E-10
CcoL4A4 10 541 0.58 3.7E-06 7.2E-04 | BCL6B** 10 1 080 1.6E-13 3.6E-11
FAM3D** 11 2 057 5.8E-06 8.4E-04 | RTL9 11 54 0.80 8.0E-13 1.1E-10
F5 12 642 0.57 4.1E-06 7.2E-04 | COL4A5** 12 8 0.80 4.9E-13 8.7E-11
AR 13 22 057 7.7E-06 8.8E-04 | APOBR 13 72 080 1.2E-12 1.3E-10
TSGA13 14 423 0.57 7.1E-06 8.8E-04 | COL4A6** 14 19 0.79 1.6E-12 1.6E-10
PLA2G7 15 387 0.57 6.0E-06 8.4E-04 | TRADD** 15 6 0.79 6.8E-13 1.0E-10
MMS19 16 387 0.56 5.9E-06 8.4E-04 | FANCG 16 69 0.79 4.2E-13 8.2E-11
AMOT 17 124 0.56 8.1E-06 8.8E-04 | CD180 17 27 0.78 8.4E-13 1.1E-10
L1CAM** 18 14 0.56 8.6E-06 8.8E-04 | TNFSF18** 18 7 0.78 2.6E-12 2.2E-10
PDYN 19 428 0.56 7.3E-06 8.8E-04 | APOB** 19 1 0.78 6.7E-13 1.0E-10
IQCD 20 158 0.56 9.2E-06 8.9E-04 | MKKS** 20 20 0.78 8.7E-13 1.1E-10
SERPINAS 21 468 0.56 2.2E-05 1.4E-03 | PIGV 21 8 0.78 1.6E-12 1.6E-10
CERS4 22 67 0.55 29E-05 1.5E-03 | CCDC17 22 30 0.78 1.2E-12 1.3E-10
CC2D1B 23 467 0.55 1.1E-05 1.0E-03 | DYTN 23 42 0.78 8.3E-12 5.1E-10
GPR141 24 17 0.55 1.5E-05 1.2E-03 | GNPTAB 24 36 0.77 1.7E-12 1.6E-10
FSCB 25 817 0.55 2.8E-05 1.5E-03 | MTMR11 25 13 0.77 2.9E-12 2.3E-10
RGR 26 167 0.55 3.0E-05 1.5E-03 | TNFRSF1A 26 25 0.77 2.0E-12 1.7E-10
COL4AS5 27 529 0.55 2.1E-05 1.4E-03 | IFNAR1 27 5 0.77 2.7E-11 1.4E-09
TNFSF8 28 410 0.55 1.2E-05 1.1E-03 | F2RL2 28 5 0.77 1.9E-11 1.1E-09
CCDC36 29 576 0.55 1.5E-05 1.2E-03 | CXCR6 29 1 0.77 3.1E-11 1.5E-09
MRC1 30 195 055 1.3E-05 1.1E-03 | KLHL6 30 6 0.77 3.3E-12 2.6E-10
CD27 31 550 0.54 3.0E-05 1.5E-03 | SERPINA5S 31 12 0.77 2.0E-11 1.1E-09
ADCK4 32 28 0.54 2.1E-05 1.4E-03 | PLA2R1 32 31 0.77 6.6E-12 4.6E-10
SOWAHA 33 154 0.54 2.2E-05 1.4E-03 | MYCBPAP 33 3 0.76 4.5E-12 3.3E-10
F2RL2 34 436 0.54 3.7E-05 1.7E-03 | BPIFB2 34 5 0.76 7.6E-12 4.8E-10
WDR66 35 302 0.54 2.1E-05 1.4E-03 | TLR7 35 114 0.76 1.4E-11 8.3E-10
TRADD 36 596 0.54 2.6E-05 1.5E-03 | CCDC190 36 19 0.76 2.4E-10 6.2E-09
RELA 37 70 0.53 2.8E-05 1.5E-03 | KMT2D 37 95 0.76 7.1E-12 4.8E-10
SLC10A6 38 533 0.53 3.0E-05 1.5E-03 | FSCB 38 130 0.76 6.5E-11  2.6E-09
IL23A 39 383 0.53 4.7E-05 1.7E-03 | CD27 39 19 0.76 2.7E-11  1.4E-09
TNFSF18 40 656 0.53 5.8E-05 1.8E-03 | SNX11 40 24 0.76 7.3E-12  4.8E-10

Table 1: Top 2% ERCs for ACE2 and GEN1. The top two percent (2%) of ERCs are shown for ACE2 and
GENI, ranked by descending p value. The table illustrates how reciprocal ranks can differ between proteins with
significant evolutionary correlations, depending on how interconnected proteins are. GEN1 has many partners which
rank GEN1 highly in their respective ERCs. Also indicated in the table are examples of reciprocal rank correlations
in which both partners rank the other in their top 20 (indicated by bold and asterisks). These are used to construct
reciprocal rank protein interaction networks.

X-C Motif Chemokine Receptor 1 (XCR1) provides an illustrative example. XCR1 is a cytokine
signaling receptor and ACE2’s 2nd highest ranked ERC, with a highly significant evolutionary
rate correlation. XCR1 is in a small genomic region that is implicated in severe COVID-19 by
genome-wide association studies (Severe Covid-19 GWAS Group, 2020; Fricke-Galindo &



Falfan-Valencia, 2021). Another example is Interferon alpha/beta receptor 2 (IFNAR2) which, in
a genome-wide association study (GWAS) and multi-omic analysis by Pairo-Castineira et al.
(2021), was implicated in severe COVID-19. We therefore added it to our analysis, and
surprisingly found it to be highly ranked (5th) among ACE2 ERCs. Clusterin (CLU) is the 3rd
strongest ERC of ACE2 and the ACE2-CLU pair show high reciprocal ranks to each other (3rd
in ACE2’s set, 8th in CLU’s set). CLU prevents the aggregation of misfolded proteins in the
blood and delivers them to cells for degradation in lysosomes (Sanchez-Martin & Komatsu,
2020). CLU connects to key proteins in the coagulation pathway based on its reciprocal rank
network (Section C, Fig. 2). CLU has been implicated in coronavirus infections, as one of only
two proteins showing significant expression changes in cells infected by three different
coronaviruses tested, including SARS-CoV-2 (Singh et al., 2021). The examples above lend
credence to the proposition that the ERC approach is detecting ACE2 protein interactions that
have implications to COVID-19.

Differences in ERC rank between protein pairs for the same correlation can occur because some
proteins have higher and more extensive ERC connections than others. As a result, while two
proteins can have a significant ERC with each other, each one’s rank may differ in their
respective ERC lists, as illustrated for ACE2 and GEN1 (Table 1). GEN1 (Flap endonuclease
GEN homolog 1) is ACE2’s top-ranked ERC, and is a DNA nuclease whose primary functions
are resolution of DNA Holliday junctions and DNA damage checkpoint signaling (Chan & West,
2015). This protein shows high ERCs and is ranked highly in the ERC sets for many other
proteins, suggesting central connectivity. As described further in Section C2, GEN1 shows
unexpected enrichments for immune functions, perhaps related to its role in DNA damage
checkpoint signaling.

Because our focus is on identifying strong candidate interactions involving ACE2 and its
predicted partners, we utilize the rank information to identify proteins with high reciprocal ranks.
Specifically, we focus on the strongest reciprocal ranks (RR) defined by ranks of less than or
equal to 20 (RR20), which is the highest one percent of each protein’s ERCs, and use these to
develop reciprocal rank networks (Section C). Although speculative, we posit that protein pairs
with high reciprocal ranks are likely to be strongly coevolving (i.e. both partners evolving
reciprocally due to selective pressures acting on interacting domains between them). In contrast,
protein pairs with a significant evolutionary rate correlation only one ranks highly (e.g. within
the top two percent) in the ERC set of the other, are more likely to be due to “unidirectional”
evolution. The rationale is that proteins with many significant ERC partners are under selective
pressures primarily from their top evolutionary partners, whereas other interactors evolve
primarily in response to the forces shaped by their stronger partner(s). We emphasize that this
interpretation is speculative, and requires further exploration to determine what factors shape
reciprocal ERC ranks between proteins.



The view that ERCs are detecting protein interactions relevant to COVID-19 is further supported
by the analysis of ACE2 reciprocal rank ERC networks (Section C). Noteworthy in this regard
are additional proteins in the coagulation pathway, such as Coagulation Factor V (F5),
Fibrinogen Alpha Chain (FGA), Fibrinogen Beta Chain (FGB), and Fibrinogen Gamma Chain
(FGG). Thrombosis (blood clotting) is a major pathology of COVID-19 (Gupta et al., 2020).
Connections of ACE2 with the proteins above could relate to severe blood clotting problems in
COVID-19 infections. ACE2 networks also show strong enrichments of cytokine signaling, viral
(and pathogen) infections, and inflammatory response terms (Supplementary File 3), which are
clearly relevant to COVID-19 pathologies such as cytokine storms and systemic inflammation.

In yet other cases, we have found proteins with significant ACE2 ERCs or ACE2 network
connections, but for which there is little functional information, such as GPR141. We can use
their ERCs to suggest possible functions for future investigation. Finally, ERCs for proteins of
known function (such as F5 and GEN1) indicate likely additional roles, suggesting these proteins
have unrecognized “moonlighting” functions (Jeffery, 1999).

Below, we first describe proteins of interest to which ACE2 has significant ERCs, summarize
aspects of their known biological functions, and examine significantly enriched functional
categories for these ERCs. We then build and evaluate two different networks for ACE2
interacting proteins (Section C), one of which reveals connections to coagulation pathways and
the other to cytokine-mediated signaling, viral response, and immunity. Finally, we discuss the
potential implications of these predicted ACE2 interactions to COVID-19 pathologies and
propose some specific hypotheses that emerge from this analysis.

B. Top ERC Interactions Link ACE2 to COVID Pathologies. To investigate protein
associations of ACE2, we first determined the protein enrichment categories for its top 2% ERC
proteins (based on Spearman rank correlation coefficients, p) using the gene set enrichment
package Enrichr (Xie et al., 2021) (Table 2). The top two KEGG_2019 Human enrichments are
for complement and coagulation cascade related (FDR = 2.0E-03) and cytokine-cytokine
receptor interaction related (FDR = 2.0E-03) terms. This finding is consistent with two hallmarks
of COVID-19 pathology, abnormal systemic blood-clotting (thrombosis) and cytokine storms
(Coperchini et al., 2020; Fei et al., 2020). Additionally, several terms related to viral/bacterial-
specific infection are significantly enriched, such as Tuberculosis (FDR = 1.4E-02), HPV
infection (FDR = 1.4E-02), measles (FDR = 2.4E-02) and Hepatitis C (FDR = 3.1E-02). Gene
Ontology Biological Process also shows enrichment for tumor necrosis factor (TNF) pathways,
including the signaling pathway (FDR = 3.9E-03) and cellular responses (FDR = 1.6E-02).
Additional terms are shown in Table 2.



FDR Odds
Enrichr Gene set Term P-value Ratio Gene List
KEGG_2019_Human Complement and coagulation cascades 2.03E-03 25.9 CLU, F2RL2, F5, SERPINAS
KEGG_2019_Human Cytokine-cytokine receptor interaction 2.03E-03 10.5 TNFSF18, IFNAR2, XCR1, IL23A, CD27,
TNFSF8
KEGG_2019_Human Tuberculosis 1.38E-02  11.0  IL23A, TRADD, MRC1, RELA
KEGG_2019_Human Human papillomavirus infection 1.38E-02 7.6 IFNAR2, COL4A4, TRADD, COL4A5, RELA
KEGG_2019_Human Protein digestion and absorption 1.38E-02 16.3 ACE2, COL4A4, COL4AS
KEGG_2019_Human Pathways in cancer 1.38E-02 5.7 IFNAR2, AR, IL23A, COL4A4, COL4AS5,
RELA
KEGG_2019_Human Small cell lung cancer 1.38E-02 15.8 COL4A4, COL4AS, RELA
KEGG_2019_Human Amoebiasis 1.38E-02 15.3 COL4A4, COL4AS, RELA
KEGG_2019_Human AGE-RAGE signaling pathway in diabetic 1.38E-02 14.6 COL4A4, COL4AS, RELA
complications
KEGG_2019_Human Toll-like receptor signaling pathway 1.39E-02 14.0 IFNAR2, TLR8, RELA
KEGG_2019_Human Sphingolipid signaling pathway 1.85E-02 12.2 CERS4, TRADD, RELA
KEGG_2019_Human Relaxin signaling pathway 2.18E-02 11.2 COL4A4, COL4AS, RELA
KEGG_2019_Human Measles 2.38E-02 10.5 IFNAR2, TRADD, RELA
KEGG_2019_Human Hepatitis C 3.05E-02 9.3 IFNAR2, TRADD, RELA
KEGG_2019_Human Cocaine addiction 3.05E-02 19.7 PDYN, RELA
KEGG_2019_Human PI3K-Akt signaling pathway 4.17E-02 5.5 IFNAR2, COL4A4, COL4AS5, RELA
KEGG_2019_Human Kaposi sarcoma-associated herpesvirus 4.17E-02 7.7 IFNAR2, TRADD, RELA
infection
KEGG_2019_Human Inflammatory bowel disease (IBD) 4.34E-02 14.7 IL23A, RELA
KEGG_2019_Human Epstein-Barr virus infection 4.34E-02 7.1 IFNAR2, TRADD, RELA
KEGG_2019_Human Adipocytokine signaling pathway 4.34E-02 13.8 TRADD, RELA
KEGG_2019_Human RIG-I-like receptor signaling pathway 4.34E-02 13.6 TRADD, RELA
KEGG_2019_Human Pertussis 4.85E-02 12.5 IL23A, RELA
GO_Biological_Process_2018  tumor necrosis factor-mediated signaling ~ 3.86E-03 21.0 TNFSF18, TRADD, CD27, TNFSF8, RELA
pathway (GO:0033209)
GO_Biological_Process_2018  cellular response to tumor necrosis 1.63E-02 13.1 TNFSF18, TRADD, CD27, TNFSF8, RELA
factor (GO:0071356)
GO_Biological_Process_2018 immunoglobulin mediated immune 1.63E-02 154.6 CD27,TLR8
response (GO:0016064)
GO_Biological_Process_2018 B cell mediated immunity (GO:0019724) 1.63E-02 154.6 CD27,TLR8
GO_Biological_Process_2018  positive regulation of NF-kappaB 1.85E-02 15.6 TNFSF18, TRADD, CLU, RELA
transcription factor activity
(G0:0051092)
GO_Biological_Process_2018  I|-kappaB kinase/NF-kappaB signaling 2.26E-02 26.3 TRADD, TLRS8, RELA
(G0:0007249)
GO_Biological_Process_2018 cytokine-mediated signaling pathway 3.11E-02 5.7 TNFSF18, IFNAR2, IL23A, TRADD, CD27,
(G0:0019221) TNFSF8, RELA
GO_Biological_Process_2018 regulation of inflammatory response 3.11E-02 11.9 ACE2, IL23A, PLA2G7, RELA
(GO:0050727)
GO_Biological_Process_2018 positive regulation of defense response 3.26E-02 20.0 IL23A, TLR8, PLA2G7
(G0:0031349)
WikiPathways_2019_Human  Complement and Coagulation Cascades 2.38E-02 25.8 CLU, F5, SERPINAS
WP558
WikiPathways_2019_Human EBV LMP1 signaling WP262 4.24E-02 44.2 TRADD, RELA
WikiPathways_2019_Human  Toll-like Receptor Signaling Pathway 4.24E-02 14.2 IFNAR2, TLRS8, RELA
WP75
WikiPathways_2019_Human  Toll-like Receptor Signaling WP3858 4.36E-02 32.0 TLRS, RELA
WikiPathways_2019_Human  miRNAs involvement in the immune 4.95E-02 26.5 TLRS, RELA
response in sepsis WP4329
WikiPathways_2019_Human  Regulation of toll-like receptor signaling 4.96E-02 104 IFNAR2, TLR8, RELA

pathway WP1449

Table 2: Enrichment categories for ACE2’s top 2% proteins by ERC. Key enrichments include complement and

coagulation cascades, cytokine-cytokine signaling, and different pathogen infections.

The ACE2 ERC analysis indicates that ACE2 is “coevolving” with proteins involved in the
complement and coagulation pathways, cytokine signaling, TNF, and pathogen response
pathways. Here, we summarize results and background information on some of the key proteins



among ACE2’s ERCs (more extended summaries of each protein are in the Supplementary
Text).

Among ACE2’s strongest ERCs are proteins involved in immunity. For example, XCR1 (X-C
Motif Chemokine Receptor 1) is ACE2’s 2nd top-ranked ERC (p = 0.67, FDR = 6.2E-05). Itis a
chemokine XCL1 receptor involved in immune response to infection and inflammation (Lei &
Takahama, 2012). Strikingly, the Severe Covid-19 GWAS Group (2020) detected a small
genomic region containing six genes that significantly associate with severe COVID-19, one of
which is XCR1. Our finding that XCR1 is ACE2’s 2nd highest ERC interactor lends independent
support for a relationship between COVID-19 and XCR1. Furthermore, it suggests that an
interaction between ACE2 and XCR1 could be involved in COVID-19 pathologies. To our
knowledge, there are no other reports of interactions between these two proteins.

Another striking connection of ACE2 ERC to immunity is through IFNAR2 (Interferon
alpha/beta receptor 2), which has a highly significant ACE2 ERC correlation (p = 0.62, FDR =
6.1E-04). IFNAR?2 forms part of an important receptor complex with IFNAR1 (Thomas et al.,
2011) involved in interferon signaling through the JAK/STAT pathway to modulate immune
responses. [IFNAR?2 has been implicated in severe COVID-19, based on mendelian
randomization, genome-wide associations, and gene expression changes (Liu et al., 2021; Pairo-
Castineira et al., 2021). Our data provide independent support for a role, possibly mediated
through ACE?2 interactions. Interferon pathways are important in antiviral defense, but also can
contribute to cytokine storms and COVID-19 pathologies (McKechnie & Blish, 2020). Other
immune-related proteins with high ERC connections to ACE2 include TLRS (Toll-like Receptor
8), FAM3D (FAM3 metabolism regulating signaling molecule D), and PLA2G7 (phospholipase
A2 group VII).

Coagulation pathway proteins figure prominently in ACE2 ERC-predicted protein interactions
(Table 3, Fig. 2). This is reflected both in significant enrichment for coagulation cascade proteins
in the top 2% strongest ACE2 ERCs (Table 2) and the strong reciprocal rank network for ACE2
(Section C, Fig. 3). The finding has obvious potential implications to a hallmark pathology of
COVID-19, systemic coagulopathy (Wright et al., 2020; Medcalf, Keragala & Myles, 2020). A
list of coagulation and blood-related proteins associated with ACE2 is presented in Table 3.
Among ACE2’s top 2% ERCs associated with coagulation pathway are Coagulation Factor V
(F5), Protein C inhibitor (SERPINAS aka PCI), and Thrombin Receptor 2 (F2RL2) (Table 1).
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Figure 2: KEGG Coagulation Pathway. KEGG Coagulation cascade pathway (Kanehisa & Goto, 2000), with
ACE2-CLU-GPR141 associated proteins (based on presence on any of their top 2% ERCs or in the ACE2 CRR
network) indicated in orange. The KEGG pathway has been supplemented to indicate the three fibrinogen proteins
and clusterin associations previously discussed. Note the alternate protein names: PAR3,4 = F2RL2 & F2RL3 =
Thrombin receptors; a2AP = Alpha-2-antiplasmin = SERPINF2; PLAT = tPA, and PCI = SERPINAS = Protein C
Inhibitor.

Also relevant to coagulopathy are Clusterin (CLU) and the orphan G protein-coupled receptor
141 (GPR141). The chaperone protein CLU has a soluble form that circulates in the blood and is
part of the “cleaning squad” that clears misfolded extracellular proteins for delivery to lysosomes
and degradation (Itakura et al., 2020; Sdnchez-Martin & Komatsu, 2020). It is the 3rd highest
ACE2 ERC (p =0.63, FDR = 1.5E-04), and these two proteins show strong reciprocal ranks (3,
8), likely supporting biological interactions. Relevant to this point is that both ACE2 and CLU
have soluble forms that circulate in the blood (Itakura et al., 2020). Of direct relevance to
COVID-19 and possible ACE2-CLU protein interactions, Singh et al. (2021) found in cells
infected with different coronaviruses (SARS-CoV-2, SARS-CoV, and MERS-CoV), only two
genes were found to be differentially expressed in all three, with CLU being one.



CLU’s top 2% strongest ERCs show highly significant enrichment for terms relating to
coagulation cascades and clot formation (Supplementary File 3, e.g. “Complement and
coagulation cascades”, FDR = 6.3E-12), as well as significant terms that are relevant to
immunity, such as “Immune system” (FDR = 4.8E-03) and “activated immune cell type” (FDR =
3.4E-05). Among its top ERC proteins relevant to coagulation process are Coagulation Factor V
(F5, p=10.67, FDR = 9.1E-06, rank 3), Fibrinogen Gamma chain (FGG, p = 0.59, FDR = 1.7E-
04, rank 18), Coagulation Factor XIII B chain (F13B, p =0.63, FDR = 2.8E-05, rank 19), and
Fibrinogen Alpha chain (FGA, p =0.57, FDR = 2.9E-04, rank 27) (Fig. 3, Supplementary File
1). Notably, fibrinogen is a major binding “client” of Clusterin in stressed plasma (Wyatt &
Wilson, 2010). Little is known about GPR141; however, the ERC analysis suggests an important
role in blood coagulation. Among GPR141’s top ERC proteins relevant to coagulation process
are Kininogen 1 (KNGI, p =0.60, FDR = 9.3E-04, rank 5), Plasminogen Activator (PLAT, p =
0.58, FDR = 6.5E-04, rank 6), Thrombin (Coagulation Factor II or F2, p =0.58, FDR = 6.5E-04,
rank 7), Fibrinogen Beta chain (FGB, p =0.57, FDR = 6.5E-04, RR 11, 11), Complement Cls
(CIS, p=0.54, FDR = 1.6E-03, rank 22), F2R-like thrombin (also called trypsin receptor 3;
F2RL3, p=0.52, FDR = 2.6E-03, rank 37), and Coagulation Factor V (F5, p =0.52, FDR =
1.7E-03, rank 39) (Fig. 2, Supplementary File 1).

GPR141 has a highly significant ERC to CLU, with these two proteins being each other’s first
ranking ERCs (p = 0.68, FDR = 9.1E-06, RR 1,1). The pattern suggests a strong biological
interaction, although none is described in the literature. The result supports investigating
functional interactions between CLU and GPR141, based upon their high ERC and reciprocal
ranks. Our network analysis (Section C) further supports extensive interconnections among
ACE?2, Clusterin, GPR141, and coagulation pathway proteins, implicating the protein interaction
pathway as a possibly significant contributor to disruption of coagulation in COVID-19 disease.
Coagulation cascade proteins found in the ACE2’s top 2% ERCs, ACE2 reciprocal rank
network, and Clusterin-GPR141 associated proteins are highlighted in Figure 2.

Androgen Receptor (AR, p=0.57, FDR = 8.8E-04, rank 13) is the receptor for the male
hormone androgen. It plays a major role in reproductive system development, somatic
differentiation, and behavior (Matsumoto et al., 2008). Androgen-AR signaling induces ACE2
(Wu et al., 2020), while knockdowns of AR result in downregulation of ACE2 (Samuel et al.,
2020). AR agonists also reduce SARS-CoV-2 spike protein-mediated cellular entry (Deng et al.,
2021). Additionally, AR is associated with COVID-19 comorbidities (Dolan et al., 2020), and
recently implicated in the severity of COVID-19 in women with polycystic ovarian syndrome, a
disorder associated with high androgen levels and androgen sensitivity (Gotluru et al., 2021).
Our ERC finding indicating ACE2 and AR coevolution suggests regulatory feedback between
these two proteins, which could be relevant to COVID-19 severity and other sex differential
pathologies, such as cardiovascular disease (Viveiros et al., 2021).



Other notable significant ACE2 ERCs (Table 1) include Metabolism regulating signaling
molecule D (FAM3D), Transmembrane-protein 63C (TMEMG63C); Collagen Type IV Alpha 4
(COL4A4), L1 cell adhesion molecule (L1CAM), and ITPRIP-like 2 (ITPRIPL2). More detailed
information on these and other proteins mentioned in this section is provided in Section C and
the Supplementary Text.

C. ERC Reciprocal Rank Networks Implicate Coagulation Pathways and Immunity. As
mentioned previously, two proteins with a significant evolutionary rate correlation (ERC) may
often “rank” each other differently in their respective top ERC connections. This occurs because
some proteins have more extensive ERC connections than others. High reciprocal ERC ranks
between protein pairs may be more indicative that they are under strong coevolutionary pressure
in their sequence and function. We have thus found it useful to evaluate these reciprocal rank
connections as a network. The rationale is that such proteins are likely to be reciprocally
evolving (“coevolving”). To build reciprocal rank networks, we use protein pairs that
reciprocally share ranks less than or equal to 20 (RR20), which are the top one percent for each
protein’s respective ERC set.

A core ACE2 reciprocal rank network was generated by building reciprocal rank connections
(RR20) outward of ACE2, to provide a backbone set of RR20 protein connections. The backbone
was expanded on by adding the RR20 connections of the non-ACE2 backbone proteins.
Unidirectional ERCs (< rank 20) were then added between proteins within the RR set to produce
an ACE2 Core Reciprocal Rank (CRR) Network (Fig. 3). The network is designed to capture
features of ACE2’s protein interactions as revealed by the strong reciprocal evolutionary
correlations among proteins.

ACE2 also has highly significant ERCs to proteins that do not rank ACE2 within their top 1% of
ERC:s, due to those proteins having more protein interactions with higher ERCs. A second
network was therefore generated using ACE2’s top ten unidirectional ERCs, followed by
calculating the RR20 associations for those proteins. This second network is referred to as the
ACE2 Unidirectional Reciprocal Rank (URR) Network (Fig. 4).

These are presented below. In general, the reciprocal ranks analysis lends credence to our
proposition that ERCs reveal real biological interactions, as well as providing predictions for
novel protein interactions possibly of importance to COVID-19 pathologies and protein-
interaction networks.

C1. The ACE2 Core Reciprocal Rank (CRR) Network. The CRR network (Fig. 3) is designed
to capture essential features of ACE2’s protein interactions as revealed by the strong reciprocal
correlations among proteins.
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Figure 3: ACE2 Centric Reciprocal Rank (CRR) Network. Proteins with ERC reciprocal ranks < 20 are shown
by double-headed arrows, and unidirectional ranks < 20 connecting to the RR backbone are indicated by single-
headed arrows. ACE2 has extensive connections to coagulation proteins mediated primarily through Clusterin
(CLU) and GPR141. ACE2 is highlighted in purple, and blue shading intensity indicates the level of reciprocal
connectivity for different proteins.

The most striking aspects of the ACE2 CRR Network are extensive connections to the
coagulation pathway and blood-associated proteins (Fig. 3, Table 3). This could be relevant to
COVID-19 due to extensive clotting pathologies and stroke associated with COVID-19
(Bonaventura et al., 2021), as well as microvascular clotting and the apparent shut-down of
fibrinolysis (Wright et al., 2020). Extensive blood coagulation of COVID-19 patients can even
lead to clogging of dialysis equipment (Rabb, 2020). This hallmark pathology of COVID-19
indicates a disruption in coagulation and fibrinolysis pathways, and our findings of extensive
network connections between ACE2 and coagulation-fibrinolysis pathway proteins could be
relevant. The predicted novel protein interactions detected here may also have implications more
generally to circulatory system homeostasis, including regulation of blood pressure and
coagulation.



Name Full Name Brief Description
ACE2 Angiotensin-Converting Enzyme 2 Catalyzes the cleavage of angiotensin | to angiotensin 1-9 and
angiotensin Il to angiotensin 1-7 (Burrell et al., 2004)
FGA Fibrinogen alpha chain Bind to FGB and FGG to form fibrinogen, used to form blood clots
(Mosesson, 2005)
FGB Fibrinogen beta chain Bind to FGA and FGG to form fibrinogen, used to form blood clots
(Mosesson, 2005)
FGG Fibrinogen gamma chain Bind to FGA and FGB to form fibrinogen, used to form blood clots
(Mosesson, 2005)
CPB2 Carboxypeptidase B2 Inhibits fibrinolysis (Leenaerts et al., 2018)
SERPINF2  Serpin family F member 2 Inhibits Plasmin, a protein involved in fibrinolysis (Kanehisa & Goto,
(alpha-2-antiplasmin) 2000)
CD34 CD34 molecule Associated with hematopoiesis and stem cells (Fina et al., 1990)
CLU Clusterin Binds to Fibrinogen (Wyatt & Wilson, 2010)
MAS1 MAS1 Proto-Oncogene, Receptor for angiotensin-(1-7) (Burrell et al., 2004)
G Protein-Coupled Receptor
FAM3D FAM3 Metabolism Regulating Implicated in inflammatory responses in the gastrointestinal tract and is
Signaling Molecule D a chemoattractant for neutrophiles and monocytes (Peng et al., 2016)
GPR141 G Protein-Coupled Receptor 141 High expression in blood, granulocytes, Kupfer cells, and macrophages
(Stelzer et al., 2016)
TMEM63C Transmembrane Protein 63C Interacts with angiotensin Il (Eisenreich et al., 2020)
LECT2 Leukocyte Cell-derived Involved in macrophage activation, insulin resistance and diabetes, and
Chemotaxin 2 neutrophil chemotaxis (Yamagoe et al., 1996; Zhang et al., 2018; Takata
etal., 2021)
ETS1 ETS proto-oncogene 1, Transcription factor involved in cytokine/chemokine processes and
transcription factor angiogenesis (Stelzer et al., 2016)
ZBTB43 Zinc Finger and BTB Domain Associated with Diamond-Blackfan Anemia 4, in which the bone
containing 43 marrow is unable to make enough red blood cells to carry oxygen
(Stelzer et al., 2016)
COL4A4 Collagen Type IV Alpha 4 Subunit of Collagen Type 4, which are a part of the basement
membrane which resides between epithelial cells (Stelzer et al., 2016)
F13B Coagulation Factor XIII B chain Stabilizes F13A subunits, while it does not have enzymatic abilities it is
thought to be a plasma carrier molecule (Stelzer et al., 2016)
AMOT Angiomotin Associated with angiogenesis and endothelial cell movement (Bratt et
al., 2005; Aase et al., 2007)
PDYN Prodynorphin Inhibits vasopressin secretion (Yamada et al., 1988)

Table 3: ACE2-derived Coagulation and Blood-related Proteins. Coagulation and blood-related proteins in the
ACE2 CRR and URR Networks as well as the top 1% ACE2 ERC list.

ACE?2 connects to coagulation pathway proteins through F5, CLU, FAM3D, and GPR141 (Fig.
2, Fig. 3). CLU-GPR141 form a high RR ERC (ranks 1,1), strongly suggesting coevolution of
these proteins and physical/functional interactions. Both CLU and GPR141 then connect to the
fibrinogen proteins FGB and FGG. FGA, FGB, and FGG are the three protein components that
make up fibrinogen, which during the clotting process are converted into fibrin monomers,
which subsequently cross-link to form the fibrin clot (Mosesson, 2005). All three proteins form
an RR20 triad, indicating protein coevolution. FGG is a hub for RR ERC:s to several other
proteins (e.g. CD34, CPB2, Cl140r129, and ZBTB43). ZBTB43 is noteworthy, as it is associated
with the blood diseases Diamond-Blackfan Anemia 4 and Hemochromatosis Type 2 (Stelzer et



al., 2016). The former disrupts red blood cell formation in the bone marrow and the latter causes
iron accumulation in the body. In terms of tissue distribution, ZBTB43 is enhanced in bone
marrow (Uhlén et al., 2015). Cellularly, it is found mainly in nucleoplasm and nucleoli,
suggesting regulatory functions, as might be expected for a transcription factor-like zinc finger
domain protein. Most noteworthy, Mamoor (2020) has shown that ZBTB43 is differentially
expressed in human microvascular endothelial cells and human cell cultures infected with
coronaviruses (e.g MERS-CoV and human coronavirus 229E). So, this is yet another member of
the ACE2 protein Network which is implicated in coronavirus infection. In turn, ZBTB43 has a
RR connection with SERPINF2, which enhances clotting by inhibiting plasmin, an enzyme that
degrades fibrin, the main component of clots. Mutations in SERPINF2 can cause severe bleeding
disorders and upregulation of SERPINF2 is implicated in COVID-19 patient thrombosis (Jain et
al., 2021; Lazzaroni et al., 2021). In turn, CPB2 (Carboxypeptidase B2) is a thrombin-activated
inhibitor of fibrinolysis, and therefore enhances clotting stability (Leenaerts et al., 2018), and
also plays a role in activating the complement cascade (Morser et al., 2018; Leung & Morser,
2018).

FAM3D is a cytokine for neutrophils and monocytes in peripheral blood which may interact with
ACE?2 based on their reciprocal ranking. ACE2 is its 2nd ranking ERC. Although ACE2 does not
have a significant ERC to F13B (also known as Coagulation Factor XIII B Chain), it is
FAM3D’s top-ranking ERC. F13B functions to stabilize clotting through cross-linking of fibrin
(Stelzer et al., 2016). Thus, the predicted interaction of FAM3D and F13B may be relevant to the
coagulation pathway.

Blood pressure and vasoconstriction regulation also show functional enrichment in the CRR
network. Naturally, ACE2 is a crucial component of the Renin-Angiotensin System (RAS),
which converts angiotensin II to angiotensin (1-7). This, in turn, binds to the MASI receptor,
promoting vasodilation and reduced blood pressure. As seen in Figure 2, MASI is part of the
ACE2 CRR network. Although not significantly correlated with ACE2 directly, it has significant
RR connection to TSHZ3 (p = 0.52, FDR = 7.8E-03, ranks 11, 4) and is FAM3D’s 19th ranking
ERC (p =0.49, FDR = 1.5E-02). Biologically MAS1 and ACE?2 are key elements promoting
vasodilation in the renin-angiotensin system (RAS) (Burrell et al., 2004). Thus, the ERC RR
network detects biologically significant connections of ACE2 to RAS signaling via the MASI1
receptor of angiotensin-(1-7). Samavati & Uhal (2020) posit that the loss of ACE2 due to SARS-
CoV-2 infection reduces MASI signaling and increases AT1 & AT2 signaling via higher levels
of angiotensin 2, promoting vasoconstriction, fibrosis, coagulation, vascular and cardio injury,
and ROS production. Similar arguments are made by Sriram & Insel (2020). ACE2 and MASI1
do not have a signature of protein coevolution, even though they interact indirectly biologically
through the short seven amino acid signaling peptide Ang (1-7). In contrast, MAS1 has a
significant RR with TSHZ3 (mentioned above). A biological connection between these proteins
is not obvious, although the high ERC reciprocal ranks suggest possible interactions worth
further investigation. Additionally, TMEM®63C is one of four proteins that form a reciprocal rank



ERC association with ACE2 (Figure 2). It functions in osmolarity regulation and like ACE2,
interacts with angiotensin II, possibly reducing damage to kidney podocytes (Eisenreich et al.,
2020).

FBXL3 has a RR20 connection to FGB and ranks GPR141 in its top 2%. This protein is a
component of circadian rhythm regulation (Busino et al., 2007). Many aspects of the
cardiovascular system have circadian cycling such as heart rate, blood pressure, and fibrinolysis
(Reilly, Westgate & FitzGerald, 2007). Endogenous oscillators in the heart, endothelial cells, and
smooth muscles may play significant roles in these cycles (Reilly, Westgate & FitzGerald, 2007),
and the CRR network suggests that interactions between FBXL3 and FGB could play a role in
circadian aspects of fibrinolysis.

CD34 (Hematopoietic Progenitor Cell Antigen CD34) is believed to be an adhesion protein for
hematopoietic stem cells in bone marrow and for endothelial cells (Fina et al., 1990). Our ERC
analysis indicates connections to coagulation pathway proteins and lipoproteins. In addition to its
RR association with FGG (p = 0.60, FDR = 2.2E-04, ranks 18,9), CD34 also forms significant
reciprocal rank correlations with coagulation factor F2 (p = 0.69, FDR = 7.9E-06, ranks 1,6),
lipoprotein APOE (p = 0.64, FDR = 6.0E-05), lipid droplet-associated protein PLIN1 (p = 0.64,
FDR = 1.1E-04, ranks 8,7), and inflammation associated pentraxin protein PTX3 (p = 0.65, FDR
= 6.8E-05, ranks 3,11) (Supplementary File 1). As expected from these protein associations,
CD34's top enriched term is to complement and coagulation cascade (FDR = 1.4E-08). There is
also enrichment for HUVEC cells (FDR = 3.1E-05) and Blood Plasma (FDR = 1.7E-04)
(Supplementary File 3).

Additional proteins of interest are discussed further in the supplementary materials, including
TSHZ3 (a key regulator of airflow and respiratory rhythm control) and LICAM (involved in
nervous system development and vascular endothelial cell differentiation from stem cells).

Consistent with the descriptions above, the CRR network shows enrichment (full enrichment
table in Supplementary File 3) for negative regulation of blood coagulation (FDR = 4.3E-08),
platelet alpha granule-related terms (FDR = 1.7E-05), plasma cell (FDR = 8.3E-4) and blood clot
(FDR = 4.5E-02). These enrichments indicate that the network involves protein interactions
related to blood clotting pathways. There are also several significantly enriched terms which are
driven in part by ACE2, such as regulation of systemic arterial blood pressure by renin-
angiotensin (FDR = 1.6E-03), metabolism of angiotensinogen to angiotensin (FDR = 6.9E-03),
regulation of blood vessel diameter (FDR = 1.5E-02), and renin-angiotensin system (FDR =
1.8E-02).

C2. The ACE2 Unidirectional Reciprocal Rank (URR) Network. ACE2 also has highly
significant ERCs with interacting proteins that are unidirectional, meaning that ACE2 ranks
these proteins in its top 2%, but the partner protein does not rank ACE2 within its top 2% due to
higher ERC correlations with other partners (Table 1). Some of ACE2’s highest-ranking proteins



fall into this category, including GEN1 (rank 1), XCR1 (2), IFNAR2 (5) KIF3B (6), and
ITPRIPL2 (7), FAM227A (8), TLR8 (9), COL4A4 (10), F5 (12), and AR (13). To focus on
strong protein connections in this set, we took the top ten proteins with unidirectional ERCs for
ACE2 and then added their reciprocal rank 20 (RR20) partners. The resulting ACE2
Unidirectional Reciprocal Rank (URR) Network contains 69 proteins (Fig. 4).
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Figure 4: ACE2 Unidirectional Reciprocal Rank (URR) Network. ACE2’s top 10 unidirectional ERC proteins
for a web of reciprocal rank (RR20) connections. The network is particularly enriched for cytokine signaling and
immunity. Highly interconnected proteins include COL4AS, F5, GEN1, and IFNAR2. ACE2 is highlighted in
purple, and blue shading intensity indicates the level of reciprocal connectivity for different proteins.

Notable in the network are many proteins involved in immunity and cytokine signaling, such as
IFNAR?2 (Interferon alpha/beta receptor 2), XCR1 (X-C Motif Chemokine Receptor 1), and
ICOS (Inducible T Cell Costimulator). There are also Toll-Like Receptors TLR8 and TLRY,
which stimulate innate immune activity (Forsbach et al., 2011), and Tumor Necrosis Factor
related proteins such as TNSFS18, TNTSF15, TNFRSF9, and TNRRSF1A.

Enrichment analysis of the URR network generates 72 significant terms (Supplementary File 3).
The network is highly enriched for cytokine-cytokine receptor interaction (FDR = 6.5E-06), I-
kappaB kinase/NF-kappaB signaling (FDR = 1.6E-06), necroptosis (FDR = 3.3E-03), viral
infections, such as Human Papillomavirus (FDR = 5.7E-04) and Herpes virus (FDR = 3.5E-03),



JAK-STAT and PI3K-AKT signaling pathways, Toll-like receptor signaling, and immune system
Homo sapiens (FDR = 3.7E-03).

XCR1 is the 2nd highest ACE2 ERC. It is the receptor for chemokine XCL1, which is produced
in response to infection and inflammation, and during development of regulatory T cells (Lei &
Takahama, 2012). Furthermore, XCR1 maps to a region implicated in severe COVID-19 by a
genome-wide association study (Severe Covid-19 GWAS Group, 2020). As seen in Figure 4,
XCRI1 forms a RR subnetwork with six other proteins (ICOS, CCRS5, WDR66, TNSFS15,
PRSS38, and FAM227A), three of which are known to be involved in immunity. ICOS
(Inducible T Cell Costimulator) is reciprocally evolving with XCR1 based on their ERC
interaction. It is an inducible T Cell stimulator that is essential for T helper cell responses
(Hutloff et al., 1999; Tafuri et al., 2001). In addition, ICOS signaling is impaired in COVID-19
patients requiring hospitalization (Hanson et al., 2020). The high ERC between ACE2 and XCR1
and high reciprocal ranks of XCR1 to ICOS suggests that the disruption of an ACE2-XCR1
interaction could have a contributory role in COVID-19. C-C Motif Chemokine Receptor 5
(CCRY) forms a significant RR ERC with XCR1 as well. Several studies have implicated CCRS
variation and expression to be associated with COVID-19 severity (Gémez et al., 2020; Hubacek
etal., 2021; Kasela et al., 2021), while others have not (Bernas et al., 2021). TNFSF15 is a third
immune response protein in the XCR1 RR subnetwork that shows elevated expression in patients
with severe COVID-19 (Jain et al., 2021). We recognize that the involvement of these immune-
related proteins in COVID-19 does not require an effect mediated through ACE2. Instead, their
protein evolutionary correlations suggest that ACE2 may play a contributory role to COVID-19,
possibly through XCR1-related pathways, as suggested by the network analysis.

IFNAR?2 is another protein that is highly correlated with ACE2 (p = 0.62, FDR = 6.1E-04) and is
also implicated in severe COVID-19 by GWAS and expression data (Liu et al., 2021; Pairo-
Castineira et al., 2021). It has RR20 ERCs with ten other proteins and is embedded in a complex
web of interactions with members of the ACE2 network. Here we draw attention to a few key
features. Notably, IFNAR2 and IFNARI1 are RR partners, as expected given that they combine to
form the IFN-alpha/beta receptor, which is the receptor for both alpha and beta interferons.
IFNAR?2 forms a high RR relationship with TNFRSF1A (p = 0.84, FDR =4.8E-12, 1,1
reciprocal ranks). This protein is the receptor for TNFa and the pathway affects apoptosis and
inflammation regulation. Jin et al. (2015) found that ACE2 deletion increases inflammation
through TNFRSF1A signaling, lending further support to a functional association between ACE2
and this protein.

GENT1 is the highest-ranking ACE2 ERC protein (p = 0.67, FDR = 4.2E-05), and it functions as a
resolvase of Holliday junctions and a DNA damage checkpoint signaling (Chan & West, 2015).
Frankly, we are perplexed by the functional significance of ACE2-GENT1 correlated evolution.
As observed in the ACE2 network, GENI is a highly interconnected protein, with 14 RR20
connections in the network. This result suggests that GEN1 may have additional functions



beyond DNA replication. Indeed, although its second-highest RR is to CC2D1B (2,1), a protein
involved in mitosis, its highest RR is to Interferon Lambda Receptor 1 (IFNLR1), with an
impressive Spearman correlation of p = 0.89 (FDR = 6.2E-17). As IFNLR1 binds cytokine
ligands and stimulates antiviral response, this suggests some feedback mechanism between
GENI1 and the immune system, possibly related to its functional role in DNA damage checkpoint
signaling. Indeed, its top 2% ERCs show enrichment for multiple viral infection terms
(Supplementary File 3). Therefore, it appears that GEN1 has a “hidden life” that ERC analysis
suggests warrants exploration.

The Collagen Type IV A4 subnetwork (Fig. 4, Fig. 5) lends further credence to the view that
ERCs can detect proteins with likely binding partners. COL4A4 is a component of the Collagen
Type IV protein complexes in basement membranes in the extracellular matrix of various tissues,
including the kidney glomerulus and vascular endothelial cells, and lung alveoli (Myllyharju &
Kivirikko, 2001). COL4A4, COL4A3, and COL4AS5S complex with each other in the basement
membranes of kidney glomeruli — mutations in these COL4A proteins are known to cause
different kidney disorders (Torra et al., 2004; Wiradjaja, DiTommaso & Smyth, 2010).
Consistent with their expected binding, COL4A4 and COL4A3 are each other’s reciprocal best
partners (ranks 1,1) and highly correlated with each other (p = 0.88, FDR = 4.4E-16). Both show
highly significant ERCs to COL4AG6 (rank 6,5 for COL4A4 p = 0.83, FDR = 2.1E-12; rank 22,30
for COL4A3 p=0.78, FDR = 1.6E-10). Thus, evolutionary rate correlations show highly
significant ERCs among Collagen Type IV proteins known to physically interact. A future
direction is to use ERCs to more precisely define predicted coevolving protein segments, which
could be used to inform docking simulations and experimental studies.
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Figure 5: COL4A4-Centric RR20 Network. This network detects reciprocal ERCs of different proteins to
COL4A4, including other COL4A proteins known to form complexes with COL4A4.

COLA4AS also has significant ERCs to COL4A3 (p =0.71, FDR = 2.2E-08) and COL4A4 (p =
0.71, FDR = 1.7E-08), but these do not qualify as RR20 due to the large number of high ERCs
for COL4AS. Interestingly, COL4A5-MUCIS5 are top-ranking partners (ranks 1,1) with a very



high ERC (p =0.89, FDR = 3.2E-16). MUCI135 is a cell surface protein that is believed to
promote cell-extracellular matrix adhesion and it is implicated in affecting influenza infection
(Chen et al., 2019), which may increase its relevance in the context of COVID-19 infection.
ERCs may help to inform candidate domains within each protein that are involved in their
expected binding affinity.

Coagulation Factor V (F5) is known for its role in the coagulation cascade. However, F5 is a
highly ERC-connected protein, with 43 proteins ranking it in their respective top 5 highest ERCs.
This connectedness is also reflected in the RR20 network shown below (Fig. 6). F5 has 16 RR20
connections out of the maximum 20 possible. Although F5 is a vital protein in the coagulation
cascade, its top 16 RR connections indicate immune functions, including Interferon A receptor 1
(IFNLR1; RR 4,10) and Oncostatin M Receptor (OSMR; RR 1,4). This is reflected in the
enrichments among its 16 RR proteins for the JAK-STAT signaling pathway (FDR = 8.7E-03)
and response to cytokine (FDR = 2.5E-02). Similarly, the F5 top 2% ERC show enrichments for
54 terms (Supplementary File 3); notably many related to inflammatory response (FDR = 1.1E-
03) and the complement system (FDR = 8.4E-03). The functions of several of F5’s RR20
partners are not well known, such as C140rf140 and C5orf34. Their top 2% enrichment suggests
cytokine receptor activity (FDR = 2.7E-02) for C140rf140, and Human Complement System
(FDR = 1.9E-03) and cytokine receptor activity (FDR = 2.1E-02) for C5o0rf34. In conclusion, F5
appears to have a “secret life” of strong protein interactions reflecting moonlighting functions
with extensive signaling or modulation roles beyond coagulation regulation.

Cl4orf140

Figure 6: Coagulation Factor V-centric RR20 Network. The network captures strong reciprocal ERCs between
F5 and proteins related to immune function such as IFNLRI1.

D. ERCs and Protein Interactions. We postulate that ERCs detect proteins that are coevolving
due to functional interactions. Furthermore, we propose that physical binding is an important
mechanism contributing to significant ERCs between proteins. This is consistent with anecdotal
observations from this study of high reciprocal rank ERCs among the fibrinogen components



FGA, FGB, & FGG, the Collagen Type IVA proteins COL4A4, COL4A3, and COL4A6
proteins, and Interferon alpha/beta proteins IFNAR2 and IFNARI.

To further investigate the role of binding affinity, we examined the mammalian protein complex
database CORUM (Giurgiu et al., 2019) to determine whether significantly higher Spearman
rank correlations (p values) are found among proteins within known protein complexes. A set of
139 protein complexes (excluding those with overlapping proteins) were identified which
contain at least two members from our ERC data set, for a total of 258 pairwise comparisons. We
compared the p values of within complex proteins to the median values for proteins outside the
complex and found that Spearman rank correlations of within complex proteins were
significantly higher than its between complex values according to Wilcoxon matched signs rank
tests (WMRST) under a significance level of o = 0.05 (p = 5.2E-04), with a median increase of
6.3% (Supplementary File 11). Many of the complexes contain large numbers of proteins,
reducing the probability of direct physical contact between individual members. We therefore
also analyzed only proteins from complexes with 5 or fewer members (96 pairs). In this case, the
median p value increase is 15.8% (WMSRT p = 6.2E-03). The results support the view that
proteins within known complexes show higher ERCs than between complexes, and further
implicate physical contact as a contributor to ERCs. However, other studies have found ERCs
between proteins that do not bind to each other, but are involved in shared function, such as
metabolic pathways (Clark, Alani & Aquadro, 2012). Thus, future research is needed to better
understand the different biological drivers of ERCs between proteins.

Discussion

An overwhelmingly strong pattern is an association between ACE2, its partners, and the proteins
involved with coagulation, cytokine signaling, and immunity. For coagulation, this is
exemplified by the enrichment for terms related to coagulation pathways in the CRR network,
and the presence of the three proteins that form fibrinogen (FGA, FGB, FGG) which constitutes
the clotting molecule fibrin. Abnormal clotting and coagulation such as “hypercoagulability” has
been observed as a major symptom of COVID-19 infection (Fei et al., 2020). Additionally,
disseminated intravascular coagulation (DIC) due to COVID-19 has been found more frequently
in fatal cases of COVID-19 than non-fatal cases (Seitz & Schramm, 2020). Levi et al. (2020)
have noted that low-grade DIC often seen in COVID-19 is associated with a sudden decrease in
plasma fibrinogen before death. This makes the connection with the various fibrinogen
subcomponents even more striking. Our network data suggest that ACE2’s connection to
fibrinogen is mediated through Clusterin and GPR141 (Fig. 3). The chaperone protein
Clusterin’s role in removing misfolded proteins in the blood and its common association with
fibrinogen in blood plasma (Wyatt & Wilson, 2010) lend credence to these ERC findings. What
remains unclear is the nature of potential functional interactions between ACE2 and Clusterin,
but the ERC results suggest that this warrants further attention. The discovery of a strong ERC
association of Clusterin and GPR141 is a novel finding, as functional information on GPR141 is



largely lacking. ERC analysis indicates that these proteins functionally interact, likely involving
coagulation processes.

Another mechanism for ACE2’s influence on the coagulation effects of COVID-19, based on
ERCs, is through F5. F5 canonically is activated by the same enzyme (Thrombin) that converts
fibrinogen into fibrin for clotting (Omarova et al., 2013). Omarova et al. (2013) further report
that inhibition of F5 can enhance an anticoagulant ability of an alternate fibrinogen that utilizes a
different isoform of FGG, fibrinogen y'. Thus, we hypothesize that abnormal coagulation activity
may (in part) be driven by disruptions in ACE2-F5 protein interactions, which could reduce
anticoagulant feedback mechanisms. F5 is also found to have many significant ERCs outside of
the coagulation pathway, connecting to various immunity-related pathways (Fig. 4,
Supplementary File 1). The ERC results for GPR141 and F5 reveal how ERC analysis may be
useful in providing testable hypotheses for functions of understudied proteins, and to investigate
additional functional roles on well-studied proteins.

A second major finding is ACE2 protein-protein interactions that connect to cytokine signaling
and immunity. “Cytokine storms”, an overreaction of the immune system which can lead to
inflammation and organ failure, is a second major hallmark of severe COVID-19, and its
management is a major target of medical treatment research (Luo et al., 2020; Mangalmurti &
Hunter, 2020). Chemokines are a class of cytokines that act as immune cell attractants
(Coperchini et al., 2020), and an increase in chemokine production may be characteristic of
COVID-19 infection (Coperchini et al., 2020). XCR1 is a receptor of XCL1 chemokines, mostly
expressed in dendritic cells, and plays a role in cytotoxic immune responses (Lei & Takahama,
2012). The XCR1 protein, strikingly, is the second-highest ERC to ACE2 and has already been
implicated in severe COVID-19 infection (Severe Covid-19 GWAS Group, 2020). While the
specific mechanism by which XCR1 might play a role in severe COVID-19 is not yet known,
ERC results indicate its role may be mediated by ACE2 with XCR1’s ERCs also possibly
indicating a broader functional role in coagulation. Excessive Inflammatory response,
particularly as a consequence of cytokine storms, is a clear pathology or COVID-19.

Type 1 interferons are among the first types of cytokines produced after viral infection (Garcia-
Sastre & Biron, 2006; Sallard et al., 2020). A component of the type 1 interferon receptor,
IFNAR2, is among the strongest ACE2 ERCs, possibly linking ACE2 to the type 1 interferon
immunity response. Notably, IFNAR2 has been implicated in severe COVID-19 infection (Pairo-
Castineira et al., 2021). Since type 1 interferons have shown some initial efficacy in treating
COVID-19 infection (Sallard et al., 2020), it is possible that the SARS-CoV-2 virus interaction
with both receptor and soluble ACE2 interferes with type 1 interferon response, as low levels of
type 1 interferons have been found in COVID-19 patients (Salman et al., 2021). Another
connection of ACE2 with immunity may be mediated by the toll-like receptor TLRS (a strong
ACE2 ERC), among TLRs believed to regulate platelet circulation in response to inflammation
(Beaulieu & Freedman, 2010) providing possible avenues for interaction with soluble ACE2 in



blood. Genetic variants in TLRs (including TLR8) may affect COVID-19 susceptibility (Lee,
Lee & Kong, 2020). Thus, there are many potential avenues for ACE2 protein interactions
contributing to immune dysregulation in COVID-19 disease, which may warrant further
investigation given the strong ERC associations of ACE2 with proteins relevant to immunity,
although the functional bases of such interactions are unknown. Other ACE2 network ERCs of
interest are relevant to kidney disease, cardiovascular disease, male fertility, Alzheimer’s
disease, and DNA damage checkpoint signaling. These are discussed further in the
Supplementary Text.

Overall, the underlying concept behind the evolutionary rate correlation approach (also called
evolutionary rate covariance or evolutionary rate coevolution) is that coevolving proteins will
show correlated rates of change across evolution and that this reflects functional interactions
(Clark, Alani & Aquadro, 2012; Wolfe & Clark, 2015). Clark and colleagues have developed a
web interface (https://csb.pitt.edu/erc_analysis/) to screen for ERC interactions for Drosophila,
yeast, and mammals. Their mammalian data set is based on 33 mammalian species (Priedigkeit,
Wolfe & Clark, 2015; Wolfe & Clark, 2015). We have compared their output for ACE2 to our
analyses and found only one overlapping protein (XCR1) between their significant ERCs (p <
0.05) and our top 2% ACE2 ERCs. There are many methodological differences between our
approaches, including the number and specific mammalian taxa used, the method for calculating
protein rates, and the phylogeny used for calculating branch lengths. In addition, their dataset
includes 17,487 proteins, whereas our analysis is currently restricted to 1,953 proteins for which
we were confident about 1:1 orthology and therefore for which there are minimal paralogy
complications. Furthermore, we are uncertain how their database dealt with potential short
branch artifacts on ERC calculations. In our case, we found that short branches in the phylogeny
resulted in significant correlations between branch time and protein rate, thus both inflating
estimated ERCs and introducing branch time as a confounding factor which can lead to spurious
correlations, and we removed these by branch trimming.

In another study, Braun et al. (2020) applied a “phylogenetic profiling” approach to identify
ACE?2 interacting proteins relevant to possible drug targets for COVID-19. Phylogenetic
profiling generally screens multiple genomes for presence-absence correlations of protein
combinations, as a method to detect candidate protein interactions (Pellegrini et al., 1999).
However, Braun et al. (2020) use a modification of the method that also incorporates a BLAST-
based distance metric from human ACE2 across taxa ranging from humans to fungi. When we
focus on proteins common between our set and their mammalian data set (1,875 proteins), there
are three shared proteins among the top 1% for both sets, Androgen Receptor (AR) and
Angiomotin (AMOT), and nucleotide excision repair protein homolog MMS19, with no
additional proteins in the respective top 2% sets. We suggest that our direct measures of protein
evolutionary rates, which utilize aligned sequences and phylogenetic analysis, may be a more
sensitive approach for finding evolutionary interactions among proteins in mammals. Obviously,
future validation studies are needed to reveal which approaches are most effective at detecting
candidate protein interactions, or whether each has its own merits for the detection of different
interactions.



Experimental validations of novel ACE2 protein associations predicted by our ERC approach are
clearly needed. A necessary first step is to establish whether ACE2 has binding affinities in vitro
and in vivo with proteins showing high evolutionary correlation to it, in particular CLU, XCR1,
GENI, and IFNAR?2. Similar binding affinity is predicted between CLU and GPR141 based on
their high reciprocal rank ERCs. CLU-FGG and GPR141-FGB provide connections to fibrinogen
based on their evolutionary correlations, suggesting binding affinities. Applicable methods could
include protein complex immunoprecipitation, tagged protein analysis, and yeast-two-hybrid
analysis (Rao et al., 2014).

We have begun preliminary analyses using short (10mer) amino acid sequences to identify
predicted sites of interaction among protein partners. These data may be able to inform docking
simulations for protein pairs using software that allows for the incorporation of a priori predicted
interfaces (Van Zundert et al., 2016; Pagadala, Syed & Tuszynski, 2017). For example, these
10mer analyses can be used to determine likely regions of binding affinity between ACE2 and
Clusterin, for experimental validation through mutational analysis. Similarly, coagulation factor
V shows high ERCs for non-canonical proteins, which can be investigated to determine whether
F5 has novel functions outside of the coagulation pathway.

Conclusions

In this paper, we take an exploratory approach to ACE2 protein interactions using evolutionary
rate correlations. Our key findings are that the ERC analysis predicts ACE2 to have previously
unidentified protein partners, and to be part of interaction networks relevant to COVID-19
pathologies. Most notably, ACE2 forms strong ERC networks relevant to coagulation and
immunity. A potential mechanism is that reduced abundance of membrane-bound ACE2 disrupts
signaling networks. Additionally, the presence of the soluble ACE2 ectodomain may explain the
systemic pathologies of COVID-19 infection as its circulation in the blood can affect pathways
throughout the body. We recognize that the new ACE2 protein connections predicted by ERCs
may not be causal in severe COVID-19 pathologies. However, our novel findings that the ACE2
ERC network connects to coagulation and immunity pathways is noteworthy, with clear potential
implications to some of the unusual features of COVID-19. In addition, results may have
relevance to other functions of ACE2, such as circulatory homeostasis and digestion. The ERC
analysis predicts additional protein connections that can be relevant to biological processes and
disease. For instance, ERCs predict novel interactions for cytokine and immunity related
proteins, such as for XCR1, IFNLR1, IFNAR2, and TLRS. Future investigations of the ERC
networks of these and related proteins could be worthwhile. ERCs also suggest strong but
previously undescribed connections for proteins, such as CLU, GPR141, F5, and GENI1.
Validation studies are necessary to determine to what extent strong ERCs predict biological
interactions among proteins, such as the ones detected here.



Further computational analyses of ERCs are needed to better understand their relationship to
protein function and evolution. For instance, machine learning and simulation approaches can be
used to determine which aspects of protein structure, amino acid properties, and rates of protein
evolution, improve ERC predictive power. We are currently expanding the mammalian protein
set for such analyses. Finally, if evidence mounts that ERCs can be informative in predicting
protein interactions, the approach can be applied more broadly as an additional tool for detecting
protein interaction networks involved in many biological processes and disease.
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Supplementary Information

Supplementary Information is composed of three parts: (1) Large supplementary files deposited
at FigShare (https://doi.org/10.6084/m9.figshare.14637450), (2) Python and R code for ERC
pipelines and additional analyses deposited in GitHub (https://github.com/austinvl 1/ERC-
Pipeline), and (3) Supplementary Text with embedded associated figures and tables.

1. FigShare Collection: The following files are available at
https://doi.org/10.6084/m9.figshare.14637450.

- File 1: Select proteins’ 30MY ERC lists, contains multiple-test corrected p-values.

- File 2: Pairwise p and unadjusted p-value 30MY ERC matrices for all proteins.

- File 3: Enrichment results for select top ERC protein sets.

- File 4: Zip file containing the mammalian time-scaled phylogeny and maximum
likelihood protein trees in newick format.

- File 5: Table depicting the total number of taxa present for each protein’s sequence data,
along with the number of taxa for which there are paralogy in the uncorrected and
30MY corrected data.

- File 6: Branch time to terminal branch rate correlation results for the protein set.

- File 7: Chi-squared test results for all proteins testing for whether there is an
overrepresentation of rates below the regression line for short branches (<30MY).

- File 8: Branch time vs terminal branch rate residuals to branch time correlation results
for the protein set.

- File 9: Wilcoxon matched signed-rank test significance values testing for branch
adjustments following 20MY and 30MY adjustments.

- File 10: Coefficients for the select proteins used for the linear models containing ACE2
rate rank, Btime rate rank, and taxonomic orders as independent variables.

- File 11: 30MY-adjusted ERC comparisons within and between CORUM complex
members.

2. Code Repository: https://github.com/austinv11/ERC-Pipeline

3. Supplementary Text with Embedded Figures and Tables: Below is the supplementary
text with associated figures and tables

Table S1: Index of supplementary material. (1) The FigShare Collection contains large files that
are not conveniently expressed in the Supplementary Text document. (2) Code for the pipeline is
made available on Github under the MIT software license. (3) All supplementary figures and the
remaining tables are embedded in the following Supplementary Text document.
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A. Mammalian Data Set

As described in the methods section, the data set is primarily based on the orthologous protein
groups available on OrthoDB (Kriventseva et al., 2019) based on the “mammalia” taxonomic level.
We selected protein groups that are single-copy in all species with greater than 90 taxa represented.
An additional 156 proteins, which did not meet the initial single copy in all taxa requirement, were
added to extend the analysis in pathways of interest (e.g. coagulation cascade, sphingolipid
signaling, renin-angiotensin system). Of these proteins, 47 were added due to literature suggesting
an association with COVID-19, to evaluate their ERCs to ACE2, such as IFNAR2 and XCRI1
(Severe Covid-19 GWAS Group, 2020; Pairo-Castineira et al., 2021; Fricke-Galindo & Falfan-
Valencia, 2021). Only proteins with relatively minor paralogy issues were added by this method
(Supplementary File 5). The rationale for this approach is that it would be very difficult to
determine which paralog to choose for the analysis in terminal branches with multiple paralogs for
a particular protein. The final set contains a total of 1,953 proteins, including ACE2.

In 23 cases (Table S2), OrthoDB orthology groups contain multiple distinct protein groups
resulting from ancient gene duplications. In some cases, we examined the phylogeny of the
orthology group and, where appropriate, divided and added them to our protein set. In most cases,
the division was supported by protein annotation names within the orthology group, and the protein
sequences were split based on reference annotations given by OrthoDB and sequence similarity.
For example, coagulation factor IX (F9) and X (F10) were within the same orthology group
(OrthoDB ID: 91794at40674).

OrthoDB ID Distinct Proteins Added
10776at40674 IGF1R,INSR
15742at40674 ABCC1,ABCC3.,ABCC6
25854at40674 DPP8,DPP9
32671at40674 MAP3K5MAP3K15
46864at40674 LIFR,0SMR
55743at40674 PRKCI,PRKCZ
66003at40674 BMX,BTK
68344at40674 SPTLC2,SPTLC3
79978at40674 PPP2R5D
85041at40674 TMPRSS2, TMPRSS3
91794at40674 F9.F10

94914at40674 PPP2R2A.PPP2R2B,PPP2R2C
95740at40674 MAPKS8,MAPKI10
103747at40674 GLA,NAGA
111203at40674 MAPKI12,MAPK13
114138at40674 CERS5,CERS6
123408at40674 DEGS1,.DEGS2
123688at40674 SGPP1,SGPP2
123726at40674 PPP2CA PPP2CB
129864at40674 MAPK11,MAPKI14
132357at40674 SPHK1,SPHK?2
138259at40674 CCR2,CCR5
166274at40674 ACERI1,ACER2

Table S2: The OrthoDB groups that were added to the dataset for which there were multiple
distinct proteins reported as a single orthology group. The proteins listed on the right column were
all the disambiguated proteins added to the 30MY dataset (so they had to have met our requirement
of having at least 50 of the selected taxa).



A well-resolved time-scaled mammalian phylogeny available from TimeTree (Kumar et al., 2017)
was used that includes the taxa that were in our orthologous protein sets. This tree contained 108
mammals (Fig. S1, Table S3) in the original uncorrected data set. Later, in order to correct a
terminal branch time (BT) to protein rate correlation found for most proteins due to short branches
(see below), we removed taxa from oversampled clades with short terminal branches. We found
that a 30MY threshold for terminal branches eliminated the terminal branch time to protein rate
for 87.5% of proteins (described in Section E), resulting in 50-60 taxa per protein (Table S3).
These data were used for the ERC analysis reported in the main text.



RNITHORHYNCHUS ANATINUS
‘ MONODELPHIS DOMESTICA

SARCOPHILUS HARRISI
— PHASCOLARCTOS CINEREUS
DASYPUS NOVEMCINCTUS
TRICHECHUIS MANATUS
r LOXQDONTA AFRICANA

ORYCTEROPUS AFER
— ELEPHANTULUS EDWARDII
ECHINOPS TELFAIRI
HRYSOCHLORIS ASIATICA
—————————— OGRYCTOLAGUS CUNICULUS
OCHOTONA PRINCEPS
HETEROCEPHALUS GLABER
FUKCMYS Dy

CAVIA PORCELLUS.
L:OCTODDN DEGUS
CHINCHILLA LANIGERA,
3 TRIDECEMLINEATUS
MARMOTA MARMOTA
DIPODOMYS ORDII

CASTOR CANADENSIS
JACULUS JACULUS

————— NANNOSPALAX GALILI
ﬁ PEROMYSCUS MANICULATUS
— NCROTUS OCHROGASTE

ETULUS GRISEUS
MESOCRICETUS AURATUS
MERIONES UNGUICULATUS
RATTUS NORVE
IS PAHAF

‘ "
L MUS MUSCULUS
EOPTERUS VARIEGATUS
OTOLEMUR GARNETTH
I— PROPITHECUS COQUERELI
—— MICROCEBUS MURINUS
———————— CARLITO SYRICHTA
BOLIVIENSIS
BUS
TUS NANC af
GALLITHRIX JACCHUS.
NOMA UCOGENY

HOMOSAPIENS
J— ‘ PAN TROGLODYTES

- P NISCUS
RHINOPITHECUS RC
RHINOPITHECUS BIETI
FILIOCOLOB HROSC
LOBUS ANGC I
“HLOROCEBUS SABAEL
APID ANUBI

1 s FASCICUI
‘ MACACA MULATTA

GONDYLURA CRISTATA
- SDREXARANEUS

ERINACEUS EUROPAEUS

RHINOLOPHUS SINICUS
HIFPOSIDERDS ARMIGER
ROUSETTUS AEGYPTIACUS

PTEROPUS /
— PTEROPUS VAMPYRUS
MINIOPTERUS NATALENSIS
EPTESICUS FUSCUS
YO C ]}
L wvons worusus

CERATOTHERIUM SIMUM

ZEWAL S
EQUUS CABALLUS
MANIS JAVANICA
PANTHEF
PANTHERA PARD
INONYX JUBA
FELIS CATUS
CANIS LUPUS

URSUS MARITIMU
AILURDPODA MELANOLELCA
ENHYDR: RI
MUSTELA PUTORIUS
LEPTC ES WEDDE
ODOBENUS ROSMARUS
1cu

ELUS DROMEDS
AME BACT
CAMELUS FERUS

SUS SCROFA

BALAENOPTERA ACUTDROSTRATA
4‘_‘_ SIOPS TRUNGA

ORCINUS ORCA

ODOCOILEUS VIRGINIANUS
PANTHOLOPS HODGS

Tree scale: 10 ——

Figure S1: Full original phylogeny topology with branches scaled to time (in millions of years)
based on TimeTree (Kumar et al., 2017). Branches highlighted in grey are removed following a
30MY branch length threshold correction. The tree illustration is created using iTOL (Letunic &
Bork, 2021).
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Figure S2: Time-scaled phylogeny only containing the 60 selected
threshold correction. The tree illustration is created using iTOL (Letunic & Bork, 2021).
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Eptesicus fuscus
Myatis david
Myatis |
Ceratotherium simum
Equus caballus
Mauis javanica

Felis catus

Canis lupus

i coquereli
Carlito syrichta
Callithrix jacchus
Homo sapiens
Macaca mulat ta
Condylura cristata
Erinaceus eurapacus
Sorex araneus
Hipposideros armiger
Rhinolophus sinicus

Rousettus aegyptiacus
Pteropus vampyrus
Miniopterus natalensi
Eptesis us

s
Myotis lucifugus
Ceratotherium simum

Canis lupu
Ailuropoda melanoleuca

Sus serofa
Balaenoptera acutorostrata
Physeter catodon
reinus orca
Odocoiler

Ursus maritimus
Enhydra lutris
Mustela putor
Leptonychotes weddellii
Odobenus rosmarus
Vicugna pacos

Camelus ferus

Sus scrofa

Odocoileus
Pantholops hodgsonii

ter catodon

Tursiops truneatus
Orcinus orca
Vicuga
Camelus dromedarius
Camelus ferus

elus bactrianus
Ceratotherium simum
Equus asinus

Equus przewalskii
Equus caballus

Manis jovanica

Canis
Ursus maritimus
Ailuropoda melanoleuca
Odabe
Leptonychotes weddellii
Mustela putorius
Enhydra |
Felis catus
Acinonyx jubatus
Panthera tigr
Panthera pardus
Condylura cristata
Sorex araneus
Erinaceus europacus
Monodelphis domest
Sarcophily si
Phascolarctos cin

pacos

osmars

us

Physeter catadon

Oreinus orca
Odocoilens virginianus
Pantholops hodgsonii
Ovis aries

Bos grunnicns

Bos grunniens

Table S3: List of taxa that are in the original phylogeny (left column), the taxa that are chosen
following a 20MY correction (center column), and the taxa which are chosen following the 30MY
threshold correction (right column).

The final data set is composed of 1,953 orthologous protein groups with each individual protein
containing 50 to 60 taxa total.



B. ERCs on The Original Phylogeny with Short Branches

ERCs were initially calculated for the 1,953 proteins using the complete mammalian phylogeny
(Fig. S1) using the same scheme as defined in Methods section of the main text. The top 40 ERCs
for ACE2 using this initial method are shown in Table S4. However, these ERCs could be driven
(in part) by a spurious correlation to branch time (Section C) An initial attempt to remove the
correlation was conducted using partial correlations(Kim, 2015) (Section D). The top 40 ACE2
ERCs for this treatment are also presented in Table S4, along with the final, 30MY threshold
corrected ERCs. There are 7 proteins (TNFSF18, IFNAR2, GPR141, CLU, F5, SERPINAS, and
SLC10A6) that are shared among all three top 40 ACE2 ERCs. Nine proteins are shared between
the top 40 original ACE2 ERCs (TSGA13, CLU, F5, GPR141, PLA2G7, SLC10A6, IFNAR2,
TNFSF18, and SERPINAS) and the 30MY ERCs, with 8 proteins that are shared between the top
40 ACE2 branch time-corrected ERC and 30MY ERC sets (CLU, F5, COL4A4, GPR141,
SLC10A6, IFNAR2, TNFSF18, and SERPINAS).

Original ERCs

BT-Corrected ERCs

30MY-Adjusted ERCs

Rank | Protein P P FDR P Protein P P FDR P Protein P P FDR P
1 I[FNAR2 0.711 2.0E-15 8.8E-13 | PLA2R1 0.567 6.2E-10 1.2E-06 | GEN1 0.669 4.3E-08  4.2E-05
2 APOB 0.709 5.5E-17 1.1E-13 | APOB 0.543 3.8E-09 3.7E-06 | XCR1 0.669 3.2E-08  4.2E-05
3 TNFSF18 0.700 99E-16 6.5E-13 | CERS3 0.537 6.0E-09 3.9E-06 | CLU 0.631 3.1E-07 1.5E-04
1 OSMR 0.699 5.8E-16  5.6E-13 | [IFNAR2 0.521 1.2E-07 3.3E-05 | TMEMG3C 0.630 2.0E-07  1.3E-04
5 CERS3 0.682 2.3E-15 8.8E-13 | WRN 0.500 8.5E-08 3.3E-05 | IFNAR2 0.616 2.5E-06 6.1E-04
[ SERPINA5S 0661 1.3E-13 2.1E-11 | RMI1 0.499 1.1E-07 3.3E-05 | KIF3B 0.599 L7TE-06 4.9E-04
7 PLA2G7 0.658 7.5E-14 1.8E-11 | SPHKAP 0.498 1.0E-07 3.3E-05 | ITPRIPL2 0.590 1.7E-06 4.9E-04
8 LIFR 0.657 1.1E-13 2.1E-11 | GPR183 0.495 14E-07 3.4E-05 | FAM227A 0.589 18E-06 4.9E-04
9 SLC51B 0.656 6.9E-13  5.4E-11 | OSMR 0.486  3.5E-07  6.0E-05 | TLRS 0.583 3.TE-06  7.2E-04
10 GPRI183 0.655 8.5E-14 1.8E-11 | TNFSF18  0.483 5.5E-07 7.6E-05 | COL4A4 0.579  3.TE-06  7.2E-04
11 FGB 0.655 6.5E-14 1.8E-11 | COL4A4 0.483 3.7E-0T  6.0E-05 | FAM3D 0.574 58E-06 8.4FE-04
12 F5 0.654 7.2E-14 1.8E-11 | SLC10A6 0.482 3.3E-07 G.0E-05 | F5 0.572 4.1E-06  7.2E-04
13 RMI1 0.651 1.2E-13 2.1E-11 | F5 0.480 3.3E-07  6.0E-05 | AR 0.572  T7.7TE-06  8.8E-04
14 CPB2 0.649 3.6E-13  3.9E-11 | EPB42 0.479  4.0E-07  6.1E-05 | TSGA13 0.569 T7T.1E-06  8.8E-04
15 CLU 0.649 4.9E-13  4.2E-11 | ZNF830 0.478 1.1E-06 1.0E-04 | PLA2GY 0.568  6.0E-06  8.4E-04
16 TSGA13 0.649 29E-13 3.5E-11 | SERPINAS 0473 1.0E-06 1.0E-04 | MMS19 0.564 59E-06 8.4E-04
17 PROCR 0.647 1.9E-13 29E-11 | CIP2A 0.470  6.2E-07  8.1E-05 | AMOT 0.562 8.1E-06  8.8E-04
18 ZNF830 0.646 1.6E-12  9.4E-11 | C5orf34 0.469 7.6E-07 8.7E-05 | LICAM 0.560 8.6E-06  8.8E-04
19 Chorf34 0.646 24E-13 3.2E-11 | CAT 0468 T7.1E-07 8.7TE-05 | PDYN 0.560 7.3E-06 8.8E-04

20 GPR141 0.645 3.2E-13  3.7E-11 | MUCI15 0.465 1.3E-06 1.1E-04 | IQCD 0.559  9.2E-06  8.9E-04
21 CXCL10 0.645 2.5E-13 3.2E-11 | VIN 0.464 1.2E-06 L1.0E-04 | SERPINAS 0.557 2.2E-05 1.4E-03
22 PLA2R1 0.640 4.5E-13  4.2E-11 | SELP 0.461 1.1E-06 1.0E-04 | CERS4 0.355 29E-05  1.5E-03
23 EPB42 0.639 4.8E-13 4.2E-11 | PPPIR3A 0460 1.1E-06 1.0E-04 | CC2D1B 0.555 LI1E-05  1.OE-03
24 WRN 0.637 4.7E-13 4.2E-11 | PLG 0.459 1.1E-05 3.8E-04 | GPR141 0.552  1L.5E-05 1.2E-03
25 IFTH1 0.637 4.7E-13  4.2E-11 | KITLG 0.455 1.8E-06 1.4E-04 | FSCB 0.551 28E-05  1.5E-03
26 BDKRB2 0.635 1.3E-12 8.5E-11 | FGB 0.454 1.6E-06 L1.3E-04 | RGR 0.549 3.0E-05 1.5E-03
27 IL1B 0.635 1.3E-12  8.6E-11 | FAM237A  0.454 3.0E-06  2.0E-04 | COL4A5 0.549  2.1E-05  1.4E-03
28 BVES 0.634 6.3E-13  5.2E-11 | GPR141 0.452  2.3E-06  1.7E-04 | TNFSF8 0.548 12E-05  1.1E-03
29 COL1A2 0.633 1.3E-12 8.5E-11 | APOBR 0.451 5.0E-06 24E-04 | CCDC36 0.548 1.5E-05 1.2E-03
30 CAT 0.632 7.9E-13  6.0E-11 | CXCL10 0.450  2.3E-06  1.7TE-04 | MRC1 0.548  L3E-05  1.1E-03
31 TLR7 0.632 1.4E-12 R.7E-11 | CLU 0.449 4.1E-06 2.1E-04 | CD27 0.545 3.0E-05 1.5E-03
32 PPPIR3A  0.632 8.5E-13 6.1E-11 | ATP10D 0.448 3.0E-06  2.0E-04 | ADCK4 0.545 21E-05  14E-03
33 HK3 0.629 1.8E-12 1.0E-10 | LIFR 0.446 3.7E-06  2.0E-04 | SOWAHA  0.543 2.2E-05 1.4E-03
34 SLCI0AG 0.629 1.4E-12 8.7E-11 | FERIL5 0.446 3.3E-06  2.0E-04 | F2RL2 0.539 3.7E-05 1.7E-03
35 VTN 0.626 29E-12  1.5E-10 | SERTAD4  0.446 2.6E-06  1.8E-04 | WDRG6 0.5336  21E-05  1.4E-03
36 BCLAF3 0.624 2.4E-12  1.3E-10 | PPP2R3A  0.443 3.6E-06 2.0E-04 | TRADD 0.535 26E-05  1.5E-03
37 REL 0.623 2.0E-12 1.1E-10 | IL5RA 0442 4.6E-06 2.2E-04 | RELA 0.533 2.8E-05 1.5E-03
38 RNASEL 0.621 3.2E-12  1.7E-10 | PIGV 0.442  3.7E-06  2.0E-04 | SLCI10A6 0.531  3.0E-05  1.5E-03
39 APOBR 0.621 2.0E-11 7.1E-10 | ZDHHC4 0.442  3.7E-06  2.0E-04 | IL23A 0.529 4.7E-05 1.7E-03
40 SELENOP  0.618 5.6E-12 2.7E-10 | CPED1 0.441 3.5E-06 2.0E-04 | TNFSF18  0.528 5.8E-05 1.8E-03

Table S4: The top 40 ERCs for ACE2 based on the original ERC method (left), BT-Corrected
partial correlation ERC method (center), and the standard 30MY -adjusted ERC method (right).
FDR corrections are based on the full ERC dataset for each respective ERC method.



C. Branch Time to Protein-Rate Correlation Problem

In examining the terminal branch rate correlation data for ACE2, we found that its rate of evolution
was correlated with the terminal branch time (BT) (illustrated in Fig. S3). We suspect that this
correlation may be due to episodic selection over the course of its evolution (possibly driven in
part by evolution in its partners). As a result, BT could be a confounding correlate in ERC.
Examination of the proteins in our set indicated a significant BT correlation to evolutionary rate
for 1,559 out of 1,953 proteins (p < 0.05; Supplementary File 6). Notably, many of the strongest
original ERCs to ACE2 (such as IFNAR2 and APOB), have very significant correlations to BT
with p values greater than 0.5 (Table S5). To directly test the effects of time on predicted ERC
interactions, multiple linear regressions were performed on the rank-transformed rate data from
protein relationships of interest, with time as a covariate (equations in the form:
Proteinggterank = P2ACE2paterank + P1BranchTimeggnk + Bo).- Many of the proteins with
strong ACE2 ERC:s resulted in models with the time variable being a significant factor (Table S6).
These results additionally hold using similar models under an ANOVA test (Table S6). Examining
scatterplots of protein evolutionary rates indicate that the pattern may be driven by short branches
with respect to BT (examples in Fig. S3). As expected by this interpretation, the vast majority of
proteins (all but 37 of 1953; Supplementary File 7) show significantly more points below the
regression line for short branches (<30MY). The short branches occur in relatively oversampled
taxonomic orders, as oversampling of closely related species shortens terminal branch times. Since
BT is a significant covariate in the original ERC data, the significant ERCs could be due, in part,
to a confounding covariance to BT. We therefore examined different approaches to remove this
confounding variable (below).
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Figure S3: A set of scatterplots depicting the rates of evolution of several proteins of interest
plotted against terminal branch time for the original data, with highly sampled clades colored. Also
depicted is the linear regression line to emphasize the positive association and Spearman’s rank
correlation test results (p and p-value). In each case, the rate data shows a significant correlation
with BT. For each protein, there are significantly more points below the regression line for terminal
branches <30MY, indicating lower rates for short branches.



Protein P P-Value

ACE2 0.629 1.10E-12
GEN1 0.512  2.38E-08
XCR1 0.521 1.45E-08
CLU 0.605 1.71E-11

TMEMG3C 0440 1.87E-06
IFNAR2 0.641  1.92E-12
KIF3B 0117  2.32E-01
ITPRIPL2Z 0.534 2.67E-09
FAM227TA  0.5340  1.57TE-09

TLRS 0.459  1.07E-06
COL4A4 0.384 5.23E-05
APOB 0.576 6.64E-11
PLA2R1 0.375 6.8TE-05
CAT 0.515  1.20E-08
CERS3 0.498  4.30E-08

Table S5: Spearman’s rank correlation tests on the terminal branch rates against BT for branch
time uncorrected data to proteins of interest (strong ERCs in the original or 30MY threshold
ERCs). In all cases shown, the proteins have a strong correlation between their terminal branch
rates and time prior to correction for short branches.

Intercept Intercept ACE2 Time ANOVA ANOVA
Protein R2;; ModelP Term P Term ACE2P Term TimeP ACE2P TimeP
GEN1 0.382  2.68E-11 15.672 2.18E-03 0.449  248E-05 0.241 1.92E-02 2.00E-11  1.92E-02
XCR1 0.341  6.02E-10 17.340 1.05E-03 0.384 437E-04 0272 1.13E-02 7.58E-10 1.13E-02
CLU 0.476  1.72E-14 11.114 1.66E-02 04533 4.07E-06 0.323 7.49E-04 5.19E-14 T7.49E-04
TMEM63C 0.222  1.33E-06 24.124 4.63E-05 0.204 7.20E-02 0332 3.94E-03 T.41E-06  3.94E-03
IFNAR2 0.556  7.33E-17 7.939 5.32E-02 0515 1.IRE-07 0.314 G6.92E-04 1.33E-16 6.92E-04
KIF3B 0.125  5.21E-04 36.182 2.42E-08 0458  2.12E-04 -0.168 1.62E-01 2.60E-04 1.62E-01
ITPRIPLZ  0.292  1.21E-08 20.694 2.24E-04 0.183  9.12E-02 0419 1.69E-04 5.37E-07 1.69E-04
FAM227TA  0.339  3.94E-10 17.841 9.16E-04 0330  1.92E-03 0.327 2.14E-03  1.55E-09  2.14E-03
TLRS 0.322  2.93E-09 18.343 6.31E-04 0433  9.81E-05 0200 6.37E-02 1.35E-09 6.37E-02
COL4A4 0.327  1.35E-09 21.071 1.04E-04 0.578  3.68E-07 0.008 9.37E-01 1.83E-10 9.37E-01
APOB 0.523  3.15E-17 10.849 1.62E-02 0.569  3.79E-09 0.223 1.29E-02  1.58E-17  1.29E-02
PLA2R1 0.400  3.98E-12 19.693 1.34E-04 0.677 6.17E-10 -0.059 5.49E-01 5.45E-13  5.49E-01
CAT 0.408  1.58E-12 15.654 2.03E-03 0519  7.13E-07  0.180 6.94E-02  5.22E-13  6.94E-02
CERS3 0.467  8.43E-15 13.804 4.03E-03 0592  6.02E-09 0.143 1.29E-01 1.79E-15 1.29E-01

Table S6: Linear model fit using the original data set to test for branch time and ACE2 effects,
using the form: Proteinguterank = B2ACE2gaterank + BiBranchTimeggni + Bo - Selected
proteins of interest are shown from top ACE2 ERCs of the original and 30MY data sets. In all
cases, except for TMEM63C and ITPRIPL2, the model has a strongly significant reported P-value,
indicating that ACE2 is significantly predictive. For 8 of 14 proteins branch time is also
significantly predictive. For ANOVA, all 14 proteins show a significant ACE2 effect, and 8 of 14
have a significant Branch time effect. This indicates that branch time is a confounding factor for
many ACE2’s ERCs in the original data, which contains short terminal branches.

D. Partial Correlation to Address BT-PR Correlation

As time is a significant confounding effect on the protein rate, ERCs values may be distorted by
the branch time covariate. We, therefore, investigated the use of “partial correlations” to control
for the confounding effect of time on our correlation calculations (Kim, 2015). Partial correlation-
based ERCs were generated utilizing the “ppcor” R package (Kim, 2015) to produce Spearman’s
rank partial correlation tests while controlling for the effects of terminal branch time. The partial
correlations are based on fitting a linear model to the variable(s) being controlled for and then



performing a Spearman’s rank correlation test on the residuals of the two models. These residuals
represent the variance in the data that are unexplained by the variable(s) being controlled for. In
particular, terminal branch time was controlled to account for the observed correlation to BT. Even
following the partial correlation controlling for BT, ACE2 still had strong ERCs to immune
system-related proteins such as IFNAR2 (Table S4). However, partial correlations are not robust
to assumption violations. As partial correlations are based on performing a rank correlation test on
the residuals of linear models of rates trained against time, we examined the data to assess the
possibility of these violations. Several problems were noted upon examining residuals of
individually trained models. The most important of which is that rate vs BT residuals were still
correlated with BT. Since these residuals should capture variance that is not explained by terminal
branch time, it is unexpected for these residuals to still have a strong association to BT. However,
1,529 of 1,953 proteins have residuals that still have a significant Spearman’s correlation to time
(p < 0.05 Supplementary File 8, select proteins are displayed in Table S7). Key proteins such as
ACE2 are among the set of proteins with residuals that still correlate significantly to BT (Table
S7). The previous analysis showed that short branch rates are overrepresented below the protein
rate to branch time regression line for the vast many proteins, which likely explains why the partial
regression fails to remove the branch time correlation in many cases.

Residuals Residuals

Protein vs Time p vs BTime P
ACE2 0.197 4.60E-02
GEN1 -0.006 9.51E-01
XCR1 0.133 1.77TE-01
CLU 0.092 3.55E-01
TMEMG63C 0.374 6.55E-05
IFNAR2 0.081 4.35E-01
KIF3B 0.519 1.17E-08
ITPRIPL2 0.365 1.03E-04
FAM227A 0.284 2.86E-03
TLRS 0.200 4.23E-02
COL4A4 0.546 1.75E-09
APOB 0.114 2.41E-01
PLA2R1 0.327 5.75E-04
CAT 0.408 1.14E-05
CERS3 0.299 1.67E-03

Table S7: Spearman’s rank correlation tests of the residuals of linear models trained on a protein’s
rates against time. Ten of the 15 proteins depicted (including ACE2) retain a significant association
with time after accounting for time. Full table available in Supplementary File 8.

As we noted that short branches appear to drive the rate to BT correlation (Fig. S3), we therefore
decided to control for confounding branch time effects by removing short branches and
recalculating ERC rates.

E. Removing Short Branches to Remove the Confounding BT-Rate Factor

As we observed that terminal branch time is a confounding factor in our ERC analysis (Section
C), we examined short branches as a likely driver for the association. Therefore, we identified
sister taxa with short branches and selectively remove one or more, to remove short branches and
extend branches in the remaining sister taxa (Fig. S2, Table S3). The procedure was applied to
produce clades with branch lengths with a 20MY BT threshold or a 30MY BT threshold. Note that
we allowed around a 3 MY buffer (e.g. 30-27 MY threshold) so as to not restrict the taxonomic
sample sizes too heavily. The specific representative taxa were picked arbitrarily, but generally
were chosen to allow for the greatest number of internal nodes to be merged into a single branch



(Table S3), with the main exception to the rule being that Homo sapiens was selected as the
representative of its clade, due to its relevance to the COVID-19. The taxa selections at the 20MY
time scale resulted in the removal of 32 taxa from the original phylogeny and the taxa selections
at the 30MY time scale resulted in the removal of 48 taxa. Both adjustments to the data strongly
reduced the number of proteins displaying a significant association between rate and BT.
Specifically, while the original data set had 1,559 out of 1,953 proteins which displayed a
significant correlation between BT and rate (p < 0.05), the 20MY adjustment reduced this number
to 1,065 proteins, and the 30MY adjustment reduced the number of proteins with a significant rate
to BT correlation to 245 (select proteins in Table S8, complete set in Supplementary File 6), or
12.5% of proteins. Therefore, the 30MY terminal branch length threshold most effectively
removed branch time as a confounding factor. After the 30MY correction, there is no longer a
significant correlation between branch time and branch rate for most proteins, as illustrated in
Table S8 and Figure S4.

Full Rate-Btime  20MY Rate-Btime 30MY Rate-Btime

Protein p P-Value p P-Value o P-Value
ACE2 0.629 1.10E-12 | 0.484 1.8GE-05 | 0.208  1.24E-01
GEN1 0.512  2.38E-08 | 0.381 8.73E-04 | 0.075 5.7T8E-01
XCR1 0.521 1.45E-08 | 0.436 1.32E-04 | 0.116  3.86E-01
CLU 0.605 1.7T1E-11 | 0.553 3.91E-07 | 0.297 2.36E-02

TMEM63C 0.440 1.87E-06 | 0.248 3.07E-02 | 0.189  1.49E-01
IFNAR2 0.641 1.92E-12 | 0.377 1.94E-03 | 0.263  5.67TE-02
KIF3B 0.117  2.32E-01 | 0.010 9.35E-01 | 0.164  2.17E-01
ITPRIPL2 0.534 2.67E-09 | 0.498 4.60E-06 | 0.221  8.94E-02
FAM227A  0.540 1.57E-09 | 0.293 1.03E-02 | 0.192  1.42E-01

TLRS 0.459  1.07E-06 | 0.462 4.33E-05 | 0.241  7.05E-02
COL4A4 0.384  5.23E-05 | 0.397 5.05E-04 | 0.132  3.20E-01
APOB 0.576  6.64E-11 | 0.488 7.69E-06 | 0207 1.12E-01
PLA2R1 0.375  6.87E-05 | 0.309 6.93E-03 | 0.014  9.14E-01
CAT 0.515  1.20E-08 | 0.246 3.25E-02 | 0.046  T7.27E-01
CERS3 0.498  4.30E-08 | 0.316 5.48E-03 | -0.048  T.15E-01

Table S8: Spearman’s rank correlation tests on the terminal branch rates versus branch time for
proteins of interest for the three different time threshold treatments: No cutoff, 20MY cutoff,
30MY cutoff. In all cases, the correlation with rate and time decrease—to the point where
unadjusted p-values are insignificant at p < 0.05 level for all but one protein at the 30MY cutoff.
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Figure S4: A set of scatterplots depicting the rate of evolution of several proteins of interest plotted
against terminal branch time with highly sampled clades colored. The left column of plots depicts
the original rate data and the right column depicts the corresponding rate data following a 30MY
adjustment. Also depicted is the regression line to emphasize the positive association and the
statistics of Spearman’s rank correlation test results (p and p-value). In each case, the original data
shows a significant correlation with BT while the 30MY adjusted data shows that the association
is no longer significant.

Results from the 30MY adjustment also reveal strong reciprocal ERCs among proteins known to
occur in complex with each other that were not apparent in the uncorrected ERC analysis. For
instance, the three fibrinogen subunits FGA, FGB, and FGG form a well-known fibrinogen
complex (Mosesson, 2005), and have strong reciprocal rank ERCs in the 30MY data, but do not



in the original treatment (Tables S9-S11). Similar empirical observations were noted among
several other interacting proteins such as the weak relationship between IFNAR1 and IFNAR?2 in
the uncorrected data but the much stronger relationship in the 30MY data (Table S12), despite
their being known to complex (Thomas et al., 2011). We also note weak relationships between
several of the Collagen Type IV subunits in the uncorrected ERC data, but the relationships were
again strengthened following the 30MY adjustment (Table S13) which are known to physically
interact (Casino et al., 2018), and found to form strong reciprocal rank ERCs in the corrected data
set.

FGA and FGB

ERC p Raw P Rank of FGB for FGA Rank of FGA for FGB
Original 0.703 8.5E-17 48 6
Time-Corrected  0.575 2.1E-10 62 5
30MY-Corrected  0.696 9.6FE-10 12 1

Table S9: The ERC results between the expected interacting proteins FGA and FGB under the
original ERC method, the time-corrected partial correlation-based ERC, and the final 30MY-
corrected ERC. This interaction does not meet our reciprocal rank 20 criteria until we use the
30MY-corrected ERCs.

FGA and FGG

ERC p Raw P Rank of FGG for FGA Rank of FGA for FGG
Original 0.661 3.8E-14 109 5
Time-Corrected  0.563 9.2E-10 77 )
30MY-Corrected 0.722 1.6E-10 2 1

Table S10: The ERC results between the expected interacting proteins FGA and FGG under the
original ERC method, the time-corrected partial correlation-based ERC, and the final 30MY-
corrected ERC. This interaction does not meet our reciprocal rank 20 criteria until we use the
30MY-corrected ERCs, additionally, the 30MY ERC value itself is strongest after the 30MY
correction.

FGB and FGG

ERC o) Raw P Rank of FGG for FGB Rank of FGB for FGG
Original 0.670 5.4E-15 23 4
Time-Corrected  0.568 3.3E-10 11 4
30MY-Corrected 0.603 4.3E-07 4 7

Table S11: The ERC results between the expected interacting proteins FGB and FGG under the
original ERC method, the time-corrected partial correlation-based ERC, and the final 30MY-
corrected ERC. This interaction does not meet our reciprocal rank 20 criteria using the original
ERC calculation. It does meet the reciprocal rank 20 criteria after time correction, but this
reciprocal rank interaction gets even stronger after the 30MY correction.



IFNARI1 and IFNAR2

ERC p Raw P Rank of IFNAR2 for IFNAR1 Rank of IFNARI1 for IFNAR2
Original 0.635 1.8E-11 52 215
Time-Corrected  0.497  T7.1E-07 151 167
30MY-Corrected 0.786 2.1E-11 2 18

Table S12: The ERC results between the expected interacting proteins IFNAR1 and IFNAR2 under
the original ERC method, the time-corrected partial correlation-based ERC, and the final 30MY-
corrected ERC. Notably, the interaction does not meet our reciprocal rank 20 criteria until our
30MY correction. We also note that the 30MY ERC is stronger than all other attempts.

Interacting Collagen Type IV Pairs

Protein Pairs Original ERC Ranks Time-Corrected ERC Ranks 30MY-Corrected ERC Ranks
COL4A1 - COL4A2 134 - 70 157 - 54 7-22

COL4A3 - COL4A4 48 - 57 40 - 38 1-1

COL4A3 - COL4A5 414 - 262 423 - 303 115 - 84

COL4A4 - COL4A5 228 - 123 189 - 115 105 - 74

COL4A5 - COL4AG6 7-33 4-23 7- 18

Table S13: The ERC ranks of protein pairs of interacting Collagen Type IV subunits according to
Casino et al. (2018) under different ERC corrections. P and p-values are omitted for clarity but in
all, instances, the p values were increased under the 30MY correction when compared to either the
time-corrected or original ERCs.

F. Testing Whether Branch Rate Increases with Evolutionary Time

There is a positive association between terminal branch time and the rate of evolution for many
proteins (Section C). The question, therefore, arises as to whether there is actually an increase in
evolutionary rate over time for these proteins. To test this question, we conducted an “experiment”
to extend branches along independent clades, in order to test whether increasing branch time
increases protein evolutionary rate. This was accomplished by extending branch lengths along
taxonomic branches in different clades by trimming adjacent taxa and comparing the protein rates
as branches are extended. (Fig. S5). Based on the TimeTree phylogeny (Kumar et al., 2017), we
selected individual clades containing short branches that would have their time scales extended
following a 20MY and 30MY adjustment (Fig. S5, Table S3).

MERIONES_UNGUICULATUS

u RATTUS_NORVEGICUS
| E— MUS_PAHARI
MUS_CAROLI
I.: MUS_MUSCULUS
Original Branch

20MY Branch
30MY Branch

Figure S5: Cartoon illustrating the branches being compared when testing whether branch rates
change upon an increase in time scale. In this instance, the taxon “Mus musculus” is selected from



the Rattus and Mus clades. The original short branch (orange), 20MY branch (cyan), and 30MY
branch (purple) are each used to calculate rates, and these are the paired data that is compared to
test for changes in rates.

Since we suspected that rates scale as time increases, we specifically tested whether there is a
significant difference in rate for each of these branches before and after 20MY and 30MY
adjustments, as described in Section E (14 selected taxa for comparing original vs 20MY, 12
selected taxa for comparing 20MY vs 30MY, 16 selected taxa for comparing original vs 30MY).
Tests on each branch’s rate against the respective adjusted rate were performed using two-tailed
Wilcoxon Matched Signed Rank Tests (results for all proteins are reported in Supplementary File
9), to test whether these rates significantly differed. We note that many proteins show significant
changes in rate under each adjustment, but this pattern is most prominent in the shift from short
branch rates to 30MY rates (longer branches). Examples are shown in Table S14 and Figure S6,
and the complete data are present in Supplementary File 9. Notably, out of our set of 1,953 proteins
using a significance cutoff of p < 0.05, 261 proteins show significant rate changes (238 of which
have a median increase in rate) in the Short-to-20MY treatment, 456 show significant rate changes
(442 of which have a median increase in rate) in the 20MY-to-30MY treatment, and 551 show
significant rate changes (545 of which have a median increase in rate) in the Short-to-30MY
treatment (Fig. S7).

Protein Short vs 20MY P 20MY vs 30MY P Short vs 30MY P

ACE2 3.58E-01 2.44E-03 2.14E-04
GEN1 2.45E-02 2.10E-02 7.63E-04
XCR1 1.04E-01 3.42E-03 1.82E-02
CLU 1.05E-02 6.84E-03 1.68E-03
TMEM63C 4.63E-01 2.33E-01 1.93E-01
IFNAR2 2.44E-04 2.50E-01 2.44E-03
KIF3B 9.52E-01 7.91E-01 8.60E-01
ITPRIPL2 1.00E+00 5.22E-02 4.64E-01
FAM227A 9.52E-01 6.77E-01 9.00E-01
TLR8 3.53E-02 9.77E-04 4.27E-03
COL4A4 5.83E-01 3.22E-02 7.39E-02
APOB 1.66E-02 9.77E-04 9.16E-05
PLA2R1 5.83E-01 9.77E-04 5.7T7E-02
CAT 8.54E-03 1.10E-01 1.68E-03
CERS3 1.94E-01 4.88E-04 9.19E-03

Table S14: Unadjusted P-values for two-tailed paired Wilcoxon signed-rank tests comparing the
rate of evolution of selected branches after various adjustments for selected proteins of interest.
Most proteins show significant differences in rate, and all but PLA2R1 has a significant difference
in rates from the original rate data and 30MY rate data.
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Figure S6: Boxplots of the differences in the rate of evolution of selected branches after various

adjustments for selected proteins of interest. A

dashed blue line indicates a difference of zero.

Sample size and two-tailed paired Wilcoxon signed-rank test p-values are indicated underneath
each respective box indicating if there was a significant change in rates.
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Figure S7: The distributions of p-values of the two-tailed Wilcoxon matched signed-rank tests
comparing whether there is a significant difference in the rates of difference in selected branches
when time scales were increased. Additionally, the vertical red line indicates a p < 0.05 threshold
for significance, such that all bins to the right of it represent insignificant tests.



We hypothesize that these shifts in rate may be due to increased evolutionary time scales being
able to capture episodic evolutionary events that would otherwise be missed in the short branches
of the original phylogeny. As longer time scales are considered, there could be a larger chance that
these episodic events would be captured, explaining the pattern.

G. Testing for Taxonomic Order Effects

We use three methods to test for taxonomic order effects on the calculated 30MY ERCs, (1)
multiple linear regression, (2) analysis of covariance (ANCOVA), and (3) non-parametric
independent contrasts. For the regression and ANCOVA approaches, 30MY rate data is grouped
by mammalian taxonomic orders accessed via ETE3 (Huerta-Cepas, Serra & Bork, 2016) and
treated as an independent variable. The independent contrasts test uses the mammalian topology
previously created with TimeTree (Kumar et al., 2017) to generate independent contrasts within
the phylogeny. Statistical tests for each method are performed using base R (version 3.6.1).

Linear regression models using mammalian order as a variable were tested in the following general
equation format: Proteinggterank = P3ACE2Raterank + B2BranchTimeggn + [10rder + B,
on the 30MY adjusted terminal branch time data. Since taxonomic order is a categorical variable,
R implicitly converts the variable to become a one-hot encoded “contrast” matrix. One can then
examine the reported model metrics to see if any of the encoded taxonomic order variables have a
statistically significant contribution to the resultant model. We focus our analysis on the top 5
proteins showing high 30MY ERCs with ACE2 (GEN1, XCR1, CLU, TMEM63C, and IFNAR?2).
All the examined models have a strong fit (Table S15). In most cases, none of the orders provide
a significant contribution to the model (Supplementary File 10). There are a few notable
exceptions. The model for GEN1 displays a near-significant contribution of Rodentia, but
removing Rodentia still results in a significant ERC to ACE2 (p = 0.60, unadjusted p = 4.5E-11)
so the ERC is not an artifact of the effect of Rodentia. Additionally, the model for CLU displays a
significant contribution of Dasyuromorphia (Supplementary File 10), however, there is only one
taxon within the order in the data and there is still a strong ERC when this taxon is removed (p =
0.67, unadjusted p = 3.2E-08). So, we do not consider this an important contributor to the ACE2-
CLU relationship, and it is more likely to be due to model overfitting. We also note that IFNAR2’s
model shows a significant contribution of the Carnivora, Cingulata, Perissodactyla, Pholidota, and
Primates. (Supplementary File 9). But the ERC between ACE2 and IFNAR?2 is still strong after
removing these orders from the 30MY rate data (p = 0.56, unadjusted p = 3.7E-04). Importantly,
all the models calculated show a significant contribution of ACE2, even in the presence of these
order effects (p-values range from 2.04E-02 to 4.1E-04; Supplementary File 9). Furthermore, the
linear models for each of these proteins of interest show an insignificant contribution of branch
time using the 30MY-based rate data, further validating the removal of the rate-time correlation
(Supplementary File 10).



Model

Protein R 4 P-Value
GEN1 0.678 1.04E-06
XCR1 0.520 2.93E-04
CLU 0.416 2.63E-03
TMEM63C  0.456 9.68E-04
IFNAR?2 0.724 1.51E-06

Table S15: The adjusted R? and overall model significance values for each of the linear models
representing ACE2’s top 5 ERC:s to test for the effects of taxonomic order. In all cases, the model
is significant at p < 0.05 and has strong fits reported by the R? values, confirming the relationships
identified with the 30MY ERCs between ACE2 and these proteins.

As an alternate method to test for the effects of taxonomic order, we used ANCOVA. ANCOVA
is a parametric test that allows for the inclusion of categorical data. Since ANCOVA has a similar
model structure as linear modeling, the same model structure described above is once again utilized
for statistical testing. ACE2’s top 5 ERC partners in the 30MY set have no significant effect of
taxonomic order except for GEN1 (p = 1.6E-03; Table S16) and IFNAR2 (p = 2.5E-04; Table
S16). However, ACE2 has a much more significant contribution to each of these models than does
Order (p = 7.9E-10 for GEN1 and p = 7.8E-09 for IFNAR2; Table S16). Removing the orders
identified above in the regression analysis eliminates the significant order effect detected by
ANCOVA for GENI (p = 2.2E-01) and reduces the effect for IFNAR2 (p = 8.6E-03). But as
discussed above, the ERCs for ACE2 to GEN1 and to IFNAR?2 are still strong and significant after
removing the taxa identified in the regression analysis. We also note again, that under 30MY
adjustment, terminal branch time is not a significant covariate in all cases examined (Table S16).

Protein ACE2P Order P BTime P

GEN1 7.9E-10 1.6E-03 7.0E-01
XCR1 4.8E-08 1.3E-01 9.9E-01
CLU 8.2E-07 4.9E-01 6.4E-02
TMEMG3C 2.9E-07 1.8E-01 5.8E-01
IFNAR2 7.8E-09 2.5E-04 3.5E-01

Table S16: Table showing the p-values for the covariates of ANCOVA tests run on linear models
considering the rates of proteins of interest against ACE2 with taxonomic order and terminal
branch time.

A Spearman non-parametric independent contrasts test (Garland, Harvey & Ives, 1992) was also
used to check for taxonomic effects in the 30MY adjusted rate data. The independent contrasts test
is used to examine if there is a significant relationship between ACE2 rates and its top 5 ERC
partners even after accounting for taxonomic effects between related species. The test is performed
using the R packages “ape” (Paradis & Schliep, 2019) and “picante” (Kembel et al., 2010). In all
cases, ACE2 continues to have a significant relationship to each protein (p < 0.05), indicating that
ACE2’s 30MY ERC relationships are not driven by taxonomic bias (Table S17).



ACE2 Contrasts
ACE2 30MY ERCs Correlations

Protein P P-Value p P-Value
GEN1 0.669 4.27E-08 | 0.673 3.39E-08
XCRI1 0.669 3.16E-08 | 0.503 1.05E-04
CLU 0.631 3.07E-07 | 0.604 1.32E-06
TMEM63C  0.630 2.02E-07 | 0.674 1.27E-08
IFNAR2 0.616 2.48E-06 | 0.613 2.80E-06

Table S17: Table showing the correlation coefficients and p-values for the Spearman non-
parametric independent contrasts tests on ACE2 against the top 5 ACE2 ERC proteins controlling
for phylogenetic effects with the use of independent contrasts. In all cases, the proteins retain a
strongly significant correlation with ACE2.

H. ACE2 CRR Subnetworks

Here we briefly describe other subnetworks within the CRR network with implications to COVID-
19.

TMEMO63C RR Subnetwork: TMEMG63C is one of four proteins that form a direct reciprocal rank
ERC association with ACE2 (RR20). It functions in osmolarity regulation. In addition to ACE2,
TMEMG63C has direct RR20 connections to three proteins, CCDC105, LECT2, and C160rf78, and
through them forms a subnetwork also containing TMCO2, ARMC7, PAX4, ETS1, and SUV39H1
(Fig. 3). LECT2 (Leukocyte Cell-derived Chemotaxin 2) is involved in macrophage activation,
insulin resistance and diabetes, and neutrophil chemotaxis (Yamagoe et al., 1996; Zhang et al.,
2018; Takata et al., 2021). TMEM63C and LECT?2 are significantly correlated (p = 0.64, FDR =
7.5E-04) with high reciprocal ranks (1,6). Thus, LECT?2 is connected to ACE2 through reciprocal
ranks between TMEM63C and ACE2.

Little is known about C160rf78, except that it is enriched in testes, and specifically in spermatids
(Uhlén et al., 2015). We, therefore, looked at its ERC protein associations as an exploratory tool
for possible function. C160rf78 forms a strong RR association with TMEM63C (RR 1,4) and also
has reciprocal ERCs with PAX4 (3,9), ETS1 (11,2),and SUV39H1 (10,15). ETS1 is a transcription
factor involved in cytokine and chemokine processes. Whereas SUV39H1 is a suppressor of
variegation protein whose function loss leads to chromosome instability. It has only 24 significant
ERC proteins. These show enrichment for pri-miRNA transcription from RNA polymerase II
promoter (FDR = 7.8E-03), scavenging by class A receptors Homo sapiens (FDR = 2.6E-02),
endosomal part (FDR = 2.8E-02) and striated muscle tissue development (FDR = 4.9E-02). Pri-
miRNAs are processed into miRNAs, whereas scavenging class A receptors play a role in innate
immunity as phagocytic receptors in macrophages and dendritic cells (Areschoug & Gordon,
2009), which ties to the endosome term enrichment. These observations may serve as a guide for
further investigations into C160rf78 function.

There is also little information on CCDC105, except an intriguing paper using phylogenetic
profiling to implicate it as functioning in meiosis-specific chromatin and spermatogenesis (Tabach
et al., 2013) and an association of a human variant with infertility (Handel & Schimenti, 2010).
Consistent with those two studies, enrichment of the top 2% ERCs for CCDCI105 has one



significant term, from proteomicsDB for spermatozoon (FDR = 4.5E-02). It forms strong RR
ERCs with the transcription factor PAX4 (3,9) and TMEM63C (1,4).

These findings suggest that TMEM63C protein connections involve innate immunity and
spermatogenesis and indicate possible avenues for elucidating interactions of its protein partners
of relatively unknown function, such as C160rf78 and CCDC105.

TSHZ3 Subnetwork: TSHZ3 does not have a significant ERC to ACE2, yet it connects to ACE2
through FAM3D, with which it has significant reciprocal ranks (1,9). TSHZ3 is a key regulator of
airflow and respiratory rhythm control (Caubit et al., 2010), phenotypes that could be important in
COVID-19 respiratory distress. Therefore, potential signaling interactions between TSHZ3 and
FAM3D3, possibly mediated by physical binding, warrant further examination. Additionally,
TSHZ3 variants are associated with amyloid-f processing and Alzheimer’s disease
(Louwersheimer et al., 2017), and it plays a role in smooth muscle development (Caubit et al.,
2008). TSHZ3 1is highly connected within the ACE2 CRR network, with 10 reciprocal rank
connections (Main Text Fig. 3). One of these, BRINP3, connects back to coagulation through FGA
and CPB2.

LICAM RR Subnetwork: L1CAM is the fourth protein with a direct RR20 connection to ACE2
(Figure 2). It was originally discovered as an important protein in nervous system development
(Moos et al., 1988; Samatov, Wicklein & Tonevitsky, 2016). Among its other functions may be
stem cell differentiation to vascular endothelial cells (Rizvanov et al., 2008), and it also plays a
role in tumor vascular development (Angiolini & Cavallaro, 2017). These functions may play a
role in its protein coevolution with ACE2. Interestingly, BMX is an RR20 to LICAM and is known
as a tyrosine kinase that is present in endothelial and bone marrow cells and may play a role in
inflammatory response (Chen et al., 2014). The BMX and ACE2 proteins are encoded by
neighboring genes on the X chromosome (Navarro Gonzalez et al., 2021) and BMX has been
shown to potentially have two SNPs with strong linkage disequilibrium to an ACE2 SNP
associated with the lowered circulation of angiotensin (1-7) (Chen et al., 2018). LICAM’s top 2%
ERC enrichment analysis shows significant terms for the coagulation pathway-related (FDR =
5.4E-04), tumor necrosis factor signaling (FDR = 6.4E-03), and gamma-carboxylation of proteins
(FDR = 6.7E-03). It connects to FGA through CDKN2C and to FGB through Pfn4.

1. Additional Information on ACE2 Interactor Proteins

Here we provide additional summary information on ACE2 ERC proteins of interest, based on our
review of data sources Gene Cards (Stelzer et al., 2016), KEGG (Kanehisa & Goto, 2000), UniProt
(Bateman et al., 2021), NCBI Entrez (Maglott et al., 2005), Human Protein Atlas (Thul et al.,
2017), and surveys of literature detected through Google Scholar searches. Additional information
on the ERC associations of these proteins is also presented below.

GENI (Flap endonuclease GEN homolog 1): GEN1 is ACE2’s top-ranked ERC (p =0.67, FDR =
4.2E-05). It is a DNA nuclease whose primary functions are the resolution of DNA Holliday
junctions (Chan & West, 2015), and DNA damage checkpoint signaling (Palmer & Kaldis, 2020).
It also has a role in centromere stability in both meiosis and mitosis (Gao et al., 2012). Consistent
with its roles in meiosis and mitosis, the second-highest ERC interactor for GEN1 is CC2D1B, a



protein involved in resealing of the nuclear envelope following mitosis and assembly and
disassembly of the mitotic spindle (Vietri & Stenmark, 2018).

Surprisingly, the top ERC interactor of GENI1 is Interferon A receptor 1 (IFNLR1), and they are
each other’s top-ranked ERC connections (Supplementary File 3). This implies a tight association
of GENI1 with the interferon pathways involved in immune response and antiviral defense
(Prokunina-Olsson et al., 2020), although there is little evidence for this in the literature. Interferon
pathways are important in antiviral defense, but also can contribute to cytokine storms and
COVID-19 pathologies (McKechnie & Blish, 2020). Along with SLC10A6 and TESPA1, GENI,
IFNLR1, and CC2D1B form a strong reciprocal rank network (Section D, Figure 3). GEN1’s top
2% ERC:s are enriched for multiple terms related to viral infection, such as HPV infection (FDR =
2.0E-03), Measles (FDR = 4.0E-03), Hepatitis C (FDR = 4.6E-03), Necroptosis (FDR = 4.6E-03),
Influenza A (FDR = 4.7E-03), and Kaposi sarcoma-associated herpesvirus infection (FDR = 5.5E-
03). Cytokine-cytokine receptor interaction is another significantly enriched term (FDR = 1.6E-
04). In contrast, based on our standard top 2% ERC list for enrichment, there are no significant
terms strictly related to DNA replication, despite that being the primary identified function of
GENI 1in the scientific literature. We speculate that GEN1’s functions in DNA and centrosomes
during mitosis could be related to DNA checkpoint signaling affecting apoptosis or necrotic cell
death, perhaps explaining the enrichment for proteins involved in viral responses. Identification of
binding domains between GEN1 and some of its top ERC partners could be informative for
possible functional studies.

XCR1 (X-C Motif Chemokine Receptor 1): XCR1 is the 2" top-ranked ERC for ACE2 (p = 0.67,
FDR = 6.18E-05). XCR1 is the receptor for the chemokine XCL1. The receptor-cytokine interplay
is involved in the immune response to infection and inflammation, development of regulatory T
cells in the thymus, and establishing self-tolerance (Lei & Takahama, 2012). Therefore,
disruptions of XCR1 due to protein interactions with ACE2 could play a role in COVID-19
complications. As well as being the top rank ACE2 ERC, these two proteins have reciprocal rank
correlations at the 2% level (ACE2 is rank 37 for XCR1). Strikingly, the Severe Covid-19 GWAS
Group (2020) detected a small genomic region containing six genes that significantly associates
with severe COVID-19, one of which is XCR1. Our finding that ACE2’s 2" highest ERC
interactor is also XCRI1 is striking for two reasons. First, it lends independent support for a
relationship between COVID-19 and XCR1. Second, it implicates that a direct interaction between
ACE2 and XCRI could be involved in COVID-19 pathologies. To our knowledge, there are no
other reports of interactions between these two proteins. Its Top 2% ERCs show an extremely
strong enrichment for cytokine-cytokine receptor interactions (FDR = 8.0E-06) and JAK-STAT
related terms (FDR = 9.7E-03), and for coagulation and complement and cascades (FDR = 1.0E-
02).

CLU (Clusterin, aka Apolipoprotein J): CLU is the 3 highest ACE2 ERC (p = 0.63, FDR = 1.5E-
04), and these two proteins show strong reciprocal ranks (3, 8), likely supporting biological
interactions. Relevant to this point is that both ACE2 and CLU have soluble forms that circulate
in the blood (Itakura et al., 2020). CLU prevents aggregation of misfolded proteins in blood by
binding to them, and also clears misfolded extracellular proteins by binding to heparan sulfate
receptors on cells, leading to endocytosis and degradation of CLU and associated proteins in



lysosomes (Itakura et al., 2020). This recently discovered mechanism has been referred to as a
“cleaning squad” for extracellular misfolded proteins (Sanchez-Martin & Komatsu, 2020). CLU
also protects cells from complement-induced apoptosis and lysis (Jenne & Tschopp, 1989). As
well as being abundant in blood plasma, CLU is also found on mature sperm and abundant in
seminal plasma (Uhlén et al., 2015).

CLU shows the strongest possible reciprocal ranking with GPR141 (1,1 - p = 0.68, FDR = 9.1E-
06). GPR141 is associated with megakaryocytes (see below). Consistent with their strong
evolutionary correlation, CLU is produced in megakaryocytes which subsequently mature into
platelets (Tschopp et al., 1993). CLU is released by activated platelets in surrounding fluids at sites
of vascular injury (Witte et al., 1993), which is consistent with their function in reducing protein
aggregations. A surprising finding is the significant association of Clusterin with several
coagulation pathway-related proteins (ranks shown in parentheses), including: F5 (3), F13B (9),
FGG (18), and FGA (27). In addition, it has a strong reciprocal interaction with mitochondrial
malic enzyme 2 (ME2, p = 0.62, FDR = 3.9E-05, reciprocal ranks 12,2). Analysis of CLU’s top
2% strongest ERCs shows significant enrichment for 186 terms. CLU’s top 4 most significantly
enriched terms all relate to the coagulation cascades and clot formation. Additional significant
terms are relevant to immunity, such as “Immune system” (FDR = 4.8E-03), “Signaling by
Interleukins” (FDR = 4.1E-03), and “Plasma Cell”, an activated immune cell type (FDR = 3.4E-
05).

Of direct relevance to COVID-19, Singh et al (2021) found in an expression study of coronavirus
infected cells that SARS-CoV-2, SARS-CoV, and MERS-CoV, show shared expression
alterations for two genes, one of which is CLU. Therefore, the ERC results for CLU are consistent
with aspects of their known function, and their interactions with coronavirus infections.

GPR141 (G Protein-Coupled Receptor 141): Although GPR141 falls just outside the top 1% ACE2
ERC set (rank 24 — 1.2%), its relevance to Clusterin and our protein network analysis below
warrants its inclusion here. There is limited information on GPR141 in the literature. Nevertheless,
GPR141 forms a very strong reciprocal rank with CLU (1,1), each being the top interactor with
the other, and CLU-GPR141-ACE2 forms a reciprocal rank 24 triad. According to the Human
Protein Atlas (Uhlén et al., 2015), it is highly expressed in the brain, bone marrow, lymphatic
tissue, and blood. Cell types showing enriched expression of GPR141 include granulocytes,
Kupfter cells, and macrophages, as well as alveolar cell types 1 & 2. A recent study found that
GPR141 expression is a molecular signature for megakaryocytes (Lu et al., 2018), the progenitor
cells for platelets and red blood cells. Noteworthy in this regard is that autopsy results of COVID-
19 victims with neurological manifestations find an unusual presence of megakaryocytes in brain
capillaries (Nauen et al., 2021). Additionally, elevated levels of IFN-activated megakaryocytes are
observed in the blood of patients with severe COVID-19 (Bernardes et al., 2020). These findings
suggest possible roles for GPR141 in COVID-19 pathologies.

Although there is limited information on GPR141, its protein interactions revealed by ERCs could
be informative. The GPR141’s top 2 percent ERCs show significant enrichment for 111 terms
(Supplementary File 3). Most of its top enriched terms relate to the coagulation cascade (FDR =
2.9E-10), with many of the contributing proteins being similar to Clusterin’s protein set.



Additionally, there is significant enrichment for terms related to regulation of vasodilator nitric
oxide (FDR = 3.0E-03), ceramide/sphingolipid signaling (FDR = 6.8E-03) and cytokine responses
(FDR = 6.8E-03).

Recent studies implicate GPR141 in Alzheimer’s Disease (AD) (Srinivasan et al., 2020; Hodges
et al., 2021; Novikova et al., 2021). The finding may be noteworthy given the very strong ERC
association of GPR141 with CLU and their top reciprocal ranks (1,1). Multiple lines of evidence
implicate CLU in AD, including a role in amyloid AP processing, CLU polymorphism association
with late-onset AD (Balcar et al., 2021), and correlations of CLU levels in serum and cerebrospinal
fluid with AD (Shepherd et al., 2020). Since the function of GPR141 is poorly understood, the
ERC results suggest that the two proteins interact closely, possibly through physical binding, and
their functional relationships should be further explored.

TMEMG63C (Transmembrane Protein 63C): TMEMG63C is the 4" ranking ACE2 ERC (FDR =
1.3E-04), and the two have strong reciprocal ranks (and ACE2 show a strong reciprocal rank ERCs
(3,10), suggestive of direct reciprocal interactions. Along with other family members, TMEM63C
forms a membrane channel and functions in osmolarity perception and regulation (Zhao et al.,
2016). It plays an important role in kidney function and kidney disease (Schulz et al., 2019), with
angiotensin II inducing its expression in glomerular podocyte cells (Eisenreich et al., 2020).
Reduced expression of TMEMG63C can result in podocyte apoptosis (Eisenreich et al., 2020). The
connection between TMEM63C and angiotensin II is a further indication of a functional
interaction, given that ACE2 metabolizes angiotensin II to angiotensin (1-7) as part of the RAS
pathway. The RAS pathway is implicated in aspects of COVID-19 (Kai & Kai, 2020).

TMEMG63C’s top 2% ERC list has significant enrichment for three terms related to the coagulation
cascade (FDR = 6.8E-04). Tissue enrichment reveals “adult liver” as the most enriched term (FDR
= 8.0E-03). Importantly, there are significant terms related to peptidase activity and the Renin-
angiotensin system (driven by the proteins ACE2 and ANPEP). ANPEP is particularly interesting
as it has been previously identified as a receptor for several coronaviruses such as HCV-229E
(Yeager et al., 1992). ANPEP is known to be a metallopeptidase (as is ACE2) and has been
implicated in the regulation of angiogenesis (Rangel et al., 2007). Additionally, ANPEP is known
to have Angiotensin III as a substrate (Danziger, 2008), tying it back to the RAS pathway, with
ACE2 and TMEMG63C. Therefore, the ACE2-TMEMG63C reciprocal rank ERCs may indicate
direct biological interactions between the proteins, possibly involving physical binding.

IFNAR? (Interferon alpha/beta receptor 2): IFNAR?2 is the 5" ranking ACE2 ERC, with highly
significant correlation (p = 0.62, FDR = 6.1E-04). IFNAR2 combines with IFNAR1 to form the
IFN-alpha/beta receptor, which acts through JAK/STAT signaling to modulate immune responses.
IFNARI1/IFNAR? is the receptor for both alpha and beta interferons and is involved in immune
responses to viral infection, most notably to influenza and defense against bacterial infections
(Shepardson et al., 2018). IFNAR2 was not originally in our protein set, but we added it based on
a paper that implicated this protein in severe COVID-19 based on GWAS and gene expression
changes (Liu et al., 2021; Pairo-Castineira et al., 2021). Another study implicates mutations in
IFNAR?2 with severe COVID-19 (Zhang et al., 2020). When added to our ERC protein set, it was



found to be a high ERC to ACE2 (rank 5 in the ACE2 set), providing independent support for its
role in COVID-19, possibly through direct ACE2-IFNAR?2 interactions.

There are both soluble and membrane-bound forms of IFNAR2. The soluble form (sIIFNAR?2)
“exerts immunomodulatory, antiproliferative and antiviral activities” (Hurtado-Guerrero et al.,
2020). The presence of soluble forms for both IFNAR2 and ACE2 suggests possible avenues for
physical interaction, in addition to between their membrane-bound forms. IFNAR2 and IFNAR1
combine to form the IFN-alpha/beta receptor, and as expected, these two proteins are significantly
and highly correlated (p = 0.79, FDR = 1.9E-09, reciprocal ranks 19,2). CD40, which ranks
IFNAR?2 as its top ERC, is a crucial immunity protein in the tumor necrosis factor-R (TNF-R)
family, with roles in B lymphocytes, macrophages, and cytotoxic T lymphocytes (Grewal &
Flavell, 1998; Van Kooten & Banchereau, 2000). IFNAR2 has eleven proteins showing RR20,
which is discussed further in the analysis of reciprocal rank networks (Section D). Enrichment
analysis for IFNAR2’s top 2% ERCs has an expected strong enrichment for terms related to
canonical IFNAR2-related pathways such as “Cytokine-cytokine receptor interaction” (FDR =
1.4E-04), “PI3K-Akt Signaling pathway” (FDR = 1.8E-03), and “JAK-STAT signaling pathway”
(FDR = 4.0E-03). Some additional enriched terms of note include several terms related to: tumor
necrosis factor signaling, coagulation and complement cascade, ECM receptor
interaction/collagen function, and plasma membrane (Supplementary File 3).

KIF3B (Kinesin Family Member 3B): KIF3B is the 6 highest ACE2 ERC. This protein is involved
in chromosomal segregation during meiosis and mitosis and also participates in intracellular
trafficking (Stelzer et al., 2016). Along with GENI1, it is another high-ranking ACE2 ERC involved
in chromosomal processes. Among its phenotypes are ciliary assembly (Cogné et al., 2020),
endocytosis (Reed et al., 2010), and regulation of dendrite structure in neurons (Joseph et al.,
2020). KIF3B’s top ERC is Secretogranin II (SCG2), which is a neuroendocrine protein that
regulates the formation of secretory granules (Stelzer et al., 2016). Genetic variants of its 2"
ranking ERC, Inositol hexakisphosphate kinase 3 (IP6K3) are associated with Alzheimer’s disease
(Crocco et al., 2016) and its 4™ ranking protein, Neuronal Pentraxin Receptor (NPTXR), with
which it has strong reciprocal ranks (4,6), is a biomarker for Alzheimer’s disease (Lim et al., 2020).
The nature of KIF3Bs interactions with ACE2 is not immediately obvious, except for a possible
functional connection between ACE2 at amyloid protein catalysis (Kehoe, 2018; Evans et al.,
2020). KIF3B top 2% ERCs show significant enrichment only for the “Complement and
coagulation cascades” term from KEGG (FDR = 1.9E-02).

ITPRIPL? (Inositol 1,4,5-Trisphosphate Receptor Interacting Protein-Like 2): ITPRIPL2 is the 7%
highest among ACE2’s ERC set. Information about this protein is limited in the literature. It is
reported in the Human Protein Atlas to be localized to centrosomes. Examination of its ERC set
could provide some information relevant to studies of this protein and possible interactions with
ACE2. Among its highest ranking ERCs are two proteins associated with DNA repair and mitotic
processes. FANCG (1) is involved with double-strand break repair (Yamamoto et al., 2003).
CC2D1B plays arole in the reformation of the mitotic nuclear envelope (Vietri & Stenmark, 2018),
has a high reciprocal rank association with ITPRIPL2 (2,6). In turn, CCD1B has high reciprocal
ranks with GEN1 (2,1), which is involved in holiday junction resolution and genomic stability (see
description above). These findings are consistent with the centrosome localization of ITPRIPL2



and suggest that these proteins may physically interact in a manner that results in correlated protein
evolution. Three other proteins showing reciprocal rank associations (RR10) are CC2D1B (2, 6),
ENAM (4,5), and STAT6 (10,9). Why ACE2 shows a high ERC with ITPRIPL2 is unclear. An
ITPRIPL2 top 2% ERC enrichment analysis indicates cytokine receptor activity (FDR = 1.6E-02)
and tumor necrosis factor signaling terms (FDR = 2.4E-02). Additionally, there is significant
enrichment for “DNA metabolic process” (FDR = 4.9E-02).

FAM2274 (Family with Sequence Similarity 227 Member A): FAM227A is the 8" ranking ACE2
ERC. There is little information about this protein in the current literature, so its evolutionary
protein correlations could be informative. The Human Protein Atlas indicates that gene expression
is enhanced in the pituitary gland and testes, in ciliated cells, early and late spermatids, and cone
& rod photoreceptors (Uhlén et al., 2015). The top five ERC proteins for FAM227A are F5
(involved in blood coagulation), SPZ1 (enriched in spermatids), C160rf96 (enriched in
spermatids), FSCB (enriched in spermatids ), and FERILS (enriched in spermatids) (Uhlén et al.,
2015). This ERC pattern strongly suggests functional interactions among these proteins in
spermatogenesis. Moreover, ACE2 is expressed in spermatogonia (Wang & Xu, 2020) and is
implicated in male fertility issues associated with COVID-19 (Liu et al., 2020; Verma, Saksena &
Sadri-Ardekani, 2020). Therefore, we suggest that this effect could be mediated by FAM227A, a
possibility that is worth further exploration. The top 2% of FAM227A ERCs are enriched for 40
terms and reveal a strong association with inflammatory signaling/immunity (Supplementary File
3). In particular, the most significant enrichment is the KEGG term “Cytokine-cytokine receptor
interaction” (FDR = 1.3E-04). Most of the proteins driving enrichment for such terms are toll-like
receptors, interferon/interleukin receptors, and cytokine receptors.

TLRS (Toll-like Receptor 8): TLRS is the 9" ranking ACE2 ERC. Toll-like receptors are a class of
proteins that can detect and initiate an innate immune response to foreign invaders (Takeda, Kaisho
& Akira, 2003) by recognizing conserved features of pathogens (Kawai & Akira, 2010).
Importantly, toll-like receptor responses are usually associated with large inflammatory responses
of the immune system (Takeda, Kaisho & Akira, 2003; Kawai & Akira, 2010). TLR8 has strong
ERCs to several other toll-like receptors such as TLR9 (ranks 11, 13) and a unidirectional
connection to TLR7 (rank 26, p = 0.71, FDR = 9.6E-08). Consistent with these observations,
enrichment of the top 2% ERC list of TLR8 shows highly significant terms associated with TLR8
such as TRAF6 mediated IRF7 activation in TLR7/8 or 9 signaling (FDR = 8.3E-07) and the toll-
like receptor signaling pathway (FDR = 2.1E-06). Additionally, the other significantly enriched
terms are overwhelmingly related to other immunity-related pathways (Supplementary File 3).

COL4A44 (Collagen Type IV Alpha 4): COL4A4 is the 10" ranking ACE2 ERC. Collagen Type 4
is a complex of six proteins that are part of the extracellular matrix called the basement membrane,
which resides between epithelial cells (Stelzer et al., 2016), such as those of glomerulus and
capillaries. Type 4 collagen is a major constituent of glomerular basement membranes. Mutations
in COL4A4 and other COL4A genes are associated with inherited kidney disease such as Alport
syndrome (Buzza et al., 2001) and familial hematuria (Longo et al., 2002). Top 2% ERC list
enrichment analysis shows significant enrichment for immunity signaling related terms such as
Cytokine-cytokine receptor interaction (FDR = 1.7E-04), PI3k-Akt signaling pathway (FDR =



3.0E-03; of which type IV collagen subunits are canonically annotated as a part of), and JAK-
STAT signaling pathway (FDR p = 7.0E-03).

FAM3D (FAM3 Metabolism Regulating Signaling Molecule D): FAM3D is the 11" ranking ACE2
ERC. As seen in figure ACE2-RRN Net, FAM3D is one of four proteins with strong reciprocal
rank correlations to ACE2. It is a chemoattractant for neutrophils and monocytes in peripheral
blood, is implicated in inflammatory responses in the gastrointestinal tract (Peng et al., 2016).
Studies indicate that it has a role in nutritional regulation in the gastrointestinal tract (de Wit et al.,
2012), and this may provide a functional connection, given the role of ACE2 in the processing of
peptides in the gut (Kuba et al., 2010). Strikingly, ACE2 and FAM3D show strong ERC reciprocal
ranks and form a RR network with CLU and GPR141. It also shows strong RR with Solute Carrier
Family 16 Member 11 (SLC16A11). Several coagulation cascade proteins are present in its top
1% interaction set, including F13B (its highest-ranked ERC), SERPINAS, and FGB, suggesting
possible links to coagulation pathologies of COVID-19. The top 2%ERC list enrichment analysis
results in the top 5 terms related to coagulation and clotting (FDR = 3.5E-09). Additionally, there
is strong enrichment for various immune response-related terms such as “cytokine receptor
activity” (FDR = 2.2E-03) and enrichment for plasma cell presence (FDR = 5.0E-03).

F5 (Coagulation Factor 5, also abbreviated FV): F5 is the 12 ranking ACE2 ERC. F5 is a key
regulator of hemostasis and a central cofactor involved in blood coagulation (Ivanciu et al., 2017).
Our ERC analysis predicts strong interactions between ACE2 and F5 (rank 12 for ACE2, p=0.57,
FDR = 7.2E-04), possibly mediated through the Clusterin (see below). F5 can act as a cofactor for
coagulation or anticoagulation (Cramer & Gale, 2012). Approximately 20% of circulating F5
resides in platelets with the remainder in plasma (Gould, Silveira & Tracy, 2004), and whereas
plasma F5 has an important role in thrombin formation in microcirculation, platelet F5 has a larger
role in severe injury (Ivanciu et al., 2017). The former role could be relevant to micro thrombosis
observed in COVID-19. In fact, F5 has been found to associate with COVID-19 symptom severity
(elevation in F5 activity) and this may be due to the high abundance of megakaryocytes in the
lungs and hearts in COVID-19 infected patients (Stefely et al., 2020). This is further supported by
a gene set overlap study showing F5 being annotated to all five examined comorbidities linked to
COVID-19 severity (Dolan et al., 2020).

Our ERC analysis of F5 suggests that it may have many other functions beyond the coagulation
pathway. F5 is a very “connected” protein with strikingly strong ERC correlations. Twenty-one
proteins have spearman rank correlations > 0.80. In addition, seven proteins rank F5 first among
their ERCs and 43 rank F5 in their top 5 ERCs. The strongest enrichments of the top 2% ERCs are
immune response-related terms such as “response to cytokine” (FDR = 1.1E-03) and
“inflammatory response” (FDR = 1.2E-03). Notably, there is only one significant coagulation-
related term in this list, “Complement and Coagulation Cascades” (FDR = 6.9E-03)

AR (Androgen Receptor): AR is the 13th ranked ACE2 ERC (p = 0.52, FDR = 8.8E-04) and is
barely cut off from the RR20 criteria to ACE2 (the rank of ACE2 is 22nd in the AR ERC list). AR
is encoded on the X chromosomes and is a hormonal receptor that plays a major role in male
development, particularly in male reproductive systems and somatic differentiation (Matsumoto
et al., 2008). It. AR’s top-ranking ERC is spermatogenesis associated 25 protein (SPATA25) with



(1,2) reciprocal ranks, and its top 2% ERCs only show significant enrichment for cytokine receptor
activity (FDR = 1.1E-03). In addition to its roles in sexual differentiation and behavior
(Cunningham, Lumia & McGinnis, 2012), AR enhances prostate cancer cell growth (Gelmann,
2002). It may play a role in microbial infection resistance as a knockout in mice can reduce the
development and proliferation of neutrophils (Chuang et al., 2009). Androgen signaling may play
a role in SARs-CoV-2 infectivity, as indicated by knockdowns of AR in prostate cells result in
downregulation of ACE2 and infection cofactors TMPRSS2 and FURIN (Samuel et al., 2020).
Additionally, AR has been annotated as being associated with 4 of the 5 COVID comorbidities
that are associated with COVID severity in Dolan et al (2020). Male fertility problems may be
associated with COVID-19 infection and the ACE2 receptor is abundant in male genetical track
and spermatagonia (Huang et al., 2021; Seymen, 2021). ACE2-AR protein interactions, as
predicted by ERC, may play a role in these pathologies.

TSGAI3 (Testis specific gene 13 protein): TSGA13 is the 14" ranking ERC for ACE2 (p = 0.57,
FDR = 8.8E-04). The function of this protein is not well understood, so it is characterized by its
expression in the testes (Zhao et al., 2015). Despite its high expression in the testes, TSGA13 is
expressed in other tissues (Zhao et al., 2015) and it may not play a role in fertility as mice with
TSGA13 knocked out were still fertile (Miyata et al., 2016). However, this protein is highly
conserved (Zhao et al., 2015) so may still play an important role in organisms. TSGA13 variation
has been associated with total colonic aganglionosis in patients with Hirschsprung disease (Jung
et al., 2019) and reduced expression of TSGA13 has been associated with carcinoma (Zhao et al.,
2015). We, therefore, propose that ERC analysis can provide insight into the potential function of
TSGA13 as it has many extraordinarily high ERCs (78 proteins show p values of 0.7 or higher).
The top ERC is C160rf96 (p = 0.83, FDR = 4.5E-12) which is not well understood, but its 2™
highest ERC is C30rf30 (p = 0.82, FDR = 2E-10), also known as “testis expressed 55” (TEXS55)
which may play a role in fertility, especially considering its strong expression in adult testes (Jamin
et al., 2021). The ERC results coupled with known expression profiles suggest that TSGA13 and
C3orf30 may interact with each other, although there is no external evidence to suggest this
currently. Furthermore, TSGA13’s potential interaction with ACE2 may be mediated through their
common ERC partners such as F5 (p = 0.80, FDR = 3.1E-11), TLRS8 (p = 0.78, FDR = 5.7E-10),
and IFNAR2 (p = 0.75, FDR = 6.1E-09). The top 2% ERCs show enrichment for many
immunity/interferon-related terms (FDR = 7.0E-05), complement and coagulation cascade (FDR
= 1.4E-04), and no terms related to male fertility or male reproductive tissues.

PLA2G7 (Platelet-activating factor acetylhydrolase): PLA2G7 is the 15" ranking ERC for ACE2
(p = 0.57, FDR = 8.4E-04). PLA2G7 is a member of the arachidonic acid pathway and is
potentially associated with prostate cancer (Vainio et al., 2011). PLA2G7’s strong ERC to ACE2
is particularly interesting due to its likely association with cardiovascular and heart disease (Sutton
et al., 2008; Wang et al., 2010), each of which are associated with COVID-19 (Bansal, 2020;
Alsaied et al., 2020). Additionally, PLA2G7’s role in the arachidonic acid pathway is relevant to
COVID-19 pathologies as a deficiency in arachidonic acid may lead to greater COVID-19
susceptibility and the arachidonic acid pathway is a candidate therapeutic target (Hoxha, 2020;
Ripon et al., 2021). The connection to ACE2 specifically may also make biological sense as MAS
(the receptor for the Angiotensin(1-7) that ACE2 can produce) can cause the release of arachidonic



acid (Bader, 2013). Analysis of PLA2G7’s top 2% ERC list shows significant enrichment for
various terms related to immunity such as “cytokine receptor activity” (FDR = 1.9E-05) and
several viral infection pathways such as Influenza A infection (FDR = 6.5E-03). Interestingly,
there was also significant enrichment for terms related to DNA repair (FDR = 4.3E-02).

MMS19 (MMS19 nucleotide excision repair homolog): MMS19 is the 16™ ranking ERC for ACE2
(p = 0.56, FDR = 8.9E-04). Like ACE2’s strongest ERC partner, GEN1, MMS19 is involved in
DNA repair (Stehling et al., 2012). It is also specifically associated with the “cytosolic Fe-S protein
assembly (CIA)”, which forms a complex with MMSI19 to assist in DNA metabolism, replication,
and repair (Gari et al., 2012). Similar to GEN1, MMS19’s mode of interaction with ACE?2 is still
unclear. But the top ERCs of MMS19 show several proteins directly related to DNA maintenance
such as POLL (DNA polymerase lambda; p =0.76, FDR = 7.2E-10) and GEN1 (p = 0.74, FDR =
6.2E-09). But significant enrichment on the top 2% ERC list is just shown for “death receptor
activity” (FDR = 3.1E-02) and “tumor necrosis factor-activated receptor activity” (FDR = 3.1E-
02).

Angiomotin (AMOT): AMOT is the 17" ranking ERC for ACE2 (p = 0.56, FDR = 8.8E-04). Its
potential relevance to COVID-19 pathologies is clear as AMOT is associated with angiogenesis
and endothelial cell movement (Bratt et al., 2005; Aase et al., 2007). These associations may
explain its ERC to ACE2 as well. For instance, ACE2 can promote endothelial cell migration (Jin
et al., 2015). Additionally, COVID-19 infection has been associated with angiogenesis in the lungs
(Ackermann et al., 2020). AMOT shares several of ACE2’s top ERCs. For instance, GEN1 and
TSGA13 are both among AMOT’s top 20 ERCs. The top 2% ERCs of AMOT show significant
enrichment for complement and coagulation cascades (FDR = 4.3E-04), inflammatory response
(FDR = 1.0E-03), and spermatogenesis (FDR = 2.7E-02).

LICAM (L1 cell adhesion molecule): L1CAM is a RR20 protein to ACE2 (p = 0.56, FDR = 8.8E-
04, ranks 18, 14). It is a part of the immunoglobulin superfamily and is best characterized for its
role in the nervous system, specifically relating to the development of the brain (Schifer &
Altevogt, 2010). Interestingly, LICAM is embedded in the extracellular membrane but can be
cleaved near the membrane to allow for the circulation of the truncated protein (Schifer &
Altevogt, 2010). The metallopeptidase ADAM17 is one of the enzymes that cleaves LICAM near
the membrane (Schifer & Altevogt, 2010), and is also known to mediate the release of the
ectodomain of ACE2 from the extracellular membrane as well (Lambert et al., 2005). Thus, both
proteins circulate in plasma where they may interact, although the functional basis of this
postulated interaction is unclear. LICAM has three other RR20 proteins: BMX non-receptor
tyrosine kinase (BMX; ranks 1,3), cyclin-dependent kinase inhibitor 2C (CDKN2C ranks
2,20), and glycerophosphodiester phosphodiesterase domain containing 3 (GDPD3, 5,19). The top
2% enrichment for L1CAM has several significant terms for complement and coagulation cascades
(FDR = 5.4E-04), positive regulation of cellular protein localization (FDR = 5.2E-03),
endopeptidase activity (FDR = 5.9E-03), Alzheimer’s Disease (FDR = 1.1E-02), and arachnoid
cyst (FDR = 3.6E-04). It is possible, although highly speculative, that ACE2-LICAM protein
interactions could play a role in neurological pathologies associated with COVID-19.



PDYN (Prodynorphin aka Leumorphin): PDYN is the 19" ranking ERC for ACE2 (p = 0.56, FDR
= 8.8E-04). PDYN is an endogenous opioid receptor (Stelzer et al., 2016), which also inhibits
vasopressin secretion (Yamada et al., 1988), suggesting a connection to ACE2 in blood pressure
homeostasis. Unsurprisingly, PDYN is implicated in neurotransmission and mental disorders (such
as schizophrenia, Alzheimer’s, epilepsy, and cerebellar ataxia) (Clarke et al., 2012; Jezierska et
al., 2013; Henriksson et al., 2014). PDYN has several proteins involved in immune function among
its top ERCs such as Interferon lambda receptor 1 (IFNLR1; p =0.77, FDR = 6.4E-10) and Toll-
like receptor 7 (TLR7; p=0.75, FDR =2.4E-09). The top 2% ERC list of PDYN shows significant
enrichment for terms related to immune system function (FDR = 6.0E-03), the complement and
coagulation cascades (FDR = 6.0E-03), but no significant terms related to brain function other than
“NCAMI interactions” (FDR= 4.9E-02).

10 motif containing D (IQCD): 1QCD is the 20" ranking ERC for ACE2 (p = 0.56, FDR = 8.9E-
04). IQCD in mammals is not well studied. But it has been characterized as being involved in the
“acrosome” (Zhang et al., 2019). The acrosome is an organelle that is part of the sperm and is
involved in the “acrosome reaction”, which allows sperm to fuse with an egg upon fertilization
(Abou-Haila & Tulsiani, 2000). It is required for spermatogenesis in mice (Harris et al., 2014)
IQCD is therefore another protein with strong ERC to ACE2 implicated in male sex organs. There
is also some evidence that suggests IQCD is associated with male fertility (Zhang et al., 2019).
Additionally, ACE2 presence may be negatively associated with the acrosome reaction in sperm-
precursor cells (Wang & Xu, 2020), but the direct mechanism for this is unclear. The top 2% ERC
list for IQCD shows enrichment for tumor-necrosis factor-related terms (FDR = 9.3E-04) and
“SW-620 cell” (4.9E-02) which is a human colon carcinoma cell line.
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