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ABSTRACT OF THE DISSERTATION

Systems Biology of Protein Secretory Pathway: from Improving Recombinant Protein Production

to Dysregulation in Alzhiemer’s Disease

by

Chih-Chung Kuo
Doctor of Philosophy in Bioengineering

University of California San Diego, 2021

Professor Nathan E. Lewis, Chair
Professor Xiaohua Huang, Co-Chair

The secretory pathway is made up of a collection of mostly ER- and Golgi-resident proteins
that work together to synthesize, post-translationally modify, transport and quality control the
secreted proteins (secPs). This complex system can be leveraged to produce a variety of
recombinant proteins such as antibodies, growth factors, and many other biotherapeutics. While
the production yield of many recombinant proteins has seen a several-fold increase; many
proteins still fail to express recombinantly despite bioprocess optimization. We start this doctoral
dissertation by investigating the properties limiting production of difficult-to-express rProteins via
analysis of proteogenomic data from popular mammalian cell hosts expressing different human

proteins.
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Decades of research has now better charted the secretory pathway, and the functional
roles of individual proteins are better understood. However, many secPs experience production
bottlenecks within the secretory pathway to various degrees. Incidentally, the nature of secP
synthesis has been shown to be highly product-specific. As protein-protein interactions (PPIs) are
one of the major modalities through which machinery proteins in the secretory pathway assist
protein secretion, we charted the transient interaction partners of key secPs using proximity-
based biotinylation and mass spectrometry analysis to better understand the rate-limiting steps
unique to each secP within the secretory pathway. Additionally, we determined and verified the
interactions that contribute to high recombinant protein yields via structural interaction modeling.

Perturbations to the secretory pathway result in misfolded proteins. Amyloid disorders,
such as Alzheimer’s disease (AD), involve aggregation of secPs. However, it is largely unclear
how secretory pathway proteins contribute to amyloid formation. We integrated expression data
with PPI networks to estimate a tissue’s fitness for producing specific secreted proteins, and
analyzed the fithess of the secretory pathway of various brain regions and cell types for
synthesizing the AD-associated amyloid-precursor protein (APP). We associated A aggregation
with systemic dysregulation of the secretory pathway components proximal to APP and
amyloidogenic secretases in AD. Our analyses suggest that perturbations from AD risk loci
cascade through the APP secretory support network and into the endocytosis pathway,
connecting amyloidogenesis to dysregulation of secretory pathway components supporting APP

and suggesting novel therapeutic targets for AD.
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CHAPTER 1: SYSTEMS BIOLOGY OF THE SECRETORY PATHWAY

Abstract
To meet the ever-growing demand for effective, safe, and affordable protein therapeutics,

decades of intense efforts have aimed to maximize the quantity and quality of recombinant
proteins produced in CHO cells. Bioprocessing innovations and cell engineering efforts have
improved product titer; however, uncharacterized cellular processes and gene regulatory
mechanisms still hinder cell growth, specific productivity, and protein quality. Herein we
summarize recent advances in systems biology and data-driven approaches aiming to unravel
how molecular pathways, cellular processes, and extrinsic factors (e.g. media supplementation)
influence recombinant protein production. In particular, as the available omics data for CHO cells
continue to grow, predictive models and screens will be increasingly used to unravel the biological
drivers of protein production, which can be used with emerging genome editing technologies to
rationally engineer cells to further control the quantity, quality and affordability of many biologic

drugs.

Introduction

Over the past few decades, Chinese hamster ovary (CHO) cells have emerged as the
primary host for the biopharmaceutical industry. CHO cell lines were derived from the same
hamster in 1957, and variants of the cell line have (e.g., CHO-K1, CHO-S and DG44) been further
developed to meet different production requirements (see 12 for detailed genetic and phenotypic
differences across the common CHO cell lines). These cell lines have been adopted by industry
for various reasons, including the development of DHFR-deficient CHO cell line including which
enable efficient transgene transfection and amplification. They also exhibit excellent capabilities
to perform human-compatible post-translational modifications (PTMs), and they are highly
adaptable to suspension-growth culture conditions in chemically-defined media. They also exhibit

favorable safety profiles, e.g., being less prone to virus infection 3°. Over the past several


https://paperpile.com/c/ozgN3H/8arg4+tnzzh
https://paperpile.com/c/ozgN3H/w1y9n+PbBz0+p31NU

decades, extensive efforts have aimed to increase the productivity of these cells to reduce the
costs associated with culturing the cells and purifying products. Thus, innovations have effectively
increased the yield of recombinant proteins (e.g., monoclonal antibodies) by three orders of

magnitude, from 10-50 mg/L in the 1980s to >10g/L in the 2010s ©”.
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Figure 1. Three waves of different technologies have enabled continued improvement
of recombinant protein production in CHO cells.

(a) Recombinant protein production has steadily improved over the past few decades thanks to
innovations in bioprocessing, targeted genetic manipulation of cells, and systems biology
approaches. Together, novel technologies, approaches and discoveries in each field have been
of great importance. (b) A comprehensive survey of the CHO bioprocessing literature 8
highlights the historical development of the field in CHO cell research. The first wave-bioprocess
development has been driving most of the earlier studies, while the targeted genetic
manipulation, omics studies, and modeling efforts have become increasingly important after the
mid-2000s with the increased prevalence of genomic resources, genome editing technologies,
and development of novel computational models and algorithms.

Historically, at least three waves of innovations have offered additional toolboxes to further
enhance biotherapeutic production (Fig. 1). The first wave significantly improved the volumetric
yield, and leveraged innovations in bioprocessing techniques, media optimization ° and tools that
improve production by engineering the transgene and vectors (e.g., to optimize mRNA copy
number and codon usage). The second wave involves targeted engineering of the host cells to

enhance productivity and per-cell yield 1°. The third wave is beginning to use systems-level
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engineering to boost protein productivity by modulating cellular pathways to optimize cellular
processes (e.g., metabolism ). It is being enabled by systems biology models 1213, large-scale
omics datasets 4%, and combinatorial genome editing %7, which are discovering and
leveraging more comprehensive knowledge about the cell pathways influencing protein quantity
and quality. Each wave continues to contribute novel innovations, and are resulting in improved

protein production (Fig. 2).
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Figure 2. Published specific productivity, cell density and total product titer has
improved steadily over the years.

The trend for three major productivity metrics reported by literature from 2000- 2010 8. As a
result of development in bioprocessing and feeding strategies, the volumetric yield has been
greatly improved. The introduction of cell engineering to CHO has further improved the per-cell
productivity since the mid-2000s.

In this review, we mention a few important innovations in each wave, and focus primarily
on emerging efforts in systems biology and data-driven approaches that can advance our
understanding of the cellular mechanisms contributing to recombinant protein production in CHO
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cells. These techniques are starting to guide efforts to engineer the cellular pathways and improve
the product quality and protein productivity. These emerging efforts are ushering in an era of

rational cell factory design in mammalian cell bioprocessing.

Wave 1: Bioprocess and transgene expression optimization

Bioprocess and transgene expression optimization has improved recombinant protein titer
in CHO cells by ~100-fold over the past few decades. This increase in volumetric yield has been
primarily achieved through media optimization !, clonal selection processes !°, expression
vectors 2, genetic elements 2!, bioprocess controls 22, and bioreactor design 3. Recent
innovations further enhance production through high-throughput assays to test everything from

genetic elements to media conditions 24, leveraging tools from robotics to microfluidics 2°.

Wave 2: Targeted engineering of CHO cells

Optimizing these extrinsic factors has improved titers, often by achieving higher cell
densities; therefore, opportunities remain to further enhance the per-cell yield by directly
engineering the cells ?6. Several cellular processes are associated with protein production, such
as metabolism ?7 and the secretory pathway 28. Thus, following the success from bioprocess
optimization came the second wave of strategies to engineer host cell lines. The advent of
targeted genetic modification technologies, including knock-in strategies, have enabled the study
of genes that improve protein production ?°. For example, overexpression of secretory pathway
elements has been used to locate the faulty step in protein secretion while comparing the
expression of easy- and difficult-to-express proteins 0. Additional tools, such as ZFNs, TALENs
31 and CRISPR/Cas9 ¢ enable efforts to edit individual host cell genes to fine-tune cell physiology,
and precisely control product quality, such as glycosylation 323, Further improvements to protein
production could be achieved as additional emerging technologies are applied to CHO to activate

or repress host cell genes with the CRISPRal/i system 34 and targeted epigenetic changes *.
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Wave 3: Characterizing and Engineering the CHO Protein Secretion System

Genome-wide analysis of protein secretion through omics technologies

The advances in the first two waves have provided powerful tools to enhance protein
production. However, the synthesis and secretion of a single protein depend on the concerted
function of hundreds or thousands of other proteins. Thus, truly effective engineering strategies
may require multiple genetic changes to the host cell. To achieve this, efforts have been made to
comprehensively study the molecular changes that occur to enable high rates of protein secretion,
thus shedding light on molecular and physiological factors making certain cells high producers.

Omics data have been used extensively to study productive clones. For example, a
differential proteomic analysis identified the up-regulation of glutathione biosynthesis and the
down-regulation of DNA replication to be characteristic of high-producing CHO cells %. Likewise,
transcriptomic profiling of various CHO cell lines indicated that certain favorable metabolic and
glycosylation patterns are associated with differential expression of key genes 3’. Ribosome
profiing and polysome profiling have also been used to quantify translation of recombinant
proteins and the endogenous mRNA in antibody-producing CHO cells 389,

Metabolite profiing of CHO can improve production by measuring metabolite
accumulation and nutrient consumption. Indeed, several studies have profiled both extracellular
and intracellular metabolites in CHO cell cultures with different growth media to connect cell
culture media, productivity and growth rate 4°-#2, Metabolomics has also successfully identified
novel apoptosis-inducing metabolites that accumulate in the culture media “3.

These and many additional studies, show that omics data have emerged as valuable
assays that provide insights into which genes, proteins, metabolites are associated with desired
traits in protein production in CHO cells. Furthermore, they are helping to identify potential targets

for cell engineering and bioprocess optimization for enhanced protein production.
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Mapping out the CHO secretory pathway

The aforementioned high-throughput omics experiments often provide many differentially
expressed genes, and it can be unclear which genes are most responsible for the improvements
in production. Since bottlenecks in the secretory pathway frequently limit recombinant protein
production 44, analysis of omics data in the context of this pathway can be informative. Recent
progress in high-throughput omics technologies now allow researchers to systematically map out
and dissect portions of the secretory pathway, such as protein synthesis, the unfolded protein
response, glycosylation, and metabolism.

Various omics technologies are helping identify components of the secretory machinery.
For example, a systematic discovery of genes involved in protein folding was carried out in yeast
with synthetic genetic arrays “°. More recently, a similar screen conducted at the single-cell level
with combinatorial CRISPR interference revealed the bifurcation of unfolded protein response in
unprecedented detail .

Such studies are fueling efforts to connect the known secretory machinery components.
A network reconstruction of the CHO secretory pathway characterized the functional roles and
localizations of the secretory machinery components, allowing better integration of omics data in
the context of the secretory pathway 4. Similarly, the machinery required for protein synthesis,
post-translational modification, and secretion of individual recombinant proteins has been
mapped out for mammals, enabling insights into product-specific needs .

Another component of the CHO secretory pathway required for most biotherapeutics is
human-compatible glycosylation %°. Recent advances in glycomics have enabled the profiling of
glycan structures under various glycosyltransferase genes knockouts 32 and lectin binding

preference °° in CHO.
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Developing predictive models for elevating cell productivity and product quality

Efforts to map out the protein secretion pathway are enabling more informative analyses
of omic datasets. Such resources provide a platform for systems biology and machine learning
algorithms to understand cell mechanisms for the production of recombinant proteins in CHO
cells. Modeling efforts centered around the mechanisms in CHO protein production usually fall
into one of the two frameworks: knowledge-based parametric models, and data-driven statistical
models.

The knowledge-based modeling paradigm links the genotype to phenotype on a
mechanistic basis. With careful curation, the models could help distill biological causation from
observed data correlation. Genome scale models (GEMs) directly couple cellular functions such
as cell growth and protein synthesis to enzyme activities >*. The most comprehensive genome
scale metabolic reconstruction in CHO *3 has provided recent insights into changes in lipid
metabolism in antibody-producing CHO cells 2. Apart from the stoichiometrically motivated
GEMSs, kinetic models characterize the dynamics of the cellular processes. These models have
provided valuable insights in smaller-scale systems such as glycolysis and the pentose phosphate
pathways 3. N- and O-linked glycosylation profiles can also be modelled >* through rule-based
kinetic 5> and Markov models °¢®7. In addition, specific productivity was found to influence mAb
glycosylation through an integrated model that couples glycosylation with cellular metabolism and
secretory capacity °8.

Data-driven models do not rely on labor-intensive human curation, and they make fewer
assumptions about the host cells. Therefore, these methods are particularly valuable in poorly
characterized systems. Such models have been deployed to study the productivity of recombinant
proteins and antibodies using CHO gene expression *°, product sequence features ®° and
measurements of various bioprocess parameters 8. Other bioprocess variables such as lactate
consumption can also be accurately predicted . One dilemma facing data-driven models is the

shortage of high-coverage experimental data, used as training sets 2. As biological data can be
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difficult or expensive to obtain, having a community-driven repository for various types of omics
data can be one way to mitigate the shortage of training data %354,

Both of these powerful modeling frameworks are enabling the simulation and analysis of
cellular responses influencing recombinant protein production in CHO cells. Furthermore, they
are facilitating detailed analysis and integration of multiple omics data types. With the rather
recent introduction of systems biology and machine learning methods to recombinant production
in CHO cells, we expect to see a more widespread adoption of these tools for guiding rational

design of CHO cell factories.

Conclusion

While innovations have driven a 1000-fold increase in protein titer in CHO cells, many
challenges remain surrounding the production of many therapeutic proteins at high specific
cellular productivity and high quality. Thus, further innovations in bioprocess optimization are
needed to optimize expression conditions. Similarly, to speed up screening efforts, we need
higher efficiency in genome editing strategies and high expression targeted integration sites for
transgenes. Finally, omics studies and model-guided approaches will continue to map out the
cellular pathways influencing the quantity and quality of secreted proteins. Fundamentally, a
better general understanding of CHO cells is needed. For example, clonal variation and genomic
instability in CHO lead to variable protein production over time. A recent multi-omics study showed
that ~40% of differentially expressed genes in a producer cell line contained different copy number
variations, suggesting CNVs as a driver of transcriptional activation as opposed to epigenetic or
regulatory changes 2. Thus, to unravel which genetic and epigenetic changes underlie desired
protein production traits, large scale genetic screens coupled with multi-omics data and
computational models #¢:55¢6 will be invaluable to understand and engineer desired characteristics

such as specific productivity, viability, morphology, and growth rate for large-scale bioprocesses.


https://paperpile.com/c/ozgN3H/I6uxZ+9QQtP
https://paperpile.com/c/ozgN3H/FJ9ni
https://paperpile.com/c/ozgN3H/rhZ1+657b+BhHY

We anticipate that such data and novel computational tools will be increasingly valuable to

therapeutic protein production.

Chapter 1, in full, is a reprint of the material as it appears in Kuo CC, Chiang AW, Shamie
I, Samoudi M, Gutierrez JM, Lewis NE. “The emerging role of systems biology for engineering
protein production in CHO cells”. Current opinion in biotechnology, 2018. The dissertation author

was the primary investigator and author of this material.



CHAPTER 2: TARGETED ENGINEERING OF THE SECRETORY PATHWAY TO
BOOST DIFFICULT-TO-EXPRESS RECOMBINANT PROTEIN PRODUCTION

ENABLED BY SYSTEMS ANALYSIS OF PROTEOGENOMIC DATA

Abstract
Biologics represent the fastest growing group of therapeutics, but many advanced

recombinant protein moieties remain difficult to produce. Here, we identify bottlenecks limiting
expression of recombinant human proteins through a systems biology analysis of the
transcriptomes of CHO and HEK293 during recombinant overexpression. Surprisingly, one third
of the challenging human proteins displayed improved secretion upon host cell swapping from
CHO to HEK293. While most components of the secretory machinery showed comparable
expression levels in both expression hosts, genes with significant expression variation were
identified. Among these, ATF4, SRP9, JUN, PDIA3 and HSPAS8 were validated as productivity
boosters in CHO. Further, more heavily glycosylated products benefited more from the elevated
activities of the N- and O-glycosyltransferases found in HEK293. Collectively, our results
demonstrate the utilization of HEK293 for expression rescue of human proteins and suggest a
methodology for identification of secretory pathway components improving recombinant protein

yield in HEK293 and CHO.

Introduction

The Chinese hamster ovary (CHO) cell line is commonly used for producing recombinant
proteins (r-proteins) as it enables efficient expression of proteins with the need for human-like
post-translational modifications. The CHO cell line provides several attractive properties for large -
scale production of biopharmaceuticals, such as the ability to be cultivated at high cell densities
in serum-free and chemically defined media and low risk of infection of human viruses®’. Currently,

CHO cell lines are the biopharmaceutical mammalian workhorses, producing 84% of recently
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approved monoclonal antibodies®. However, with the boom of biologics within the pharma
industry combined with more complex pharmaceutical proteins reaching the market, there is a
demand for bioproduction platforms that can produce more difficult to express proteins. Data from
the ongoing human secretome project®®’°, a comprehensive research study that includes the
secreted production of >1500 human proteins, suggests approximately 35% of proteins are
challenging to efficiently produce in secreted form by the CHO expression system. For such
difficult to express proteins, alternative expression systems based on other expression hosts or
engineered cell lines may provide improved expression titers. As cells of different origins can have
tissue-specific expression patterns of secretory pathway genes*, such differences can bring
about variation in expression and processing of r-proteins depending on expression host, which
in turn can impact the protein’s stability, function, activity, immunogenicity and production titer.
Moreover, poor expression of human proteins in CHO has previously been overcome by
exogenous expression of human endoplasmic reticulum (ER)-associated proteins in the CHO
production cells?**, Thus one could speculate, when focusing on improving expression of many
challenging human proteins, that the CHO cell line may have a secretory systems disadvantage
compared to human production hosts. In particular, the human embryonic kidney 293 (HEK293)
cell line has traditionally been a popular alternative for bioproduction and is commonly used for
transient production of proteins for research and preclinical studies. HEK293 is considered easy
to transfect, it adapts well to suspension cultivation, grows rapidly in serum-free media and is
capable of producing r-proteins at high titers’>3, In particular, glycosylation profiles of r-proteins
produced in either CHO or HEK293 have been shown to differ’*’¢, In the context of
biopharmaceutical production, specific demands for human post-translational modifications for
certain r-proteins have made HEK293 successful alternatives to the conventional CHO cells and
in 2018 five approved protein therapeutics were produced in HEK293 cell lines® 77,

Here, we evaluated alternative expression systems for production of a set of human
difficult to express secreted proteins or extracellular domains of single-pass plasma membrane-
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anchored proteins®7°, Expression systems were evaluated both based on r-protein expression
levels but also systemic differences based on transcription of secretory pathway components
between cell lines. Initially, a comparison of two CHO-based expression systems was carried out
followed by a comparison of the secreted expression between CHO and HEK293. Moreover,
transcriptome data from CHO and HEK293 cells transiently expressing proteins was analyzed to
map differences in secretory pathway components between HEK293 and CHO. Based on the
most profound differences in the expression of secretory pathway components between the cell
lines, secretory pathway genes with significant impact on secreted productivity of human difficult-
to-express proteins were identified. These include genes that assist protein secretion in a product-
independent fashion. Additionally, we coupled specific post-translational modifications (PTMs) of
different r-proteins with the protein titer improvements from CHO to HEK293 cells and showed
that differences in titer improvements can be jointly explained by PTM features of the r-proteins
and the activities of the enzymes responsible for these PTMs. These highly product-specific
genes enable bespoke cell line designs that cater to the unique secretory requirements of different

r-proteins, and allows for a more rational selection of cell hosts for a given r-protein.

Results

The two CHO platforms ExpiCHO and QMCF provide different benefits for difficult
to express proteins

Due to differences in expression platform protocols, performance in productivity of r-
proteins may vary even between hosts of the same origin. To shine light on differences between
platforms for a range of difficult to express proteins, we compared expression levels in various
systems. Initially, we evaluated two CHO-based expression systems by expressing a set of 23
challenging human proteins in the ExpiCHO system and compared secreted productivities to
Human Secretome Project production data, wherein expression was performed using the
episomal stable QMCF technology®. Briefly, this system utilizes CHOEBNALTS85 cells stably

expressing the Epstein-Barr virus EBNA-1 protein and the mouse polyomavirus (Py) large T
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antigen, which facilitates nuclear retention and replication of the pQMCF expression vector. The
ExpiCHO platform is a fully transient system that enables protein production at very high cell
densities. In this comparison, transient expression of the 23 human genes in ExpiCHO was
performed using the expression vector pKTH16_dPur, developed in-house. Results from this
comparison showed different expression profiles depending on r-protein expressed and
expression platform used (Fig. 3A). Even though purified secreted protein titers varied
dramatically between the two platforms for some proteins, no platform provided an overall
improved expression profile compared to the other. Instead, each platform provided improved
expression in a protein-feature specific manner. Notably, a significant correlation between titer
fold changes between the ExpiCHO and QMCF platforms and both protein size (R=-0.5, p=0.015)
and glycosylation (R=0.44, p=0.044) was observed (Fig. 3B). This suggested that each platform
provided improved expression in a protein-feature specific manner, where larger and less
glycosylated proteins tended to have an expression advantage in the QMCF system and vice
versa in case of the ExpiCHO platform. We performed gene expression profiling of the ExpiCHO
and CHOEBNALTS5 cell lines and noticed comparable transcriptional and secretory pathway
activities across the two platforms. Interestingly, the stable QMCF system showed significantly
higher translational utilization than the ExpiCHO system. The protein-feature specific expression
profiles observed between the two CHO expression platforms suggested that neither of the CHO
expression hosts or cultivation-protocols provided optimal conditions in a protein-independent

manner.
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Figure 3. The expression of human secreted proteins in CHO cells.

(A) The secreted and purified titers of 23 difficult to express proteins in the QMCF technology
versus the ExpiCHO system. (B) Correlation between the molecular weight and r-protein titer
fold-change in ExpiCHO compared to the QMCF system. Non-glycosylated proteins are colored
red and excluded from the correlation calculation.

Expression of challenging human proteins in HEK293 resulted in overall improved
secreted titers compared to CHO

We hypothesized that a human expression host may have a more compatible secretory
pathway for human secreted proteins and hence provide benefits for the expression of those that
are particularly difficult in CHO. Thus, we also sought to compare r-protein production between
CHO and HEK293. A panel of 24 difficult to express proteins from the Human Secretome Project
was expressed side-by-side in CHO and HEK293 cells using a standardized expression- and

evaluation-pipeline (Fig. 4A). We evaluated both an optimized version of the semi-stable QMCF
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technology, using the CHOEBNALT85-1E9 and 293ALL cell lines, and a fully transient expression
setup with 293-F, Freestyle 293-F and Freestyle CHO-S cell lines. In the episomal stable QMCF-
system, 9 out of 24 exogenously expressed genes (THBS4, ARTN, BMP10, POSTN, FSTL3,
AMBP, CCL28, CXCL13 and NRTN) showed more than 2-fold improved expression in HEK293
(293ALL) compared to CHO cells (CHOEBNALT85-1E9) (Fig. 4B). On the other hand, only one
gene (PLG) showed at least 2-fold improved expression in CHO compared to HEK293. In
addition, for six of the genes (NRTN, NRTN pp CXCL13, CCL28, CCL20 and LOX) no detectable
secreted expression could be observed in the CHO cell line, whereas 3 genes (CCL20, LOX and

PLG) resulted in no detectable protein expression in case of 293ALL.
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Figure 4. HEK293 provides improved secreted titers of difficult to express proteins
compared to CHO in two different expression systems.

Comparison of expression titers from supernatants of HEK293 and CHO cell lines from (A) a
vector panel of the 24 transgenes was expressed side-by-side in HEK293 and CHO cells in
both medium-scale (shake flasks) in the stable episomal long-term expression system QMCF
in CHOEBNALTS85-1E9 and 293ALL cell lines (1a) and in small-scale (deep-well plates)
transient cultivations of Freestyle CHO-S, 293-F and Freestyle 293-F (1b). The protein
expression was analyzed by western blot where r-protein was detected by targeting the C-
terminal HPC4-tag using an anti-HPC4 antibody. Mean secreted titers £ SD of difficult to
express proteins expressed in (B) the stable episomal expression system pQMCF using the
CHOEBNALT-85-1E9 and 293ALL cell lines or (C) the transient cultivation protocol of Freestyle
CHO, 293-F and Freestyle-293-F. The underlined gene names indicate genes with more than
two-fold improved expression in HEK293 cell lines compared to CHO. Differences in protein
titer and mRNA levels were quantified for each expressed transgene in CHO and HEK293 cells.
The transgene RNA and protein amounts for Freestyle CHO-S and 293-F cultures (D) and
Freestyle 293-F (E) cultures are plotted on the X and Y-axis, respectively. For each protein, the
changes in transgene and protein levels from CHO to HEK293 are represented by an arrow.
The fold changes in protein levels in HEK293 cells are color-coded.
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In the small-scale fully transient expression setting the improvement in secreted
expression using HEK293 compared to CHO was even more profound. Protein titer estimations
of cell culture supernatants are shown in Fig. 4C. The results showed more than two-fold higher
secreted titers of 16 of the 24 difficult to express proteins in both of the closely related HEK293
cell lines compared to the CHO cell line. Only one protein, PLG, showed at least two-fold higher
expression in CHO cells compared to HEK293. For half of the evaluated genes (12 of 24), no or
only traces of protein could be detected in supernatants from CHO cells. Moreover, for nine of the
investigated r-proteins (THBS4, CCL28, CXCL13, CCL20, HGF, PAMR1, LOX, NRTN and NRTN
pp) no or only traces of protein could be detected in both the culture supernatant and cell lysate
of CHO cells. In the case of expression in HEK293 cells, only four genes (PAMR1, LOX, ADM5
and PLG) resulted in no or only traces of secreted protein in both HEK293 cell lines. However,
three of these proteins (PAMR1, LOX and ADM5) could be detected in cell lysates of both HEK293
cell lines, suggesting inefficient secretion from HEK293 cells. Strikingly, only one of the 24
investigated proteins, PLG, could not be detected in either cell lysates or cell supernatants in any
of the HEK293 cell lines. For a subset of supernatant samples, the relative titer change between
cell lines were confirmed using liquid chromatography tandem mass spectrometry (LC-MS/MS)
combined with protein quantification based on the SIS PreEST technology’®. Results from the
MS/MS analysis showed the same expression trends between HEK293 and CHO cells for each
r-protein investigated compared to the western blotting data. As the two methodologies in this
case depend on different parts of the polypeptide sequences for r-protein detection, depending
on r-protein processing in the samples and differences in r-protein processing between cell lines,
protein titers of either method reported here should be considered estimates and not absolute
guantities.

Taken together, 8 out of 24 genes (BMP10, ARTN, THBS4, AMBP, FSLT3, NRTN,

CXCL13 and CCL28) consistently expressed better in HEK293 cells in both the semi-stable and
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the transient expression comparison. For CHO, the only gene that expressed better compared to

HEK293 in both setups was PLG.

Transcriptome profiling showed variation in secretory pathway utilization between
HEK293 and CHO driven by limited set of gene outliers

Based on the observed improvement of the expression of several human r-proteins in
HEK293 compared to CHO, a transcriptomic comparison between the two cell lines was
performed with emphasis on r-protein transcript levels and host gene expression patterns. Initially,
transcript levels for each transgene in the panel were quantified and compared to the r-protein
titers in supernatants. Overall, both HEK293 cell lines showed elevated transgene transcript levels
compared to CHO cells, consistent with the generally higher transfection efficiency observed for
HEK293 compared to CHO (Fig. 4D-E). However, neither the transgene transcript abundance nor
its fold changes correlated with secreted protein titers. Notably, some of the proteins with the
highest transgene abundances (CCL20, CCL28, CXCL13 and ADMS5) displayed among the
lowest titers of secreted protein, or no secretion at all. This suggests that such extreme transgene
MRNA levels may come at the cost of endogenous gene expression. Alternatively, this could
indicate inefficient translation of the transgene mMRNAs resulting in an accumulation of
untranslated mRNAs in the cell. Moreover, among the proteins with the highest secreted titers in
HEK293 (FN1 and THBS4), mRNA levels of the transgene were among the lowest in the data set

(between 40 — 4200 TPM).
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Figure 5. The utilization of the secretory pathway is distinctly different between CHO
and HEK293 as a result of a limited set of gene outliers.

(A) Comparison of overall transcriptome usage across cell lines and producers. The fraction of
the transcriptome dedicated to various cellular functions is represented by the height of each
bar, where related pathways are colored similarly. The transgene mRNA levels were excluded.
(B) Overall gene expression of 11 functional secretory pathway subgroups in CHO and HEK293
upon overexpression of target genes. For each group, the average gene expression level for
the sample was computed and plotted for all samples. Black dots represent average expression
in each secretory pathway group for control samples with an empty vector (pQMCF-plasmid).
(C) Differential expression MA-plot showing the mean expression and fold-changes for the
secretory pathway genes between HEK293 and CHO. Positive fold-changes denote higher
expression in HEK293 and vice versa. The top 20 most differentially expressed secretory
pathway components are labeled.

Furthermore, the mMRNA expression levels across major molecular processes in CHO and
HEK293 cells were quantified, both for cells expressing the panel of r-proteins (expressing cells)
and cells transfected with empty plasmid (non-expressing cells) (Fig. 5A). Between expressing
and non-expressing cells within each cell line, the transcriptome usage was similar for both CHO
and HEK293, with the exception of transcription of genes related to translation and signaling
molecules in the Freestyle 293-F cell line. Overall, HEK293 and CHO cells showed great variation
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in the utilization of their respective transcriptomes. Most evidently, genes associated with
translation showed lower mMRNA expression on average in CHO cells, compared to HEK293 cell
lines, whether a transgene is being expressed or not. In addition, the CHO cells showed a higher
proportion of their transcriptome expression focused on biosynthesis, central carbon metabolism
and signal transduction. Interestingly, HEK293 cells showed an overall less active secretory
pathway compared to CHO (Fig. 5A), despite secreting higher amounts of r-proteins. However,
the overall gene expression levels were generally higher in HEK293 compared to CHO of all
secretory pathway subgroups, with the exception of protein folding that was significantly higher in
CHO (Fig. 5B). Instead, the higher fraction of the transcriptome devoted to the secretory pathway
in CHO cells compared to HEK293 was due to a very small subset of highly expressed secretory
pathway genes whereas HEK293 cells, on the other hand, expressed a more diverse set of
secretory pathway genes. While the fraction of the transcriptome, across all samples, that was
utilized for secretory pathway genes did not correlate with transgene expression levels nor
estimated secreted r-protein titers, there was a linear relationship between expression of several
secretory pathway genes and transgene mRNA abundances in CHO producers. In HEK293 cells
however, peak secretory pathway activities occur in clones with low to medium transgene load.
This suggested a saturation of the secretory pathway in HEK293 cells, which may be a result of
the exceptionally high transgene mRNA loads observed in case of several transgenes. Across all
samples, a significant negative correlation was observed between r-protein titer and gene
expression within the protein folding and ER glycosylation functional groups, respectively.
Focusing on individual secretory pathway genes, overall similar expression levels were observed
between the two cell lines with the exception of a limited set of extreme gene outliers (Fig. 5C).
Amongst these outliers, there was a substantial group of genes with very low or no expression in
CHO whereas the expression in HEK293 was moderate to high (Fig. 6A). Within this group of
genes we observed several genes with previous support of impact on r-protein secreted titers’180-

89
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Highly expressed helper proteins in HEK293 compared to CHO have a positive
impact on secretion of difficult to express proteins when co-expressed also in CHO
cells

We hypothesized that the secretory pathway genes with extreme expression variation
between the cell lines may contribute to profound differences in productivity observed between
the cell lines for some human difficult to express proteins. Consequently, a set of secretory
pathway genes was co-expressed with the difficult to express protein THBS4 in CHO and HEK293
to evaluate their impact on secreted productivities. The selection of gene outliers to evaluate was
based on the highest differential expression between the cell lines but also on previous literature
supporting potential roles in protein secretion or demonstrated effects on bioproductivity 718089,
The selected genes were divided into three groups (I, Il and 1ll) based on expression levels in the
two cell lines (Fig. 6A). Three genes (HSPA1B, AGAP2 and ATF4) had a small, albeit significant,
positive effect on the secreted titer of THBS4 compared to cells only expressing THBS4 (Fig. 6B).
For CHO cells a more profound titer improvement was observed with genes in group Il (Fig. 6C),
including SRP9, ATF4 and JUN that had moderate endogenous expression in CHO but higher
expression in HEK293. More than two-fold improvements in secreted THBS4 titers were observed
in CHO when co-expressed with ATF4 or SRP9, and a 1.5-fold titer increase was observed when
co-expressed with JUN. In addition, slight improvements (however not statistically significant) of
THBS4 titers in CHO cells were observed when co-expressed with some secretory pathway
genes from groups | and Ill such as HSPA1B, HSPA4L and RAB31, depending on the plasmid
ratio between the co-expressed transgenes. Validation of a subset of the gene outliers in
combination with ARTN in CHO cells (Fig. 6D) showed a significant positive impact of ATF4,
PDIA3 and HSPAS8 on ARTN secretion. Moreover, HSPA1B and SRP9 overexpression generated
a small increase, albeit not significant, in ARTN titers. Higher secreted ARTN titers, but not
THBS4, in CHO cells were associated with lower viable cell densities and viability at harvest

compared to controls. This may relate to differential effects of the two r-proteins on cells. In
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addition, several outlier secretory pathway genes of group | (EIF2AK2, RAB11FIP1, MGATS3,
DERL3, SVIP1 and GALNT18), with low or no expression in CHO, but moderate to high
expression in HEK293, significantly decreased secreted THBS4 titers dramatically when added
exogenously in CHO. A similar trend was observed for some of these genes upon co-expression
in HEK293 even though the negative impact on secreted THBS4 titers was not as profound. In
the case of some of these co-expressed genes (DERL3, MGAT3 and EIF2AK2), these effects
were likely the result of a negative impact on cell growth in CHO but not in HEK293, suggesting
that these genes are not compatible with the CHO cell machinery of maintaining cellular growth
and productivity.

Since both THBS4 and ARTN were profoundly better expressed in HEK293 compared to
CHO and the low expression of these proteins in CHO could be rescued by the overexpression
of secretory pathway components expressed at higher levels in HEK293, we hypothesize that
such differences in secretory pathway components may be beneficial for the secretion of difficult

to express proteins in HEK293.
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Figure 6. Evaluation of outlier secretory pathway genes on secreted protein titers.

(A) Comparison of expression of individual secretory pathway genes, with transformed counts
for CHO and HEK293 shown on the X- and Y-axis respectively. Most secretory pathway genes
lie within the shaded region drawn around the identity line (x=y), showing an overall conserved
pattern of expression. Differentially expressed secretory pathway genes evaluated based on
effects of the expression of a difficult-to-express protein are highlighted and divided into three
groups (I, Il and Ill) based on expression levels in the two cell lines. All other genes are shaded.
Mean relative secreted titers £ SD (N = 2) of THBS4 determined by ELISA in HEK293 (B) and
CHO (C) when co-expressed with differentially expressed secretory pathway genes (x axis)
compared to the expression level of THBS4 alone (empty vector). Plasmid ratios of 1:1, 1:2 or
1:10 (secretory pathway gene:THBS4) upon transfection were evaluated. ¢ The 1:1 plasmid
ratio was only evaluated for HSPA1B, AGAP2, ATF4, SRP9 and PDIA3 in HEK293 cells.
¢ ¢ Only the 1:10 plasmid ratio evaluated were evaluated for PDIA3 and RAB43 in CHO cells.
D) Co-expression results of ARTN expression levels (determined by western blot) when
combined with a subset of the differentially expressed secretory pathway genes in B and C in
CHO with plasmid ratios 1:2 (secretory pathway gene:ARTN). Mean relative ARTN titers + SD
(N = 2) between supernatants of cells co-transfected with secretory pathway genes versus no
transgene (empty vector). Significant different expression of THBS4 (B and C) or ARTN (D)
compared to the co-expression with an empty vector control (determined by one-way ANOVA
and Dunnett’s test) are indicated by the asterisk sign (* P adj < 0.05; ** P adj<0.01; ** P adj <
0.001; *** P adj < 0.0001).
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Proteasomal and propeptide convertase genes were differentially expressed
between CHO and HEK293

To obtain a more fine-grained understanding of the cell line differences, differential
expression analysis comparing HEK293 to CHO cells was performed. Due to drastic organismal
differences, many genes outside of the secretion machinery showed distinct expression between
CHO and HEK293 cells. In fact, more than 80% of the genes were significantly differentially
expressed between the two organisms. Few canonical pathways were consistently up- or down-
regulated in one cell line compared to another, as shown by gene-set enrichment analysis.
However, among them the proteasome protein family, which degrades misfolded proteins in a
controlled fashion, was expressed at significantly higher levels in CHO compared to HEK293
cells. Another protein family that showed significantly different expression profiles between
HEK293 and CHO is the propeptide convertase family. HEK293 showed significant upregulation
of PCSK2, PCSK4, PSCK5, PCSK6 and PCSK8 compared to CHO. On the other hand, CHO

expressed higher levels of PCSK1, PCSK3 and PCSKY.

Differentially activated secretory pathway genes between HEK293 and CHO upon
transgene expression

To evaluate overall differences in cellular dynamics between HEK293 and CHO cells when
producing r-proteins and to better account for organismal disparity, we calculated the average
activation of genes by determining the differential expression upon transgene expression across
cell lines during r-protein production with non-producer cells as reference (Fig. 7A). While the
majority of the genes were not differentially activated in either of the cell lines, several genes
showed significantly opposite trends in HEK293 and CHO cells. The top 20 genes identified as
differentially activated in producers between CHO and HEK293 strongly enriched for members of
the secretory pathway (hypergeometric p-value < 0.0005). Among them, four genes (SEC61A1,
SEC63, DNAJC3 and ERO1B) are directly involved in posttranslational functions of the secretory
pathway. Co-expression evaluation of SEC61A1, DNAJC3 or ERO1B between HEK293 and
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CHO, did however not result in improved secreted expression of THBS4 in either cell line. On the
contrary, overexpression of all these genes had a significant detrimental effect on secreted titers
in CHO cells. This may suggest that the activation of these genes is likely a result of, rather than
the cause of a systemic response upon transgene expression and that further activation of these

genes has no, or detrimental, effects on protein production.

27



1 0 12 4 0 12 4 0 12 1 0
Glycosyltransferase expression

Recsome | @) @ @
concori] © @ @
padj
ERAD
: % . O o025
25 wr{ o @ @ QO ooso
O 0.100
X Prolein o e @ O 0200
X
o 0400
< e
2
= 000 @ @ | nes
g 2
] e ® B
3 1 !
SR @ Q 0
) o
MK1 T ild
ER calcumhomeostasis | © @ @
L ¥ &
0. 01 0. &(“. %
activation LFC in CHO 2
titer LFC 5 titerlFC D Jowest low medium high
PPP3R1 10
HSPAB 2
ISPD
MAOB 1 AMBP
KPNA3 AMBPe
W EIF2AK2 o
LRIT1 correlation w/titer
PHF 14 1 5%l NRTN_P® CcL2pe
gf&ﬁfa negative L 1e
positive
CACNGS '_3 & s{NRIN
([3;2720 secretory function g GC.G PTM_group
BiNLy® Protein folding 2 e Bl ovest
C9orf116 UPR = ASGR1
C1orf56 3 o
MANSCH g $STLY - 13 ool medium
4 FLT3LG
—_— l PTCHD1 2 ADM5 . B non
PRR19 ] LOX N
k PRKCZ °
1 PLK5 e
; HOXB-AS3
| FAM227A
= o
LEFTY1
g2 ;zgséggéazgsgggugcﬁgggée
S0 STNITOLZ ] =0nWw
E2 28 RZN0Z 30K ZR0TE2F 23
2 53
g3 3 -
£5
=2

Figure 7. Transgene expression induces differential activation of genes between cell
lines and between different r-proteins.

(A) Comparison of gene activation upon transgene expression between HEK293 and CHO.
Log2 fold-changes (LFCs) are calculated based on the differential expression between
producers and controls for CHO and HEK293 cells, and are plotted on the X- and Y-axis
respectively. Genes showing the most divergent activation patterns between HEK293 and CHO
are labeled. The top differentially activated genes are enriched for secretory pathway genes
(colored red, hypergeometric p-value = 0.004). (B) Heatmap of endogenous secretory pathway
genes with the highest positive or negative correlation between differential activation and r-
protein titer change from CHO to HEK293. In each entry, a more positive fold-change of the
endogenous secretory pathway gene (Y-axis label) for a given r-protein (X-axis label) indicates
stronger activation in HEK293 compared to CHO when producing that protein. (C) Overall
activation of secretory pathway subsystems. The dots in the scatter heatmap show pathway
activities (y-axis) across cell lines (x-axis), with colors indicating activation/ suppression and
sizes indicating the corresponding significance. (D) Differences in activation of O- and N-linked
glycosyltransferases between HEK293 and CHO cells correlate with titer improvement of
moderately- to heavily-glycosylated r-proteins. R-proteins harbouring more frequent N- and O-
glycosylation sites per AA residue (rightmost panel) tend to benefit more from increased
expression of glycosyltransferases from CHO to HEK, while a reversed trend was observed for
non- and lightly-glycosylated r-proteins (leftmost panel).
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To see pathways that were preferentially activated in each cell line, gene set enrichment
analysis (GSEA) was performed using the fold changes of differential activation for each cell line
(Fig. 7C). The producers in all three cell lines significantly upregulated genes involved in
translation. However, HEK293 cells showed higher expression for genes related to protein
secretion, compared to CHO cells. For example, translocation and protein export were much more
strongly activated in both 293-F and Freestyle 293-F. Genes involved in protein folding such as
molecular chaperones, were significantly downregulated in CHO cells, while significantly
upregulated in the HEK293 cell lines. Similar pathway activation was observed between the two
HEK293 cell lines variants, with the only notable exception being proteasomal function, whose
activations were more strongly in Freestyle 293-F than in 293-F.

To systematically identify genes with potential impact on productivity of the cell lines, we
calculated for each gene the correlation between its differential activation and the r-protein titer
changes from HEK293 to CHO across clones. Overall, only a small number of the genes displayed
r-protein titer change-dependent differential activation. The top genes with the highest positive or
negative correlation are given in Fig. 7B. Results showed that three secretory pathway genes
(EIF2AK2, HSPA8 and ERN1) correlated in titer and activation change between HEK293 and
CHO. Interestingly, HSPA8 and EIF2AK2 were also found amongst the genes with the highest
expression fold-change between HEK293 and CHO cells.

Beyond the differences in titer improvements, the panel of r-proteins are diverse in their
PTM compositions, utilizing distinct sets of enzymes. With this, we explored whether the
differential expression of the enzymes responsible for some of the PTMs between CHO and
HEK293 can explain the variation in titer improvements seen by different r-proteins. We posited
that proteins with more frequent PTM sites may be more sensitive to changes in the expression
of the enzyme responsible for the PTM in question. To quantify the degrees to which certain PTMs
are overrepresented in each r-protein, we calculated a “PTM-index” for each r-protein - PTM
combination based on the PTM site densities in each r-protein. Among the three most ubiquitous
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PTMs taking place within the secretory pathway- disulfide bond, GPI anchor and N-/ O-linked
glycosylation, we saw significant interaction between glycosylation-index and enzyme expression
in determining titer improvement. More specifically, the titer improvement for more heavily
glycosylated proteins showed a strong positive correlation with the differential expression of
glycosyltransferases, whereas for non- and lightly-glycosylated r-proteins, the changes in titer

were negatively correlated with the glycosyltransferases fold change (Fig. 7D).

Discussion

The CHO cell line is a well-established bioproduction host with readily available
expression protocols both in transient and stable settings. However, with the increasing number
of new biologics approaching the market, including next-generation biologics such as engineered
scaffold proteins and antibody-fusion proteins, the pharmaceutical industry faces new challenges
for efficient protein production. But even natural human proteins can pose challenges for
bioproduction both in transient and stable expression systems and require laborious process
optimization. Due to the clonal divergence of different immortalized cell lines®-°, the expression
of r-proteins may vary considerably between hosts even of the same origin. Indeed, this was
observed in this study, where the two CHO-S based expression platforms, QMCF and ExpiCHO,
showed protein-dependent differences in secreted titers. The higher secreted titers of smaller r-
proteins and/or more heavily glycosylated r-proteins observed in ExpiCHO compared to the
QMCF platform (Fig. 3C) may relate to the high cell densities of cultivation and high amount of
plasmid DNA added upon transfection in the ExpiCHO system. We speculate that this may put
growth pressure on the cells, making this platform better suited for producing smaller proteins.
On the contrary, the lower cell densities of the QMCF system in combination with the reduced
cultivation temperature (30°C instead of 37°C) and longer cultivation times may result in lower
cellular stress compared to the ExpiCHO system, enabling production of larger proteins. Changes

in titer between the platforms could also be related to clonal differences between cell lines, even
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though the overall transcriptome utilization is comparable between the CHOEBNALT85 and
ExpiCHO cell lines. Thus, the data suggest that each system can provide protein-specific
advantages possibly related to platform differences. On the other hand, a r-protein-independent
improved secreted expression of challenging human proteins was observed when changing
expression host from CHO to HEK293 (Fig. 4). One third of the proteins were expressed at more
than 2-fold higher titers in HEK293 compared to CHO in both systems.

Overall, a part of the increased expression in transient cultivations of HEK293 can be
explained by an increased transfection efficiency and plasmid uptake compared to CHO reflected
in the overall higher mRNA abundances observed in HEK293 (Fig. 4), in line with previous
observations that HEK293 tend to perform well as a transient expression host and are easier to
transfect compared to CHO"3%. However, for some r-proteins extremely high transcript levels
resulted in very low or no secreted product, suggesting that such extreme transgene mRNA levels
could come at the cost of endogenous gene expression. Moreover, since one third of r-proteins
showed increased titers in the HEK293 cell lines compared to CHO also in the semi-stable
expression system of QMCF, which provides comparable transfection efficiencies between
HEK293 and CHO cells (personal communication with lcosagen), we argue that a subset of
human difficult to express proteins that consistently express better in HEK293 compared to CHO
in both transient and episomal stable expression settings were likely also a result of differences
related to the secretory machinery of the two cell lines.

Transcriptomic analysis of transiently expressing HEK293 and CHO cells showed a
profound difference in the overall utilization of the transcriptomes between CHO and HEK293
(Fig. 5A), which is expected due to the different origins of the cell lines. The higher translational
machinery activities in HEK293 cells may afford them increased capacity for translating mRNA,
although the level of transgene mMRNAs seen in this study should not saturate the ribosomal
capacity, as transgene with mRNA levels ranging upwards of 20% of total mMRNA content has
been shown to translate efficiently®. As the secretory pathway is a major determinant of the titers
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of secreted proteins®’, comparisons between the cell lines focused on secretory pathway
components. Higher activities were observed in the protein quality control pathways of UPR and
ERAD in HEK293 cells compared to CHO (Fig. 5B), which may impact protein secretion as
upregulated transcription of genes associated with these pathways can increase secretory
capacities of host cells®. Moreover, genes involved in protein folding were more highly
expressed in CHO cells compared to HEK293. Notably, protein folding showed a significant
association with decreased protein titer (FDR p-value = 0.0023). This could be a cellular response
to increased difficult-to-express protein load, especially if the native machinery for r-protein folding
is lacking. At the gene level, most secretory pathway genes have similar expression between the
two cell lines (Fig. 5C and Fig. 6A). However, a limited set of genes showed extreme variation in
expression between the cell lines. For instance, CHO cells do not express many of the moderately
expressed secretory machinery genes expressed in HEK293 cells. Since the r-proteins in our
screen are all human proteins, it is possible that the lack of compatible secretory components
forced the CHO cells to utilize a smaller subset of more generic machinery components, and this
lack of specialization could possibly impact secreted titers. Alternatively, the absence of
expression of such genes in CHO may be compensated by the expression of other genes without
a human ortholog and hence not included in our analysis. Notably, amongst the genes more highly
expressed in HEK293 compared to CHO, we identified several examples of genes that have
previously been associated with improved protein production. For instance, both ATF4 and SRP9
have previously been associated with improved recombinant expression in CHO cells either alone
or in combination with other ER components’*8587 |n this study we could show a profoundly
positive effect of ATF4 also on secreted production of two difficult to express proteins in CHO
cells (Fig. 6), suggesting that this protein act in a more universal way of improving vyield.
Overexpression of SRP9 significantly increased THBS4 titers dramatically and had a slightly
positive, but not statistically verified, impact on ARTN secretion. The already high endogenous
expression of these two genes in HEK293 compared to CHO may explain why the positive effect
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on secreted titers was not as profound in this cell line and moreover, we hypothesize that such
differences in secretory pathway components may be beneficial for the secretion of difficult to
express proteins in HEK293. In addition, several genes with more moderate impact on the
secreted expression of r-proteins in either CHO or HEK293 were identified in this study,
supporting the usage of transcriptomic data to shine light upon secretory pathway differences that
impact bioproductivity between cell lines. In HEK293 cells, AGAP2, HSPA1B and ATF4
significantly boosted THBS4 secretion, whereas in CHO cells, SRP9, JUN, PDIA3 and HSPAS8
had significant positive impact on secretion of either THBS4 or ARTN. As summarized in Fig. 8,
such genes could indicate productivity bottlenecks in CHO cells when expressing a difficult to
express protein.

Among the top 20 most differentially activated genes, four ER-associated genes (SEC63,
SEC61A1, DNAJC3 and ERO1B) were found upregulated in HEK293 but not in CHO upon
transgene expression (Fig. 7A). Even though SEC61A1 along with the other subunits of the
translocon has previously been shown to improve the specific productivity of a difficult-to-express
antibody in CHO cells™, the individual overexpression of ERO1B, DNAJC3 or SEC61A1 along
with THBS4 showed a significantly detrimental effect on productivity in CHO cells in this study.
This may support a less active role of these proteins in the CHO secretory pathway. On the other
hand, the significant upregulation of these genes in HEK293 may be well tuned by the cells without
further improvements added by exogenous overexpression. Interestingly, differential activation
between CHO and HEK293 were overall independent of protein identity or r-protein titer change
between the cell lines. This observation suggested that the differential activation upon r-protein
expression was mainly driven by cell line differences rather than protein identity or load and
highlights cell-line dependent variation in utilization of cellular machinery upon protein production.
However, a subset of differentially activated genes correlated in activation fold-change and titer
change between the cell lines (Fig. 7B). Three of these (EIF2AK2, HSPA8 and ERN1) are part of
the secretory machinery, out of which HSPA8 has previously been recognized as a marker for
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protein productivity in CHO cells®. Notably, EIF2AK2 and HSPAS8 were also recognized as
extremely differentially expressed between CHO and HEK293. Overexpression of HSPAS8 had a
slightly positive effect on THBS4 secretion in HEK293 and CHO and a significantly positive effect
on ARTN secretion from CHO cells. It's worth noting that HSPA8 showed stronger activation in
HEK293 compared to CHO in THBS4 producing clones, and a reversed activation trend was
observed in ARTN producing clones (Fig. 7B). Hence, HSPA8 expression could be part of the
secretory machinery orchestrating differences in protein secretion between the cell lines. On the
other hand overexpression of EIF2AK2 showed a negative effect on THBS4 secretion, especially
in CHO cells where endogenous EIF2AK2 levels were much lower compared to HEK293. Notably,
the correlation between EIF2AK2 activation and titer fold-change between the cell lines was
mainly driven by the strong negative activation fold-change of EIF2AK2 in HEK293 producing
PLG compared to all other transgenes in the panel. As EIF2AK2 encodes a protein involved in
ER stress and the UPR, causing inhibition of mRNA translation, this remarkably lower differential
expression activation of EIF2AK2 in HEK293 cells expressing PLG, along with non-detectable
secretion of the PLG r-protein, may suggest that PLG expression is limited already at steps prior
to ER processing in HEK293 cells. On the other hand, as HSPA8 and ERN1 showed a more
consistent correlation across transgenes these genes may be universal secretory pathway

markers for secreted titer differences between the cell lines across a variety of r-proteins (Fig. 8).
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Figure 8. Overview of secretory pathway components with significantly positive impact
on productivity in CHO and differential activation markers correlating with differential
productivity between CHO and HEK293.

The arrows indicate the secretion path of secretory proteins in the cell. Differentially expressed
genes between CHO and HEK293 with significantly positive impact (P adj. < 0.05) on THBS4
and/or ARTN titers upon overexpression in CHO are indicated as productivity bottlenecks in
CHO cells. The color scale from red to green indicates gene expression fold-change between
HEK293 and CHO, where genes of similar expression change between the two cell lines are
also grouped into one of three groups (indicated by the roman numerals I, Il and Ill, further
described in Figure 4). Differentially activated secretory pathway genes correlating with titer
fold-changes between HEK293 and CHO serve as activation markers for titer fold-change of
difficult to express protein between cell lines. HSPA8 showed a positive correlation between
differential activation upon transgene expression in HEK293 vs. CHO and titer-fold change in
HEK293 vs. CHO, whereas ERN1 had a negative correlation. All gene product symbols are
mapped into their respective cellular compartments and the numbers indicate the secretory
pathway subgroup of these gene products.

At pathway levels, all cell lines responded to transgene expression by up-regulating
ribosomal activities (Fig. 7C). However, CHO cells struggled with activating the components

responsible for the downstream processing and export of the r-proteins. which may explain why
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overexpressing a single gene in most cases only had minor positive effects or failed to boost the
expression of THBS4, as the genes in pathways showing deficient expression in CHO cells likely
work in tandem, and the overexpression of just one gene is often not sufficient to activate these
under-expressed pathways.

While some secretory pathway genes identified to have profound positive effects on r-
protein secretion seemed to assist r-protein expression indiscriminately, mounting evidence has
suggested a product-specific role for many of the components within the secretory pathway.
Genetic perturbation studies targeting the secretory pathway revealed that different secreted
proteins utilize distinct sets of secretory pathway components during their production0100-102,
Further lending credence to this product-specific nature of the secretory pathway was the
secreted protein-dependent expression of the secretory pathway components. For example,
protein disulfide isomerase (PDI) expression and disulfide-rich protein secretion rates are
correlated across human tissues*® and mouse lymphocytes!®. While our results show no
significant PDI-dependent titer improvements, the availabilty of N- and O-linked
glycosyltransferases can restrict titer improvements of glycosylation-enriched r-proteins (Fig. 7D).
Notably, increased glycosyltransferase activities seemed to decrease the expression of lightly-
and non-glycosylated r-proteins, suggesting that when underutilized, the metabolic costs of
certain cellular resources can easily outweigh their benefits in protein secretion. This cautions
against the pursuit of an omnipotent host cell line and highlights the importance of customizing
engineering strategies according to the properties of the r-proteins. Other key factors that can
have protein-specific impacts on the secreted protein titers are e.g. RNA instability%4-1%  the
choice of signal peptide within the transgene sequence!’1%® and proneness to proteolytic
degradation!®-!!, Such issues should be addressed for each specific r-protein for thorough

bioproduction optimization.
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In summary, we show that HEK293 can serve as a valuable fall-back expression strategy,
for difficult or non-secreting proteins expressed in CHO cells, or that comparisons between the
different host cells can guide efforts to rescue poor expression in CHO. Taken together the results
of this study shine light on the variation in expression and activation of secretory pathway related
genes between HEK293 and CHO. Such cell line-specific variations could have an impact on the
optimal choice of bioproduction host for specific r-proteins depending on the requirement for
specific secretory pathway processing. We hypothesize that the existence of a collection of
secretory machinery that better conforms to our panel of human proteins in the HEK293 cell lines
is key to their improvements in protein titers. Indeed, amongst the most profound differences in
expression between HEK293 and CHO secretory pathways, genes with especially positive impact
on protein secretion in CHO were found. Although many of the secretory machinery components
promiscuously assist the secretion of different proteins!?, there are reports of more product-
specific improvements to the secretory machinery9%113114 Sypporting this, results highlighted the
N- and O-linked glycosyltransferases as a group of genes aiding, or restricting, protein secretion
in a protein specific manner. These highly product-specific genes enable bespoke cell line designs
that cater to the unique secretory requirements of different r-proteins, and allows for a more

rational selection of cell hosts for a given r-protein.

Materials and Methods
Experimental Design

This study was performed in three main steps. Initially, difficult to express r-proteins were
produced in various expression systems (various cell lines and protocols) to evaluate
performance differences in protein-specific or unspecific secreted production as determined by
absorbance at 280 nm of purified r-proteins or western blotting and LC-MS/MS analysis of cell
culture supernatants. In a second step, a transcriptomic evaluation of cell lines with distinct
differences in performance was conducted in order to evaluate underlying secretory pathway

components with impact on r-protein secretion, including differential expression analysis, gene
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set enrichment analysis and protein feature analysis. Genes of interest, identified by the
transcriptomic profiling were subjected to co-expression analysis together with a difficult to
express protein in CHO and HEK293 to evaluate the impact on r-protein secretion. ELISA or
western blotting was used to determine relative r-protein titers compared to expression of the

difficult to express protein alone.

Cell lines and medium
ExpiCHO-S (Gibco™) cells were cultivated in ExpiCHO expression medium. 293-F

(Gibco™) and Freestyle™ 293-F (Gibco™) cells were cultivated in FreeStyle™ 293 expression
medium (Gibco™). FreeStyle™ CHO expression medium (Gibco™) supplemented with 8 mM
GlutaMAX™ (Gibco™) was used for Freestyle™ CHO-S cells (Gibco™). Cells were cultivated in
125 ml Erlenmeyer shake flasks at 37°C, 8°C CO. and 125 rpm. CHOEBNALTSS,
CHOEBNALT85-1E9 and 293ALL cells were -cultivated according to manufacturer’s
recommendations (Icosagen Cell Factory OU, Tartu, Estonia).

Plasmids and expression constructs

For expression validation of difficult to express proteins the pQMCEF vector or the in house
designed pKTH16 or pKTH16_dPur plasmid was used. Expressions in both vectors are driven by
the CMV promoter. The pQMCF generic expression cassette included an N-terminal CD33 leader
sequence!?® followed by a short spacer sequence (AAA) and a C-terminal TEV and human protein
C tag*'%. The pQMCF-plasmid without gene insert served as empty vector control. Moreover the
in house pKTH16 plasmid was used as expression vector with the transgene expressed fused to
a N-terminal CD33 signal peptide (no spacer sequence between signal peptide and mature
sequence) and a C-terminal human protein C-tag. Transgenes for co-expression validation in
combination with a difficult to express protein were cloned into the pKTH16 vector in fusion with
a C-terminal FLAG tag. An empty pKTH16 vector, not encoding a transgene, was used as
negative control in co-expression experiments.

ExpiCHO transfection, cultivation and harvest
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The pKTH16_dPur plasmid was used for expression of transgenes. The transfections and
cultivations were performed according to the manufacturers ExpiCHO standard protocol. One day
prior to the transfection, the cells were seeded at 3x10° cells/ml. At the day of transfection, the
cells were split to 6*10° cells/ml in 25 ml ExpiCHO expression medium. The ExpiFectamine
reagent and 20 ug of plasmid DNA were diluted separately in OptiPRO SFM and then mixed
together and incubated at room temperature for three minutes before addition to cells. The cells
were cultivated at 37°C, 8% CO; and 125 rpm. The day after the transfection (18-22 hours post-
transfection), ExpiFectamine CHO Enhancer and ExpiCHO Feed were added to the cells. The
cells were harvested at day 8 post-transfection.

Affinity protein purification
Recombinant proteins were purified using the Anti-Protein C Affinity Matrix (11815024001,

Roche) on an ASPEC liquid handling instrument (Gilson). The matrix was washed three times
with equilibration buffer (20 mM Tris, 0,1 M NaCl, 2 mM CacCl,, adjusted to pH 7,5). The protein
sample was filtered through a 0,45 pm filter and then incubated with the purification matrix
overnight on a rock n roll at 4°C prior to packing of the matrix-protein mixture on columns. The
column was equilibrated with 20 mM Tris, 0,1 M NaCl, 2 mM CacCl,, at pH 7,5 and washing was
performed with 20 mM Tris, 1 M NaCl, 2mM CacCl,, at pH 7,5. HPC4-tagged proteins were eluted
by EDTA (20 mM Tris, 0,1 M NaCl, 5 mM EDTA, pH 7,5. The elution fractions were loaded on a
SDS-PAGE gel to examine the purity and the yield of the elution fractions. The elution fractions
showing strong and pure bands were desalted and buffer exchanged to 1xPBS. Protein
concentrations were determined by absorbance measurements at 280 nm.

Medium-scale episomal stable expression (pQMCF system), cultivation and
harvest in CHO and HEK293

293ALL and CHOEBNALTS85-1E9 cells 007 (Icosagen, Tartu, Estonia) were transfected
using Reagent 007 (Icosagen, Tartu, Estonia) and cultivations were performed at 30-35 ml scale

at 37°C for the first three days, followed by incubation at 30°C until end of cultivation. Supernatant
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and cells were harvested at day 7 for 293ALL and day 9 for CHOEBNALT85-1E9. The
supernatant was clarified by centrifugation at 1800 xg for 45 min at 20°C. Cells were stored in
RNAlater™ stabilization solution (Invitrogen™) for downstream RNA extraction.

Small-scale transient transfection, cultivation and harvest in CHO and HEK?293
The pQMCF plasmids encoding 22 difficult to express target proteins and the pKTH16

plasmid encoding NRTN and NRTN pp were used for transient expression in Freestyle™ CHO,
293-F™ and Freestyle™ 293-F. At 24 hours before transfection, cells were split to 0.6 (Freestyle™
CHO) or 0.7 (293-F and Freestyle™ 293-F) million cells/ml in 125-ml Erlenmeyer shake flasks
(Corning). On the day of transfection, the culture medium was exchanged by centrifugation and
cells were resuspended in fresh medium at a cell density of 1 million cells/ml. Cells were
transfected with 25 kDa linear PEI (Polysciences Inc.) at a DNA:PEI ratio of 1:4 (Freestyle™ CHO)
or 1:3 (293-F and Freestyle™ 293-F) where 1 ug DNA was added per 1 million cells. Each plasmid
was transfected in duplicate wells. The pD2529-CMVM-03 plasmid (Atum) expressing
DasherGFP was used to monitor the transfection. Cultivation was performed in 24 deep-well
plates with 2 ml cell suspension per well at 37°C, 8% CO; and 250 rpm in humidified incubators.
At 24 h post-transfection, the transfection efficiency was monitored by flow cytometry (Gallios
Flow cytometer, Beckman Coulter) of GFP-expressing cells based on mean fluorescence
intensities in the FL-1 channel. At 72 hours post transfection the cell culture was harvested. Cells
and supernatants from each well were separated by centrifugation (500 x g, 3 min). Half of the
cell pellet was resuspended and stored in RNAlater™ stabilization solution (Invitrogen™)
according to manufacturer’s recommendations for subsequent RNA extraction.

Expression level evaluation and protein characterization by western blot

For western blot analysis of samples, cell pellets were initially lysed in M-PER solution
(Thermo Fisher Scientific) and samples were separated by SDS-PAGE (Criterion TGX Precast
gels, 4-12%, Bio-Rad) under denaturing conditions. Proteins were transferred onto PVDF

membranes (Trans-Blot Turbo Transfer Pack, Bio-Rad) using the Trans-Blot Turbo Blotting
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System (Bio-Rad), followed by blocking of membranes with 5% milk in TBST (0.05% Tween-20).
Washing of membranes was performed with TBST and r-proteins were stained using a primary
anti-HPC4-antibody (0.2 pg/ml, Icosagen) followed by the secondary goat anti-human HRP-
conjugated antibody (1:4000, A18805, Invitrogen). Stained proteins were detected using
Immobilon Western Chemiluminescent HRP Substrate (Millipore) and image acquisition using a
ChemiDoc Imaging system (Bio-rad). For protein abundance estimations, each supernatant
sample was run in duplicate and volumetric band intensities were fitted onto a standard curve
generated by a dilution series of HPC4-tagged EPO on the same membrane using the Image Lab
software (Bio-Rad).

Transcriptome profiling

RNA was extracted using RNeasy plus Mini Kit (Qiagen) according to manufacturer’s
guidelines and the quality of the isolated RNA was evaluated by BlOanalyzer 2100 (Agilent, Santa
Clara, CA) using the Agilent RNA 6000 Nano Kit. RNA sequencing was performed at GATC
Biotech (Konstanz, Germany) using the Inview transcriptomics Discover platform. Sequence data
for RNA-Seq were quality controlled using FastQC and summarized with multiQC!’.
Trimmomatic'® was used to trim low-quality bases from the reads. The CHO-K1!% and the
human GRCh38.p12 reference genomes were extended to incorporate the transgene sequences
so that the transcripts of the heterologous secretome can be quantified. Reads were then quasi-
mapped to either the extended CHO-K1 or the human GRCh38.p12 genome based on the cell
line of origin and quantified with Salmon'?°. To compare the transcriptome usage across CHO
and HEK293 cell lines, an ortholog conversion table*® was used to convert CHO genes to their
human orthologs. The functional groups and the color scheme for the transcriptome usage were
adapted from the Proteomaps tool*?*.

Differential expression was performed using DESeq2'?2. To facilitate the comparison
between CHO and HEK293 cells, CHO genes were converted to human orthologs using the

conversion table described above. With tximport!?®, the transcript-level abundances were
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integrated into gene-level counts to be compatible with DESeq2. Three different types of
comparisons were carried out by specifying the corresponding design matrices. For cell line
comparisons, gene expression profiles from all producers were compared between HEK293 and
CHO cells. To estimate the degree of gene activation upon recombinant production, the CHO and
HEK293 producer cells were compared with their non-producing counterparts respectively. To
better account for sample variation, the fold changes were shrunken towards a beta prior to
reduce effect sizes for low confidence fold change estimates and improve gene fold changes
rankings'?4, eliminating the need for additional filtering. To obtain genes that show the greatest
activation disparity between HEK293 and CHO cells, the absolute difference of fold changes for
all genes across the two cell lines were ranked, and the top 20 (0.12%) of them were chosen for
further investigation. To estimate the differential activation between cell lines across r-proteins,
the DESeq2 design matrix was expanded to include an interaction term between the cell lines

and the r-protein identities.

To not be overshadowed by the expression of extreme genes and to pay more equal
attention to all the genes within the secretory pathway, a variance-stabilizing transformation was
applied?®, similar in implementation to a log-transformation on the secretory pathway gene
expression.

Co-expression validation of gene outliers between HEK293 and CHO

Each pKTH16_dPur plasmid encoding gene outliers between HEK293 and CHO, or an
empty pKTH16_dPur vector control, was co-transfected with the pQMCF plasmid encoding
THBS4 in duplicates into 293-F and Freestyle CHO-S cells using PEI as described above. In total
1 ug of plasmid was transfected per 1 million cells and plasmid ratios of 1:1, 1:2 and/or 1:10 (gene
outlier:-THBS4) was used. Cells were cultivated in deep-well plates as described above and cells
and supernatants were harvested at 72 hours post transfection. Some gene outliers were also

validated in combination with ARTN. The expression of THBS4 in each sample was evaluated by
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sandwich ELISA using a human anti-HPC4-antibody (Ilcosagen) as capture antibody, rabbit anti-
THBS4 (antibody HPRK2400008 kindly provided from the Human Protein Atlas) as primary
antibody and a HRP-conjugated swine anti-rabbit antibody (p039901-2, Dako) combined with
TMB substrate (Thermo Fisher Scientific) for detection. The relative secreted expression of ARTN
was determined by western blotting of culture supernatants using the rabbit antibody
HPRK3140989 from the Human Protein Atlas and an HRP-conjugated swine anti-rabbit antibody
(p039901-2, Dako) combined with Immobilon Western Chemiluminescent HRP Substrate
(Millipore). For western blot validation of outlier gene expression, cells were lysed using M-PER
or Mem-PER mammalian protein extraction reagents (Thermo Fisher Scientific) and blotted onto
PVDF membranes as described above. Proteins were detected using a monoclonal anti-FLAG
M2 antibody (F3165, Sigma/Merck Millipore) and an HRP-conjugated polyclonal goat anti-mouse
antibody (P0447, Dako).

Pathway and protein feature analysis

Gene set enrichment analysis was used to calculate the significantly activated pathways
from gene-level differential expression profiles. Canonical pathway annotation was obtained from
MSigDB?6, Additionally, manually curated gene sets on various secretory pathway subsystems
were referenced from*®. A normalized enrichment score (NES) representing the gene-set
enrichment analysis (GSEA) statistic ¥ was calculated to quantify the overall direction of

regulation for each gene set along with an accompanying permutation p-value!?,

PTM information for each r-protein integrated from UniProt and phosphosite. Among the
various types of common PTMs that occur in the cell, we considered glycosylation and disulfide
bonds due to their occurrences in our panel of r-proteins and their relevance to the secretory
pathway. For each r-protein, a glycosylation- and disulfide bond-index quantifying the level of
enrichment of the respective PTM was calculated by dividing the total number of occurrences of

the PTM in question in the r-protein by the length of the protein. The enzymes responsible for the
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synthesis of glycans and disulfide bonds were obtained from'?° and KEGG**° respectively, and
their corresponding expression changes from CHO to HEK293 were summarized using the GSEA
enrichment score statistic for each r-protein. A Bayesian linear regression model (formula given
below) was used to assess the relationship between titer improvement from CHO to HEK293 and
the enzyme expression. To further deconvolute the effects of PTMs on this dependency, an
interaction term between the PTM index and the enzyme expression was added to the linear
model to capture how the correlation between the enzyme activities and the titer improvements
changes across r-proteins with different PTM indices. The model coefficients were estimated with

Markov chain Monte Carlo (MCMC) via the rethinking package with default parameters3?,

LFCriter[i] ~ Normal(uli], o) (For each clone i, draw titer improvement LFC from u[i] with standard deviation o)

pli] = a+ bpra - PTM index|i] + PEnzyme.expr - Enzyme exprli|+
brnteraction - PTM.index[i] - Enzyme_expr|i (break u : down based on PTM, enzyme expression and an interaction term)
Priors:
a ~ Normal(0,1)
bPTM, PEnzyme exprs Dinteraction ~ Normal(0, 0.25)

o ~ Exponential(1)

Statistical Analysis

Statistical analysis of significantly different expression levels of THBS4 and ARTN from
co-expression experiments was performed in GraphPad Prism 7 using ANOVA one-way analysis
followed by Durnetts’s test comparing all expression levels to a control (THBS4 or ARTN co-
expressed with an empty plasmid). The details of statistical analysis of the transcriptomic profiling,
including differential expression analysis and protein feature analysis is described in the
respective sections above.

Data and materials availability

Raw RNA sequencing data are deposited to the Sequence Read Archive (SRA) with

accession number SRP281874, and the corresponding processed data are available on the Gene

Expression Omnibus (GEO) via accession number GSE157729. All the other data are contained
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in the article and its supplementary information or available upon request. The source code for

the figures are available from https://github.com/LewisLabUCSD/CHO HEK.

Chapter 2, in part, is currently being prepared for submission for publication of the material
as it may appear in Malm M, Kuo CC, Barzadd MM, Mebrahtu A, Wistbacka N, Razavi R, Volk
AL, Lundgvist M, Kotol D, Edfors F, Graslund T, Chotteau V, Field R, Varley PG, Roth RG, Lewis
NE, Hatton D, Rockberg J. “Harnessing secretory pathway differences between HEK293 and
CHO to rescue production of difficult to express proteins” (Submitted). The dissertation author

was the one of the two primary investigators and authors of this material.
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CHAPTER 3: TRANSCRIPTOMIC ANALYSIS OF RECOMBINANT PROTEIN-

PRODUCING CHO CELLS REVEAL PRODUCT-DEPENDENT HOST RESPONSE

Introduction

The human secretome project %32 has comprehensively characterized an important
subset of the human proteome that is produced through the secretory pathway. Secreted proteins
often play important roles in cell signaling 33, and those that are present in blood can extend their
influence beyond the confines of the human tissues 34. This makes secreted proteins appealing
recombinant therapeutics candidates for the biopharmaceutical industry. Chinese hamster ovary
(CHO) cell line has been the most popular mammalian expression system for recombinant
proteins because of its scalability and compliance with human post-translational modifications
(PTMs) 13136 To systematically measure the potential of CHO cells to produce the human
secretome, an effort to express the entire human secretome recombinantly in CHO cells was
initiated as a companion project to the human secretome project. So far, almost 1,300 proteins
have successfully been produced and purified in CHO cells in a controlled, high throughput
fashion ¥7. However, despite optimization efforts, only 65% of the secretome could be
successfully expressed by CHO cells above the quality threshold. Furthermore, among the
proteins that passed quality checks, titers differed by several orders of magnitude depending on
the protein. To better understand the determinants of protein titers, we RNA-sequenced a panel
CHO cell clones each producing one of the 95 different recombinant proteins, along with one non-
producing clone. We found that transgenes consistently take up roughly 3% of the entire
transcriptome, making it one of the most highly expressed genes in most of the producer clones.
However, less than 5% of the variance can be attributed to differences in transgene abundance.
To further identify determinants of recombinant protein yields, we focused on properties of the

recombinant proteins and the conditions of the host cells.
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A machine learning approach was used to unravel the factors underlying productivity
based on features of the recombinant proteins. More specifically, we curated a comprehensive
feature set according to the (amino acid) sequences of the secreted proteins. The features range
from basic properties of the protein such as molecular weight to complex structural features
derived from homology modeling. We developed a robust machine learning pipeline to perform
automatic feature selection and identified a set of sequence features with the strongest influence
on protein titers.

To gain further insights into the In addition, expression data is presented for all the gene
constructs in the CHO cell factory to allow in-depth analysis of the relationship between protein
sequence and yield. For some representative CHO expression clones, including both high and
low producers, omics data have been generated and data is also presented using a human cell
line HEK293 for a selection of the clones with low or no production in CHO. In conclusion, we will
provide an open access knowledge resource to facilitate basic and applied research covering the

proteins actively secreted in human cells, tissues and organs.

Results

Variation in achieved recombinant protein yield cannot be explained by transgene
MmRNA abundance
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Figure 9. The contribution of transgene mRNA level, host cell transcriptome, and
protein structural properties on the yield of recombinant proteins in CHO cells.

CHO cells expressing the entire human secretome were developed, and RNA-Seq was
conducted on 96 representative clones, each secreting a different human protein. (A) The cells
expressed a wide range of transcripts supporting a wide range of cellular processes. The cells
dedicated a substantial amount of resources on mRNAs associated with translation and protein
synthesis (blue). (B) Overall, the transcriptome usage is mostly consistent across cell lines
showing different levels of recombinant protein production. (C) The transgene abundance
(TPM) of each recombinant gene was compared to the secreted protein abundance (ug). (D)
To quantify the impact of secreted protein characteristics and their effects on secretion, a
machine learning pipeline was used to identify features of the secreted proteins that contribute
the most (both positively and negatively) to protein secretion.
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To better characterize the library of CHO cells producing the human secretome, we
selected for RNA-sequencing 95 clones of CHO cells producing various recombinant proteins
based on the yield, growth characteristics and overall viability. An additional non-producing clone
was also RNA-sequenced (methods). The mRNA abundance for the transgenes encoding the
human secreted proteins, along with the endogenous CHO genes are summarized in Suppl. Table
4,

We visualized the global transcriptome usage of the CHO cells using a Proteomap
(Fig. 9A), wherein mRNA abundance is summarized into blocks of cellular processes with the
area representing the fraction of the transcriptome dedicated to a particular cellular process. On
average, the transgenes are among the most highly expressed genes in the CHO cell
transcriptome, taking up ~3% of the transcriptome and the levels of mMRNA were comparable
among cell lines, regardless of whether the cell lines secreted high, low, or no amounts of
recombinant protein (Fig. 3B). Additionally, the major cellular processes remain relatively stable
across different tiers of producers and interestingly, the expression level of genes associated with
translation show slightly higher expression in cell lines with the lowest recombinant protein yield.
Incidentally, cellular processes associated with vesicular transport were down-regulated in non-

producers.

We then evaluated if the variation in protein production yields can be explained by
transgene mRNA levels. Across the producers, the transgene mRNA levels only explained 5%
(Fig. 9B) of the variance in recombinant protein productivity, compared to previous reports of
~40% for endogenous genes in mammalian cells across various conditions 121138130 |ncidentally,
cell lines that fail to secrete detectable levels of recombinant protein tend to express higher levels
of transgene mMRNAs compared to clones of higher yields. This suggests that difficult-to-express

proteins are less limited by transcript level, compared to other factors.
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We further examined how other transcriptomic determinants in the host cells impacted the
amount of protein achieved. To evaluate if any particular pathway differentiated between the cell
lines that gave high vs. low amounts of recombinant protein products, we conducted Gene Set
Enrichment Analysis (GSEA) 2714 and found several dysregulated cellular responses. This
includes genes targeted by KRAS activation, whose expression was significantly down-regulated
in high producers. As KRAS contributes to the Warburg effect 14!, the reduction in KRAS signaling

in high producers may improve cell growth, contributing to higher recombinant protein yields.

Difficult-to-express recombinant proteins are characterized by higher molecular
weight and more frequent turns

While mRNA levels of the transgenes are largely uninformative about recombinant protein
titers, we wonder if attributes of each secreted protein could explain protein yields. We curated a
compendium of various features characteristic of each SecP in our recombinant proteomics
dataset. These range from simple features such as molecular weights to more complex signatures
including the structural properties of the protein. We then used machine learning to model how
the features of the proteins affect the protein yield (Fig. 9D). Note that the transgene mRNA level
was excluded from this analysis to focus on structural features of the recombinant proteins.
Among more than 150 features curated for the secreted proteins, the molecular weight of the
proteins impacts achieved recombinant protein yields the most (Suppl. Table 4). Large proteins
pose additional demands, as they have more post-translational modifications, provide more
opportunities for misfolding and aggregation, more difficulty of trafficking, and impose increased
energy consumption in their production. Recombinant protein titers are also impacted
considerably by other features, such as the fraction of the protein sequence to be in structural
turns or bends, the amount of proline, hydrophobicity, etc. Together, protein-specific features
explain 45% of the variance in protein secretion and these attributes can help inform recombinant

proteins candidate selection for future production runs.
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Differential expression underlies titer differences between similarly structured
recombinant proteins

The aforementioned protein-specific features highlight the properties common to difficult-
to-express proteins. However, they generally do not serve as actionable engineering targets for
titer enhancement as they are integral to the identity and function of the recombinant protein. To
boost recombinant protein productivity, efforts have initially focused on bioprocess optimization
before targeted genetic manipulation became more widely explored in the last decade as the
available genomic resources continue to grow. When it comes to enhancing specific productivity,
components within the secretory pathway have traditionally been popular engineering targets
because they are directly involved in various stages of protein secretion. However, the same
engineering target can result in improvement in productivity that varies greatly depending on the
product of interest, suggesting a dependency between the secretory pathway and its products.
Such product-specific relationships in the secretory pathway have been more thoroughly
examined recently 48142 and studies have demonstrated significant titer improvements when
engineering targets are selected based on the properties of the secreted protein 43,

To identify engineering opportunities within CHO cells, we proposed to analyze functional
differential expression while accounting for differences in intrinsic protein properties. We first
selected various pairs of secreted proteins with similar structural and functional properties based
on their T-SNE embeddings and prioritized clonal pairs with drastically different protein titers. The
interactive web app we developed to facilitate clonal pair selection is available on

https://curtis999.shinyapps.io/candidate/.

Methods

Sequence processing and RNA-seq quantification

Sequence data for RNA-Seq were quality controlled using FastQC and summarized with
multiQC 7. Trimmomatic '*® was used to trim low-quality bases from the reads. The CHO-K1

reference genome !'° was extended to incorporate the transgene sequences so that the
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transcripts of the heterologous secretome can be quantified. Reads were then quasi-mapped to

the extended CHO-K1 genome and quantified with Salmon 2.

Proteomaps

The Proteomaps provides a means to visualize genes and the corresponding cellular
processes for mouse and other model organisms. Thus, an ortholog conversion table 3 was used
to convert the CHO-K1 genes to their mouse homologs, wherein a two-way BLAST, protein
sequences extracted from Refseq 68 44 and a gene name were used in conjunction to maximize
coverage of overlapping CHO and mouse genes. The resulting Proteomaps cover roughly 70%
of the transcripts as Proteomaps does not include annotation for all mouse genes, nor do all CHO
genes have mouse homologs. Nevertheless, the coverage is significant enough that most major

cellular processes are represented.

Transcriptomic determinants of protein secretion

The differential expression between subsets of samples that are high (nh = 15) and low
producers (n = 11) was performed with DESeq?2 *?2. GSEA 27 was then used to determine the

significantly up- and down-regulated cellular processes.

Protein features importance
By regressing the actual protein yields on key properties of the respective secreted

proteins, our machine learning pipeline can identify protein-specific determinants of the actual
protein yield. To fully characterize the properties of the secretome, we extended upon the features
from our pilot study *° on the expression determinants of the human protein fragments used in
the creation of the antibodies for the HPA project. We compiled a compendium of various features
characteristic of each SecP. The features, ranging from simple features such as molecular
weights to more high-level signatures such as the structural properties of the protein, fall into four

broad categories (Fig. 10).
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L Number of | Data source/ software
Feature type Feature name description foatures packuges
AA.comp Amino acid composition 20 this study
Amino acid composition correlation with AA .
AA.comp composition in native CHO cells 2 this study
Mol.Weight Molecular weight 1 this study
sequence features PSIM Number of post-translational modification sites 6 10.1871ourmal.pone.0
PTM.detailed Number of uncon»_'entlc_)nal post—translailonal 12 10.1093/nar/gkl124
modification sites
RNA_MFEs_exp_norm RNA minimum free energy normalized wrt 1 10.1186/1748-7188-6-2
sequence length 6
GTEX_human_grouped | secretome expression in various human tissues 16 10.1126isc1lznce.1 2621
HPA_protein Protein level across different tissues 17 10.1126/science.12604
HPA tissue.mean Mean protein level across different tissues 1 19
] Protein and mRNA copy numbers, half-lives,
Experimental abundance Matt transcription rates and translation rate constants 6 10.1038/nature10098
in mouse fibroblasts
Production yield of fusion proteins with fractions 10.1093/bicinformatics/
PrESTs.df . 1
of human secretome in yeast btx207
RNA96_WT Expression of the CHO o_rlholog of the product 1 this study
protein
Protparam_gravy Grand average of hydropathicity (GRAVY) 1
. . Instability index, an estimate of the stability of the
physical_features Protparam_instability protein in a test tube. 1 ProtParam
Protpsram_aifxeiecmc_p of protein isoelectric point 1
acc_frac Solvent-accessible fraction 1
acc_hydrophilic_in % Hydrophilic solvent-inaccessible residues 1
acc_hydrophilic_out % Hydrophilic solvent-accessible residues 1
acc_hydrophobic_in % Hydrophobic solvent-inaccessible residues 1
acc_hydrophobic_out % Hydrophobic solvent-accessible residues 1
acc20_mean Mean accessibility score 1 10.1093/nar/gki396
Structural predictions out_gravy GRAVY of outer and inner residues 1
ss_helix, ss_ext, ss ¢ 3-category Secondary Structures 3
ss8_helix, ss8_ext,
ss8_turn, ss8_helix3, :
$58 pi_helix, ss8_bridge, 8-category Secondary Structures 8
ss8_bend, ss8_coil
solubility Predicted protein solubility 2 10.1093/iginformatics/

btx345

Figure 10. List of features used in the expression data analysis and their sources.

The features were then filtered univariately in which features with low maximal information

coefficients ¢ are removed. The remaining features are then passed to 8 different machine

learning algorithms: random forest, Gradient Boosting Machine, partial least square, glmnet.fit,

cubist, glmboost.fit, gimnet_significancePenalty.fit and SVM. For models that require hyper-

parameter fine tuning, a grid-search was used to obtain the optimal parameters over the 15

bootstrap resamples. The performance of each model is assessed through 0.632bootstrap 4’ to

better capture the prediction errors typically underestimated by vanilla bootstrapping. Models that

achieved an R-squared better than 0.65 on the validation set yet are diverse in terms of prediction
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errors are then selected to create an ensemble model, where the models are weighted by simple
linear regression. As the linear ensemble model outperformed the single models, it was used to
determine the factors contributing to poor secretion by averaging the vectors of feature
importance generated by each model according to their corresponding weights in the ensemble

model.

Chapter 3, in part, is currently being prepared for submission for publication of the material.
Kuo CC, Masson HO, Lewis NE. “Transcriptomic analysis of recombinant protein-producing CHO
cells reveal product-dependent host response” The dissertation author was the co-first

investigator and author of this material.
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CHAPTER 4: IN SITU DETECTION OF PROTEIN INTERACTIONS

Abstract

Despite their therapeutic potential, many protein drugs remain inaccessible to patients
since they are difficult to secrete. Each recombinant protein has unique physicochemical
properties and requires different machinery for proper folding, assembly, and post-translational
modifications (PTMs). Here we aimed to identify the machinery supporting recombinant protein
secretion by measuring the protein-protein interaction (PPI) networks of four different recombinant
proteins (SERPINAL, SERPINC1, SERPING1 and SeAP) with various PTMs and structural motifs
using the proximity-dependent biotin identification (BiolD) method. We identified PPIs associated
with specific features of the secreted proteins using a Bayesian statistical model, and found
proteins involved in protein folding, disulfide bond formation and N-glycosylation were positively
correlated with the corresponding features of the four model proteins. Among others, oxidative
folding enzymes showed the strongest association with disulfide bond formation, supporting their
critical roles in proper folding and maintaining the ER stability. Knockdown of disulfide-isomerase
PDIA4, a measured interactor with significance for SERPINC1 but not SERPINA1L, led to the
decreased secretion of SERPINC1, which relies on its extensive disulfide bonds, compared to
SERPINA1, which has comparatively less disulfide bonds. Proximity-dependent labeling
successfully identified the transient interactions supporting synthesis of secreted recombinant
proteins and refined our understanding of key molecular mechanisms of the secretory pathway

during recombinant protein production.

Introduction
Therapeutic proteins are increasingly important for treating diverse diseases, including
cancers, autoimmunity/inflammation, infectious diseases, and genetic disorders. For example, the

plasma protein therapeutics market is expected to grow by $36 billion (USD) by 2024. Mammalian
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cells are the dominant production system due to their ability to perform PTMs that are required
for drug safety and function 48149, However, the complexities associated with the mammalian
secretory machinery remains a bottleneck in recombinant protein production °’. The secretory
pathway machinery includes >575 gene products tasked with the synthesis, folding, PTMs, quality
control, and trafficking of secreted proteins (SecPs) 4748150151  Numerous components of the
secretory pathway (SecMs) have been engineered to increase the capacity of the secretion.
However, the precision and efficiency of the mammalian secretory pathway results from the
coordinated effort of these secretory machinery components including chaperones, modifying
enzymes (e.g., protein disulfide isomerases and glycosyltransferases), and transporters within
the secretory pathway. Overexpression of heterologous proteins in this tightly regulated and
complex system could impact its functionality and homeostasis, resulting in adaptive responses
that can impair both protein quantity and quality °8152, More importantly, variability in the structures
and modifications of recombinant proteins could necessitate a customized secretion machinery
to handle this diversity, but the secretory machinery of recombinant protein producing cells has
not been adapted to facilitate the high titer secretion desired for most recombinant proteins. A
previous study also showed human protein secretory pathway genes are expressed in a tissue-
specific pattern to support the diversity of secreted proteins and their modifications “8, suggesting
that expression of several SecMs is regulated to support client SecPs in the secretory pathway.
Unfortunately, the SecMs needed to support any given secreted protein remain unknown. Thus,
there is a need to elucidate the SecMs that support the expression of different recombinant
proteins with specific features. This can guide mammalian synthetic biology efforts to engineer
enhanced cells capable of expressing proteins of different kinds in a client-specific manner.

PPI networks are invaluable tools for deciphering the molecular basis of biological
processes. New proximity dependent labeling methods such as BiolD %1% and APEX °° can
identify weak and transient interactions in living cells, along with stable interactions. Furthermore,
BiolD offers a high-throughput approach for systematic detection of intracellular PPIs occurring in
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various cellular compartments and has been used to characterize PPl networks and subcellular
organization *. BiolD relies on expressing a protein of interest fused to a promiscuous biotin
ligase (BirA) that can biotinylate the proximal interactors in nanometer-scale labeling radius 4.
For example, this approach has mapped protein interactions at human centrosomes and cilia
157158 focal adhesions 1°°, nuclear pore ** and ER membrane-bound ribosomes % . Here we
used BiolD2, an improved smaller biotin ligase for BiolD 1°¢:161, to explore how the SecMs involved
vary for different secreted therapeutic proteins (Fig. 11). Specifically, BiolD2 was employed to
identify SecMs that interact with three SERPIN-family proteins (SERPINAL: treatment for Alpha-
l-antitrypsin deficiency, SERPINC1: treatment for Hereditary antithrombin deficiency, and
SERPING1: treatment for acute attacks of hereditary angioedema) and secreted embryonic
alkaline phosphatase (SeAP), which is a truncated form of Alkaline Phosphatase, Placental Type
(ALPP). These proteins vary in their PTMs (e.g., glycosylation, disulfide bond and residue
modifications) and have different amino acid sequences that consequently form different local
motifs. Using a Bayesian statistical model, we identified the critical PPIs that are positively
correlated with each protein feature. Identification of these PPIs will refine our understanding of
how the secretory pathway functions during the expression of the recombinant proteins and

introduce novel targets for secretory pathway engineering in a client specific manner.
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Figure 11. Flowchart of the BiolD2 application to detect in situ interactions supporting
therapeutic proteins secretion.

Materials and Methods

Molecular cloning and generation of stable cell lines
All plasmids used in this study were constructed by PCR and Gibson isothermal assembly.

The expression ORFs, hereafter named bait-BirA, were constructed by fusing BiolD2 to the C-
terminal of each model protein (with a glycine-serine linker added between) and a 3XFLAG tag at
C-terminal to simplify the immuno detection. ORFs were inserted into pcDNA5/FRT (Invitrogen),
which allows targeted integration of the transgenes into the host genome. Gibson assembly
primers were designed by SnapGene software and used to amplify the corresponding fragments
and vectors with long overlapping overhangs, which were then assembled using Gibson

Assembly Master Mix (NEB). To obtain secretable BiolD2 (without any bait protein), Gibson
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assembly was employed to fuse the signal peptide of SERPINC1 gene to the N-terminal of BirA
(hereafter referred to as Signal-BirA). Assembly products were transformed to the chemically
competent E. coli, and recombinant plasmids were verified by restriction digestion and
sequencing. For all experiments, Flp-In 293 cells (Invitrogen) were cultured in DMEM media
supplemented with fetal bovine serum (10 %) and antibiotics (penicillin, 100 UmL-1 and
streptomycin, 100 yg mL-1) and maintained at 37 °C under 5 % CO2. For generating stable cell
lines, Flp-In 293 cells were seeded in 6 well plates at a density of 0.5x10° cells per well the day
before transfection. Cells were then co-transfected with each pcDNA5/FRT vector containing
expression cassette and pOG44 plasmid using Lipofectamine® 2000 according to the
manufacturer’s directions. After recovery from transfection, cells were grown in DMEM containing
10% FBS, 1% PenStrep, and 150 pg/mL Hygromycin B to select hygromycin-resistant cells.
Individual resistant colonies were isolated, pooled, and seeded in 24-well plates for further scaling

up and screened for expression of the fusion proteins by Western Blotting.

Immunofluorescence

Recombinant HEK293 cells expressing BiolD2 fusions were grown in complete medium
supplemented with 50 uM biotin on coverslips until 70% confluent. Cells were then fixed in PBS
containing 4% PFA for 10 min at room temperature. Blocking was performed by incubating fixed
cells with 1% BSA and 5% normal goat serum in PBST. Anti-flag mouse monoclonal antibody-
Dylight 650 conjugate (Thermofisher), targeting the bait-BirA, and streptavidin-DyLight 594
conjugate (Thermofisher), targeting the biotinylated proteins, were diluted at 1:300 and 1:1000 in
blocking buffer, respectively and incubated with fixed cells for 30 minutes at room temperature.
Cells were then washed, counterstained with DAPI, mounted on the slide using antifade
vectashield mountant, and imaged using Leica SP8 Confocal with Lightning Deconvolution.
Colocalization quantification was performed for the deconvolved images using Fiji's (Imaged

1.52p) Coloc_2 analysis tool between the 650 (anti-flag) and 594 (Streptavidin) channels 182, This
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tool generates a comprehensive report for evaluating pixel intensity colocalization of two channels
by various methods such as Pearson’s Coefficient (range: -1.0 to 1.0), Manders’ Colocalization
Coefficients (MCC, range: 0 to 1.0), and Li’'s Intensity Correlation Quotient (IQC, range: -0.5 to
0.5) 163164 Background pixel intensity was subtracted using Fiji’s rolling ball algorithm and a region
of interest (ROI). Thresholds were determined using Coloc_2’s bisection method, which is further

used to adjust for background. Above threshold metrics were reported.

RNAi knockdown experiment
esiRNA targeting PDIA4, PDIA6, and ERp44 were ordered from Sigma. HEK293 cell

expressing SERPINC1-BirA and SERPINA1-BirA were seeded at 1X105 cells/well in 12-well
plates with complete medium and reverse transfected with 144 ng of the appropriate PDI specific
esiRNA, Luciferase esiRNA as a negative control, or KIF11 esiRNA as positive control using
Lipofectamine  RNAIMAX (Invitrogen). All transfections were performed according to the
manufacturer’s guidelines. Each experiment was done in triplicates and targeted gene knockdown
by esiRNA was allowed to occur for 96 hrs. Culture supernatants and cell pellets were then
harvested, clarified by low-speed centrifugation, and then aliquoted and stored at —-80°C for

further experiments.

Western blotting

To validate the secretion of bait-BirA proteins, supernatants of cultures expressing fusion
proteins were collected, centrifuged to remove cell debris, and 30 ul were loaded on SDS-PAGE
gel for electrophoresis. The resolved proteins were then transblotted to nitrocellulose membranes
using the Trans-Blot Turbo Transfer System from Bio-RAD. The membrane was blocked with 5%
skim milk in TBST and probed with HRP-conjugated anti-flag mouse monoclonal antibody
(Thermofisher) diluted at 1:10000 in the blocking buffer. The membrane was washed, and Clarity
Western ECL Substrate was added. Proteins’ bonds were visualized using G:Box Gel Image

Analysis Systems (SYNGENE). For staining of intracellular biotinylated proteins, cells were grown
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in complete medium supplemented with 50 uM biotin, lysed by RIPA buffer, and protein content
was quantified using Bradford assay. 20 ug of total protein was loaded, resolved and transblotted
as described earlier. The membrane was blocked by 3% BSA in TBST and probed with HRP-
conjugated streptavidin diluted in blocking buffer at 1:2000 ratio. For visualizing the proteins’
bands, the same Clarity Western ECL Substrate was used.

Quantitative western-blots were used to determine knockdown (KD) efficiency as well as
impact on SERPIN secretion. For KD efficiency, cell pellets from each KD experiment were lysed
with RIPA buffer, and approximately 25ug of protein lysate was loaded onto the SDS-PAGE gel
for PDIA4, PDIAG6, and ERp44 experiments. Resolved proteins were transblotted onto separate
nitrocellulose membranes as described earlier. Each membrane was blocked with Intercept (TBS)
Blocking Buffer from LI-COR and probed with Rabbit anti PDIA4 (1:2000), PDIA6 (1:2000), or
ERp44 (1:2500) monoclonal antibodies, respectively. A housekeeping protein in each lysate was
targeted for normalization with either a Mouse anti Alpha-tubulin (1:20,000) or anti Beta-actin
(1:10,000) monoclonal antibodies. For visualization, IR spectra was utilized by staining with LI-
COR Goat anti Mouse conjugated to 680 (1:15,000) and anti Rabbit conjugated to 800 (1:15,000).
Images were taken and analyzed with Image Studio Lite Version 5.2 for relative quantification.
Impact on SERPIN secretion was determined from the aliquots of clarified supernatants from
esiRNA transfected cultures using the same blotting method as above. 30 ul of supernatants were
loaded on SDS-PAGE gel, and transblotted onto nitrocellulose membrane. Transblotted
membrane was probed using Rabbit anti Flag (Proteintech, 1:800) followed by Goat anti Rabbit
800 (1:15,000). KD efficiency and the effect of PDI knockdown on secretion of the model proteins
was measured in comparison with the negative control of each cell line transfected with Luciferase
esiRNA as negative control (see above).

Mass Spectrometry

Cells were grown in 245 mm plates (one plate per biological replicate in triplicate) to

approximately 70% confluence in complete media and then incubated for 24 h with 50 uM biotin.
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Cells were harvested and washed twice in cold PBS, lysed with vigorous shaking (20 Hz) in 8M
urea, 50mM ammonium bicarbonate lysis buffer, extracted proteins were centrifuged at 14,000 x
g to remove cellular debris and quantified by BCA assay (Thermo Scientific) as per manufacturer
recommendations. Affinity purification of biotinylated proteins was carried out in a Bravo
AssayMap platform (Agilent) using AssayMap streptavidin cartridges (Agilent), and the bound
proteins were subjected to on-cartridge digestion with mass spec grade Trypsin/Lys-C Rapid
digestion enzyme (Promega, Madison, WI) at 70°C for 2h. Digested peptides were then desalted
in the Bravo platform using AssayMap C18 cartridges and the organic solvent was removed in a
SpeedVac concentrator prior to LC-MS/MS analysis. Dried peptides were reconstituted with 2%
acetonitrile, 0.1% formic acid, and analyzed by LC-MS/MS using a Proxeon EASY nanoLC
system (Thermo Fisher Scientific) coupled to a Q-Exactive Plus mass spectrometer (Thermo
Fisher Scientific). Peptides were separated using an analytical C18 Acclaim PepMap column
0.075 x 500 mm, 2um particles (Thermo Scientific) in a 93-min linear gradient of 2-28% solvent B
( 80% acetonitrile, 0.1% formic acid) at a flow rate of 300nL/min. The mass spectrometer was
operated in positive data-dependent acquisition mode. MS1 spectra were measured with a
resolution of 70,000, an AGC target of 1e6 and a mass range from 350 to 1700 m/z. Up to 12
MS2 spectra per duty cycle were triggered, fragmented by HCD, and acquired with a resolution
of 17,500 and an AGC target of 5e4, an isolation window of 1.6 m/z and a normalized collision

energy of 25. Dynamic exclusion was enabled with a duration of 20 sec.

MS data Analysis
All mass spectra were analyzed with MaxQuant software ° version 1.5.5.1. MS/MS

spectra were searched against the Homo sapiens Uniprot protein sequence database (version
January 2018) and GPM cRAP sequences (commonly known protein contaminants). Precursor
mass tolerance was set to 20ppm and 4.5ppm for the first search where initial mass recalibration
was completed and for the main search, respectively. Product ions were searched with a mass

tolerance 0.5 Da. The maximum precursor ion charge state used for searching was 7.
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Carbamidomethylation of cysteines was searched as a fixed modification, while oxidation of
methionines and acetylation of protein N-terminal were searched as variable modifications.
Enzyme was set to trypsin in a specific mode and a maximum of two missed cleavages was
allowed for searching. The target-decoy-based false discovery rate (FDR) filter for spectrum and
protein identification was set to 1%. Enrichment of proteins in streptavidin affinity purifications
were calculated as the ratio of intensity. To remove the systematic biases introduced during
various steps of sample processing and data generation, datasets were normalized using the
LOESS method % integrated into Normalyzer 7. Perseus software 1% was employed for data
preparation, filtering, and computation of differential protein abundance. The DEP package ®°
was used to explore whether missing values in the dataset are biased to lower intense proteins.
Left-censored imputation was performed using random draws from shifted distribution. A
Student's t-test with a multi-sample permutation-based correction for an FDR of 0.05 was
employed to identify differentially expressed proteins using log2 transformed data.

Detection of significant interactions

The threshold for significant interactions was determined using the known secretory
pathway components as a gold standard. We set the cutoffs for FDR at 0.1 and removed all
interactors with negative fold changes, as this optimizes the enrichment of known secretory
pathway components among the significant interactors. The enrichment for two independent
secretory pathway-related gene sets also peaked around the cutoffs set through the gene set of
known secretory pathway components, suggesting the optimal cutoffs are robust to the gold
standards chosen.

Estimation of preferential interaction between protein features and interactors with
a Bayesian modeling framework

To identify patterns of interactions between individual bait-BirA proteins and their
interactors, we first obtained and summarized several protein features across model proteins. The

protein properties considered include shared structural motifs 17, known sites of PTM from
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Uniprot and phosphosite %171, The complete protein feature composition for each of the model
proteins is illustrated in. Given the interactions between the SecPs and their interactors, we can
predict the important structural features implicated in the interactions between the SecPs and a
given SecM. The interactions between the BirA-fused samples and the secretory pathway
interactors can be pooled according to shared properties of the SecPs to reveal
interdependencies between components of the secretory pathway and their products.

To test if some secretory machinery components preferentially interact with certain protein
features, we first calculated the effective total frequency (6ig) of interactions between each
feature-gene pair (f,g) by going through every SecP in our data and counting the number of times
this feature occurs in a bait-BirA protein p (fp) .

Ot g = Z f, - linteract(P, 9) (bait-BirA protein: p;interactor: g)

pesecPs

1 if p and g interact

Hinteract(pr g) ‘= {0 otherwise

The number f, is added to the total frequency, d8i4, only when p and g interact (when
Tineeract(P,9) = 1). This effective interaction frequency, 6;4 essentially linked the features pooled
across the model proteins to a given interactor g, taking us closer to estimating interaction affinity
between a feature and an interactor. To further account for SecP and feature promiscuity, we
implement an estimate of the tendency for f and g to interact. The interaction synergy Stg, the
tendency for an interactor g to interact with a feature more than expected by chance, was
estimated by a Bayesian modeling approach. More specifically, we seek to decouple the
interaction synergy from the observed interaction frequency J:g by modeling the interaction

frequency dtg with a Poisson regression.
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Of g ~ Poisson()\flg) (Interaction frequency between f, g follows a Poisson distribution with mean )\,rlg)
log Ar g = &+ p1f + pg + s

Interaction effects:

o ~ Normal(0,1) (Average interaction frequency across all f, g pairs)
0,0¢)
D, (Tg)

0,05)

15 ~ Normal Feature promiscuity for f)

g ~ Normal Interactor promiscuity for g)

,_.H,_.H
[ —

sgz ~ Normal Interaction synergy between f, g)

Hyper priors:
o ~ Exponential(1)
og ~ Exponential(1)
05 ~ Exponential(1)

The mean for the Poisson distribution is parameterized by the sum of feature promiscuity
(number of SecMs g connected to a feature) y¢ , interactor promiscuity (humber of SecPs with a
feature f interacting with a SecM) g4 , the interaction synergy sqy and an intercept variable. The
feature promiscuity pr quantifies the probability of a feature f to partake in an interaction with any
secMs. Likewise, the interactor promiscuity yg measures the tendency for a secM g to interact
with any features. After subtracting out the yr and gy from the log-transformed mean A:g for the
Poisson distribution, we arrive at the coefficient of interest-- the interaction synergy sS4 between f
and g. It quantifies the degree to which f and g interact more than by random chance. In previous
work, this approach has correctly estimated epistasis intensity®. To better regularize the
promiscuities, their Bayesian priors are all normally distributed around O, with their variances
parameterized by the hyper priors of, g and as which follow an exponential distribution. The

intercept a is parameterized by a standard normal distribution. We used the rethinking R package

172 to construct the model and sample the coefficients.

Results

BiolD can successfully tag proteins colocalized with secreted proteins

We first investigated if intracellular PPls between each SecP and their supporting SecMs
can be measured using the BiolD method. To do this, each bait-BirA was expressed in HEK293
cells using the Flp-In™ system (see materials and methods) for targeted integration of the

transgenes into the same genomic locus to ensure comparable transcription rates of each
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transgene. Variations in mRNA level caused by random integration can trigger adaptive response
such as the unfolded protein response in some cell lines which reciprocally alters the active PPIs
network involved in the secretion. We observed successful secretion of bait-BirA proteins into
culture supernatant, evaluated by Western blot (Fig. 12A). Thus, the BirA fusion did not prevent
secretion of the model proteins, and it is expected that they enter the secretory pathway where
they are processed and packaged for secretion. We also verified the biotinylation profile by
western blot for each cell line in the presence and absence of biotin. The biotinylation profile of
the bait-BirA cells is different when biotin is added to the culture with substantial increased
biotinylation of specific proteins, while no obvious change is observed for WT (Fig. 12B),
suggesting that BiolD2 successfully tagged specific proteins within the cells. Colocalization of the
bait-BirA proteins and the biotinylated proteins was then studied by multicolor co-
immunofluorescence microscopy to test whether biotinylated proteins are actual partners of the
model proteins. The results demonstrated successful labeling of the interactors by BirA through
colocalization of the biotin-labeled proteins and bait-BirA, while WT did not show increased
biotinylation under the same experimental conditions (Fig. 13). To quantify the colocalizations, we
calculated different colocalization metrics (see methods) from the images and compared to the
WT, and the results confirmed the specificity of the BiolD labeling system to tag the proximal
proteins (Li's ICQ value closer to 0.5 and Pearson’s R value and Manders’ Colocalization
Coefficients closer to one demonstrate a dependent protein staining pattern between the red and

green channels).
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Figure 12. Expression of bait-BirA proteins results in a substantial increase in
biotinylated proteins.

(a) Successful secretion of the bait-BirA proteins into the culture supernatant was evaluated by
Western blot using HRP-anti-flag antibody.

(b) The immunoblotting biotinylation profiling of the model proteins and WT control in HEK293
cells with HRP-streptavidin. When the BirA domain was fused to the model proteins, biotin
addition led to the biotinylation of a subset of proteins (B+) which are not seen in WT or absence
of biotin. This demonstrates that the BiolD labeling system tags interactions as secreted
proteins are synthesized and trafficked through the secretory pathway. A few endogenously
biotinylated proteins appear in the absence of biotin and in the WT.
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Figure 13. Bait-BirA fusion proteins are colocalized with biotin-staining.
Co-Immunofluorescence demonstrated the intracellular colocalization of the biotin-labeled
proteins (stained with Streptavidin-Dylight 594 and illustrated in green color) and bait-BirA
(stained with anti-flag monoclonal antibody-Dylight 650 and illustrated in red color), while WT
did not show increased biotinylation under the same experimental conditions.

WT cells revealed endogenous biotinylation landscape

After successful tagging of the proximal proteins we aimed to identify the interactions with
each bait protein. For this, cells were lysed, and biotinylated proteins were purified using
streptavidin. Purified proteins were digested by trypsin, and peptides were subjected to LC-
MS/MS, and the biotinylated proteins in samples were mapped using MaxQuant %, Differentially
biotinylated proteins were then identified in each sample compared to the WT using Perseus 168,

When implemented in a WT control cell line, we identified proteins that are biotinylated
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endogenously along with bona fide interactors. These include proteins that bind biotin as a
cofactor such as carboxylases which is problematic with streptavidin-based protein detection 173,
Although the extent to which the general endogenous biotinylation has not been systematically
guantified, the biotinylated proteins isolated from the WT sample showed considerable overlap
with interacting proteins detected in other model protein samples, suggesting endogenous
biotinylation may be more pervasive than previously believed. Thus, using the interaction partners
detected from the WT sample as background, we filtered out interactions detected in each model
bait-BirA sample that were likely a result of endogenous biotinylation. Among the top differentially
biotinylated proteins in bait-BirA samples, the bait proteins showed the highest log-fold change
(LFC) (Fig. 14). This observation is expected because the bait protein is a potential substrate for
BirA located in the closest vicinity of the enzyme and is considered as evidence to show the

biotinylation system is working properly within the cell.
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Figure 14. Dozens of proteins show significantly increased biotinylation after

expression of bait-BirA proteins.
Volcano plot showing the distribution of the quantified biotinylated proteins by MS according to

p-value and fold change. As depicted the bait-protein significantly showed the highest fold
change compared to WT almost in all cases, indicating the capability of the BiolD labeling
system to tag the in vivo interactions within the live cells. The key interactors involved in disulfide
bond and N-glycosylation formation (see text) are highlighted in red. SeAP is a truncated form
of Alkaline phosphatase, placental type (ALPP).

Interactors are enriched for secretory pathway components and co-secreted

proteins
In theory, the model proteins would come in frequent contact with members of the

secretory pathway, and other co-secreted proteins. To determine if our setup captures the
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secretory pathway-related proteins more than by random chance, we analyzed the enrichment
for 3 independent secretory pathway-relevant gene sets at various fold change and p-value
thresholds. We saw a significant enrichment for the secretory pathway machinery, secretory-
resident and co-secreted proteins among probable PPIs across all model protein samples
(Fig. 15), with peak enrichment occurring at the top 100-300 most significant interactors by
positive fold change. This corresponds to a significance cutoff of a fold change of 3 or greater
enrichment and an adjusted p-value < 0.1, in model proteins compared to WT control (Fig. 15B
for all significant interactions) for each secreted protein (see methods). The secretory machinery
components are more enriched among the top 300 hits for all model proteins than other co-
secreted proteins, suggesting more frequent interactions between the secretory pathway
machinery and their products than the crosstalk between co-secreted proteins. Probable PPIs
detected in all model proteins (n=19) and hits shared among all SERPIN gene products are
significantly enriched for proteins involved in protein folding (Fig. 15B). Indeed, molecular
chaperones are highly promiscuous when assisting protein folding due to their inherent flexibility
174 Apart from the shared interactions, PPIs for each model protein differ substantially. Thus, the
guestion remained if these private interactions correspond to unique properties of each model

protein.
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Figure 15. Interacting proteins are enriched for secretory pathway machinery.

(a) To determine if significant interactions enrich for secretory pathway-related genes, we
performed an iterative enrichment analysis in which we included the interactors with the greatest
fold changes first and iteratively added interactors with lower fold changes. The y-axis indicates
the overall coverage of 3 secretory pathway-related gene sets and the x-axis the significance
cutoffs (rank ordered by fold change). The coverage of the gene set (top) along with their
corresponding hypergeometric enrichment p-value (bottom) are shown, denoting the probability
of obtaining an overlap larger than the one observed if no enrichment existed. The top 300 hits
for each secretable BirA sample (Fig. S3 for all hits) showed significant enrichment of the
secretory pathway components and co-secreted proteins among the most significant hits for all
samples except Signal-BirA (which is a lone secreted BirA and not a mammalian secreted
protein). (b) Quantified interactions between interactors (y-axis) and the model proteins (x-axis),
where the shadowed entries indicate significant interactions. The features of the model proteins,
detailed in Fig. S4, are summarized for each model protein on the bottom panel and the
secretory pathway attributes for the interactors are labeled on the left.
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Private interactors reflect post-translational and structural features of model
proteins

PPIs in the secretory pathway mediate the folding, modification and transportation of
secreted proteins 190175-178 |ncidentally, co-expression analysis has linked certain PTMs across
the secretome to the expression of their responsible enzymes. For example, PDIs are consistently
upregulated in tissues secreting disulfide-rich proteins “¢. As the bait-BirA proteins differ in
structural composition and PTMs, we wondered if bait-BirA proteins with shared features have
higher affinity for specific interactors. More specifically, we hypothesize that proteins requiring a
specific PTM would preferentially interact with the secretory machinery components responsible
for the PTM synthesis. To test if such preferential interaction exists, we summarized various PTM
and structural properties across model proteins and analyzed their associations with the
corresponding secretory machinery using a Bayesian modeling framework (see methods). Among
the studied PTMs, bait-BirA proteins with disulfide bonds and N-linked glycans demonstrated
higher affinity towards specific interactions (Fig. 16A) that are known to help secretion of proteins
with the corresponding PTMs. Thus, we analyzed the detected interactions associated with

glycosylation, disulfide bond addition, and protein folding.
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Figure 16. Detected interactors correlate with protein features.

Interactors were associated with specific (a) PTMs and (b) structural features of model proteins.
The heatmap shows the standardized interaction affinities estimated between certain
interactors and PTMs or structural features across all model proteins (see methods). Only
interactors having significant associations with model protein features are shown.

Proteins with increased glycosylation are associated with quality control pathways

We detected significant interactions in the Calnexin/Calreticulin cycle and related

processes for more heavily glycosylated proteins (Fig. 16A). For example, the glycosylated baits

interacted with calreticulin (CALR), a calcium-binding chaperone that promotes folding, oligomeric

assembly, and quality control of glycoproteins in the ER’®. They also interacted with UGGT1,

which recognizes glycoproteins with minor folding defects and reglucosylates single N-glycans

near the misfolded part of the protein. Glycosylated proteins are then recognized by CALR for

recycling to the ER and refolding or degradation . Two members of the PDI family, PDIA3 and

ERp29, which form a complex with calreticulin/calnexin, also showed association with N-

glycosylated baites (Fig. 16A) suggesting their role in glycoprotein folding and quality control.
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Calnexin/Calreticulin-PDIA3 complexes promote the oxidative folding of nascent polypeptides 18
and ERp29 promotes isomerization of peptidyl-prolyl bonds to attain the native polypeptide
structure 81182 Proteins with chaperone activity, such as HSPAS5 (Fig. 16A), were also found to
interact with N-linked glycan-containing bait-BirA. HSPA5 is a component of the glycoprotein
quality-control (GQC) system which recognizes glycoproteins with amino acid substitutions, and
targets them for ER-associated degradation (ERAD) 8. EDEM3, another interactor associated
with the N-glycan containing proteins (Fig. 16A), is a glycosyltransferase involved in ERAD
mediated degradation of glycoproteins by catalyzing mannose trimming from Man8GIcNAc2 to
Man7GIcNAc2 in N-glycans 84, Given that most of these molecular chaperones and enzymes are
involved in ERAD mediated degradation of the misfolded glycoproteins these findings suggest
the quality control pathways are critical for synthesizing and secreting proteins with N-linked
glycans.

Disulfide bond formation is rate-limiting in protein secretion
Several members of the PDI family including P4HB, PDIA3, PDIA4 and PDIAG significantly

interacted with model-BirAs containing more disulfide bonds (Fig. 16A). These enzymes catalyze
the formation, breakage and rearrangement of disulfide bonds through the thioredoxin-like
domains ¥, The identification of various PDIs highlights the importance of the oxidative folding
enzymes in protein folding and maintaining stability that can limit the efficiency of protein
secretion. The proteins with more disulfide bonds also interact with major ER chaperones HSPA5
and DNAJBL11, a co-chaperone of HSPAB, that play a key role in protein folding and quality control
in the ER lumen 88187 ‘highlighting their important role in secretion of the disulfide bond enriched
proteins. The PDI, ERp44 showed the strongest association (LFC > 8) with disulfide bond
enriched proteins i.e. SERPINC1 and SERPING1. ERp44 mediates the ER retention of the
oxidoreductase Ero1a (an oxidoreductin that reoxidizes P4HB to enable additional rounds of
disulfide formation) through the formation of reversible mixed disulfides ®. Hence, the strong

association of ERp44 highlights the importance of the thiol-mediated ER protein retention in

76


https://paperpile.com/c/ozgN3H/ymPw6
https://paperpile.com/c/ozgN3H/U0cRp+ymPw6
https://paperpile.com/c/ozgN3H/SNdut
https://paperpile.com/c/ozgN3H/8bvhy
https://paperpile.com/c/ozgN3H/cHdkU
https://paperpile.com/c/ozgN3H/XMg3j+RPT0W
https://paperpile.com/c/ozgN3H/coig0

disulfide bond formation, particularly when secretory is loaded with the proteins with more
disulfide bonds. In addition, ERO1LB, PRDX4 and SIL1 were ER-localized enzymes that were
associated with disulfide bond formation. ERO1LB efficiently reoxidizes P4HB 18°, PRDX4 couples
hydrogen peroxide catabolism with oxidative protein folding by reducing hydrogen peroxide %,
and SIL1 can reverse HSPAS cysteine oxidation which alters its chaperone activity to cope with
suboptimal folding conditions 1. The identification of these oxidoreductase enzymes highlights
the importance of ER redox homeostasis in disulfide bond formation and protecting cells from the
consequences of misfolded proteins.

To validate the importance of specific PDI interactions that showed highest fold change
and specificity of effect on productivity of proteins with more disulfide bonds, we knocked down
PDIA4, PDIAG, or ERp44 in cells expressing either SERPINC1-BirA or SERPINA1-BIrA, using an
orthogonal RNAIi approach, i.e. esiRNAs 1°2, HEK293 cells expressing SERPINC1-BirA or
SERPINA1-BirA were transfected with esiRNA against PDIA4, PDIA6, ERp44, or LUC and KIF11
as negative/positive controls, respectively. Knockdown experiments successfully resulted in
>70% reduction in cellular expression of the targeted PDIs (Fig. 17A). We observed a 42%
reduction in SERPINC1-BirA secretion following knockdown of PDIA4 (p-value = 0.032),
meanwhile a significantly lesser reduction of SERPINA1-BIirA secretion was seen (Fig. 17B). If
differences in KD efficacy between experiments are accounted for, normalization of SERPINs
secretion by KD efficiencies resulted in 54% reduction of SERPINC1-BirA secretion (p-value =
0.026) while no significant reduction was seen in SERPINAL-BIrA secretion (Fig. 17C). Neither
knockdown of PDIA6 nor ERp44 produced a significant reduction in either SERPINC1-BirA nor
SERPINA1-BirA secretion. BiolD analysis indicated that PDIA4 interacts significantly with
SERPINC1-BirA but not with SERPINA1-BirA, while PDIA6 did not show considerable interaction
with  SERPINA1 nor SERPINC1. Therefore, PDIA4 may work as a private interactor for
SERPINC1 secretion as recognized by knockdown results. PDIA6 could potentially work as a
private interactor for SERPING1 secretion as predicted by BiolD. ERp44 had a higher quantified
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fold change interaction with SERPINC1-BirA, but it also showed significant interaction with
SERPINA1-BirA, SERPING1-BirA and less strongly with SeAP-BirA, suggesting ERp44 may

function in a more public manner.
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Figure 17. Effects of esiRNA mediated knockdown of isomerases PDIA4, PDIAG, and
ERp44 on SERPIN secretion.

Quantitative western blots were used to find the relative abundance of each PDI and SERPIN
after esiRNA transfection in both cells expressing SERPINAL1 and SERPINC1. We have
reported these results as (a) KD efficiency of each PDI measured by percent reduction of PDI
abundance compared to the negative control, (b) the effect of each PDI KD on SERPINAL and
SERPINCL1 secretion, and (c) the normalized effects of PDI KD on SERPIN secretion using the
KD efficiency, assuming greater KD results would result in a greater loss of SERPIN secretion.
SERPINC1, which has a multitude of disulfide PTMs, shows a greater reduction in SERPIN
production in PDIA4 experiments compared to SERPINAL, which does not have as many
disulfide bridges in its structure. This is consistent with expected interactions found with BiolD
analysis.
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Identified PPIs are associated with structural motifs on bait proteins
In addition to PTMs, the Bayesian modeling framework found associations between SecP

structural features and the SecMs (Fig. 16B). For example, model proteins depleted in the asx
motif 1°3 showed higher tendency to interact with DNAJB1, a molecular chaperone of the HSP40
family. The asx motif impacts N-glycan occupancy of Asn-X-Thr/Ser sites, depending on the ability
of the peptide to adopt an Asx-turn motif 1941% As another example, NUCB1, a chaperone-like
amyloid binding protein that prevents protein aggregation 1, interacted more strongly with our
proteins with more ST-turns (Fig. 16B). ST turns occur frequently at the N-termini of a-helices %7
and are regarded as helix capping features which stabilize a-helices in proteins . Thus, the
enriched interaction of the NUCB1 with St-turn suggests that it can help stabilize folding of protein

with a predominant a-helical secondary structure.

Discussion

BiolD has been used to profile the proteome of different cellular compartments and
molecular complex systems 6. However, this is the first time that BiolD has been used to identify
the proteome of the secretory pathway during the recombinant protein expression. Numerous
PPIs guiding the folding, modifications, and trafficking of the secreted and membrane proteins
through the secretory pathway are transient 1°°2% and therefore cannot be captured by
conventional methods such as co-immunoprecipitation. Consistent with previous studies 2°%,
these results showed the BiolD can detect weak and transient interactions in situ, and therefore
it is a powerful approach to study luminal processes involved in protein secretion. We found that
disulfide bridge formation enzymes showed the strongest association with bait proteins enriched
in disulfide bonds, supporting their critical roles in protein secretion and maintaining ER stability.
A previous study on difficult to express (DTE) monoclonal antibodies showed less recognition by
PDI impairs disulfide bridge formation within the antibody light chain (LC) which can initiate the

intracellular degradation by the ubiquitin proteasome system via ERAD 2°2, Thus, insufficient
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interaction between the secreted proteins with enriched disulfide bonds and PDIs can limit
secretion efficiency and serve as a rate-limiting step for protein production. In another study, the
tissue specific analysis of SecMs expression showed a positive correlation between the
expression of P4AHB and PDIA4 and liver tissue where numerous disulfide bond enriched proteins
are secreted by hepatocytes “8. These observations are clear evidence that suggests the tissue-
specific fine-tuning of the PDI family expression level in response to the enrichment of the disulfide
sites. Together, these results showed PDIs are actively involved in adaptive responses and
secretion of proteins with dominant disulfide bonds which are crucial for restoring ER stability,
and therefore yielding the recombinant proteins. Given the associations between the SecMs and
the features of the model proteins, we also hypothesized that SecMs preferentially interacting with
bait-BirA proteins that carry certain structural features may be essential for the secretion of those
proteins. While evidence linking SecMs to the structural motifs is lacking, many molecular
chaperones selectively interact with certain sequence and structural elements to favor the
particular folding pathways 2°. For example, chaperones of the HSP70 family evolved to bind
extended B strand peptides; interestingly, the associations identified between chaperones and
asx motif and ST turn represent a novel association for further study.

While we show BiolD works well for studying the synthesis of secreted proteins, we
acknowledge that biotin-based methods have some limitations as well. Biotin is actively imported
into the cytoplasm of cells and can freely diffuse to the nucleus, but it may not be as accessible
in the secretory pathway, thus reducing labeling efficacy in that compartment 24, Here we showed
this challenge is not an insurmountable issue, in that the BiolD2 construct successfully identified
many expected luminal interactions. BiolD2 requires less biotin supplementation, and exhibits
enhanced labeling of proximate protein 18 allowing for BiolD to be introduced to new systems
where biotinylation supplementation may not be easily accomplished 222, More recently, two
promiscuous mutants of biotin ligase, TurbolD and miniTurbo, have been developed to catalyze
proximity labeling even with much greater efficiency 2% and therefore can be considered as an
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effective method when proximal labeling of the endomembrane organelles is desired. It is possible
that the coverage of biotin labeling may also be limited in the early processes in the secretory
pathway due to the maturation process of the biotin ligase, i.e. biotinylation only can occur once
the biotin ligase has been fully transcribed and functional. Therefore, the C-terminal location of
birA may limit the labeling of some early components until it is fully folded. Our results did reveal
that there was coverage of the early secretory pathway interactions, but the possibility of missing
interactions cannot be ruled out. So, BiolD should be seen as a complementary method to other
PPIs and systems biology approaches for complete characterization of cellular interactions.

In summary, we demonstrate here an approach to identify the protein interactions that
synthesize and support secreted proteins, and thus define the product-specific secretory pathway.
The identification of such machinery opens avenues for mammalian synthetic biology, wherein
biotherapeutic production hosts can be rationally engineered to improve the titer and quality of

diverse proteins in a client specific manner.

Chapter 4, in full, is a reprint of the material as it appears in Samoudi M, Kuo CC, Robinson
CM, Shams-Ud-Doha K, Schinn SM, Kol S, Weiss L, Bjorn SP, Voldborg BG, Campos AR, Lewis
NE. “In situ detection of protein interactions for recombinant therapeutic enzymes”. Biotechnology
and Bioengineering, 2020. The dissertation author was the co-first investigator and author of this

material.
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CHAPTER 5: ESSENTIAL COMPONENTS OF THE SECRETORY PATHWAY
CORRELATING WITH HIGH PRODUCTIVITY IN ANTIBODY-PRODUCING CHO

CELLS

Abstract

CHO cells are the industrial mammalian cell line of choice for producing recombinant
therapeutic proteins, e.g., monoclonal antibodies, cytokines and vaccines. However, while some
proteins are efficiently expressed, many fail to secrete well, thus making many proteins
inaccessible as therapeutics. Despite adequate mMRNA levels, proteins may fail to express well
due to bottlenecks downstream of transcription. Thus, to enable efficient manufacturing of high-
value proteins, we must decipher molecular mechanisms controlling the secretory pathway during
protein expression. Such knowledge would inform rational strategies for secretory pathway
engineering and recombinant protein production. Here, we established methods to unravel the
host cell secretory pathway machinery that directly regulates protein secretion, specifically
secretion of monoclonal antibodies (mAbs). We used proximity-biotinylation 2%:207 with an Fc-
mediated biotinylation by antibody recognition (FCBAR) method, to quantify protein-protein
interaction (PPI) networks regulating protein secretion and identify PPIs correlating with secretion
rate. To systematically analyze how changes in PPI strength impact secretion, we developed a
stochastic queuing model that incorporates PPIs and enzyme expression to estimate and locate
potential bottlenecks within the secretory pathway. Our tools guide host cell engineering for
biomanufacturing of diverse proteins, and provide deep insights into the functions of the

mammalian secretory pathway.

Introduction

Eukaryotic cells, including Chinese hamster ovary (CHO) cells are essential cell factories

used for producing recombinant therapeutic and industrial proteins, e.g., monoclonal antibodies,
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enzymes, cytokines and vaccines. However, many important proteins are difficult to produce even
when the cells have adequate mRNA levels. Since they fail to secrete well from the cells, they are
thus inaccessible as products. Many of these proteins may fail to express well due to bottlenecks
in the cellular machinery used by the secretory pathway, e.g. involving protein translation and/or
posttranslational events during protein production. Thus, to enable efficient manufacturing of high-
value proteins, we must decipher molecular mechanisms controlling the secretory pathway during
protein expression for each protein of interest. Such knowledge would inform rational strategies
for engineering the secretory pathway of cell factories to improve recombinant protein production.
Through this work we are developing methods to define the molecular machinery a cell factory
needs to produce high-value proteins, and advanced machine learning techniques to guide cell
engineering.

Here we analyzed in situ protein-protein interactions generated by proximity biotinylation
with Fc-mediated biotinylation by antibody recognition (FCBAR) between the mAbs/related
proteins and the cellular secretory pathway machinery. We applied FCBAR to Rituximab-
producing CHO cells and identified essential PPIs for a secreted protein and those correlating
with secretion rate. To systematically analyze how changes in PPI strength impact secretion, we
developed a stochastic queuing model that estimates and locates potential bottlenecks within the
secretory pathway.

This computational framework will help define roles of interacting proteins and prioritize
PPIs for further study. Our tools will guide host cell engineering for biomanufacturing of diverse

proteins, and provide deep insights into the functions of the mammalian secretory pathway.

Methods

To estimate the degrees to which Rituximab production is throttled for each clone, and
more specifically, to determine the subcellular localization of production bottlenecks, we

constructed a queuing model that traces the reactions Rituximab undergoes within the secretory
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pathway. We built product-specific reaction networks 2% for both the light and heavy chains of
Rituximab that take into account the synthesis, post translational modification and transportation
as prescribed by their PTM and sequence features. We parsed the gene-protein-reactions (GPRS)
at the enzyme level and arranged reactions into groups of functional modules (Fig. 18). Boolean
logic was applied to summarize the gene expression for the module, where the maximum
expression from the parallel alternative reactions was used as the proxy for module expression
whereas the minimum gene expression was used for chains. For PPI intensities, the average
LFQs were used as the representative for each module (Fig. 18B).

To simulate congestion at each module, we adopted principles in queuing theory and
extended our PPI support framework to account for the stochastic transitions across modules
(Eqg. 1). Using the original reaction network as the backbone, we turned each module into a
gueuing mode and approximated the transitions and levels of congestion by optimizing the model
parameters such that measured PPIs and yield best match model predictions (Fig. 19A). During
transition and congestion optimization, the module gene expression is taken into account in which
more highly expressed modules are less prone to congestion (Fig. 19B). We approximated the
posterior distribution of model parameters given the measured PPls and yield by MCMC sampling

(Fig. 19CD).

P(vppr|L,T,0,C,S.e) = P(VPPI|L)H(P(1i|tisliml)P(t'fZWsci)P(ciw:]zwlae)P(SiIm))P(tU)P(CU)P(IO)

=1

1; ~Multinomial(l;_; + s;, t;)
t; ~Dirichlet(8+diag(c;))

ci — A (2, 0mn) - max {0, log %‘%‘e}

s; ~Poisson(A;m)

Equation 1
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Figure 18. Modular reaction networks for Rituximab light and heavy chains.

(A) Rituximab light chain reaction network.

(B) Rituximab heavy chain reaction network with module expression overlaid. Edge color and
edge label denote module gene expression and averaged PPI intensities respectively.
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Figure 19. Toy model and stochastic transition at various time points.

(A) A toy reaction network consisting of several parallel and chain reactions.

(B) Enzyme concentration i, at each module n.

(C) Location of molecules across time points, as sampled by the stochastic queuing model.
(D) The congestion rate at each module across the 10 clones.
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Results

FcBAR captured interactions between Rituximab and secretory pathway
machinery
In theory, secreted proteins would come in frequent contact with members of the secretory

pathway, and other co-secreted proteins. To determine if our setup captures the secretory
pathway-related proteins more than by random chance, we analyzed the enrichment for 3
independent secretory pathway-relevant gene sets at various fold change and p-value thresholds.
We saw a significant enrichment for the secretory pathway machinery, secretory-resident and co-

secreted proteins among probable PPIs across all Rituximab-producing clones (Fig. 20).
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Figure 20. Interacting proteins are enriched for secretory pathway machinery.

To determine if significant interactions enrich for secretory pathway-related genes, we
performed an iterative enrichment analysis in which we included the interactors with the greatest
fold changes first and iteratively added interactors with lower fold changes. The y-axis indicates
the overall coverage of 3 secretory pathway-related gene sets and the x-axis the significance
cutoffs (rank ordered by fold change). The coverage of the gene set (top) along with their
corresponding hypergeometric enrichment p-value (bottom) are shown, denoting the probability
of obtaining an overlap larger than the one observed if no enrichment existed. The top 300 hits
for each secretable BirA sample (Fig. S3 for all hits) showed significant enrichment of the
secretory pathway components and co-secreted proteins among the most significant hits for all
samples except Signal-BirA (which is a lone secreted BirA and not a mammalian secreted

protein).
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Rituximab mRNA levels correlated with titers

Although some studies find that transgene mRNA levels do not correlate with the amount

of secreted protein?°®21% we performed a simple linear regression to estimate and decouple the

effect of MRNA levels on protein titers. A positive correlation between protein titers and Rituximab

light chain mRNA levels was found (bootstrapping p=0.03). A combination of high light and heavy

chain (bootstrapping p=0.1) MRNA levels results in even more elevated titers (Fig. 21).
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Figure 21. Rituximab specific productivity and model predictions.
Rituximab light and heavy chain and corresponding specific productivity

model.predict
14

12

the true gp (color of the data points) and the model prediction (background). The model errors
can be calculated as the difference between the two. The major model outliers with high errors

are clones E7_3,F1_3,B9 2 and C6_2.

90


https://paperpile.com/c/ozgN3H/U3b8b+0NoQ2

Rituximab in high producers tend to interact less frequently with secMs

To evaluate if certain subsystems within the secretory pathway show titer-dependent

interaction, we summarized interactions across proteins in a given secretory pathway subsystem

across different productivity metrics, and noticed a strong negative correlation between high

producers and secretory pathway interactions (Fig. 22).

This suggests Rituximab in high producers either clears the secretory pathway much more

efficiently than it does in low producers, or alternative secretion pathways may be involved.
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Figure 22. Pathway-level correlation analysis.
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To see if interactions with genes from certain functional groups favor/ hinder r-protein
production, pathway-level enrichment of the correlation coefficients was performed. Key
pathways whose constituent genes show consistent positive/ negative correlations with titer

variables are indicated by red/ blue dots respectively.
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Stochastic model approximated PPIs and specific productivities with high
accuracy

The model works by jointly optimizing parameters for congestion and transition such that
predicted protein accumulation at each module and the protein yield match the actual protein
measurement and yield as closely as possible. The parameters of interest are the congestion rate
at each site and key transition probabilities for Rituximab heavy chain. Note that transition
probability for the Rituximab light chain synthesis network is trivial as it adopts a chain structure
with no branching points (Fig. 18A). To ensure accurate and robust parameter estimation, we first
examined the degree to which posterior predictive PPl and yield match their respective
measurements. For the rituximab light chain, both the predicted PPIs and the yield are distributed

closely around their measurements (Fig. 23AB).
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Predicted congestion
While we do not see a general association between yield and congestion, pairwise

comparison of the titer outliers (highest yield: E7, rows 18-20; lowest yield: E9, rows 21-23)

reveals that modules in lower yield clones tend to be more congested (Fig. 23C).

Chapter 5, in part, is currently being prepared for submission for publication of the material.
Samoudi M, Kuo CC, Robinson CM, Lewis NE. “Essential components of the secretory pathway
correlating with high productivity in antibody-producing CHO cells” The dissertation author was

the co-first investigator and author of this material.
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CHAPTER 6: DYSREGULATION OF THE SECRETORY PATHWAY CONNECTS

ALZHEIMER'S DISEASE GENETICS TO AGGREGATE FORMATION

Summary

Amyloid disorders, such as Alzheimer’'s disease (AD), involve aggregation of secreted
proteins. However, it is largely unclear how hundreds of secretory pathway proteins contribute to
amyloid formation. We developed a systems biology framework that integrates expression data
with protein-protein interaction networks to estimate a tissue’s fitness for producing specific
secreted proteins. Using this, we analyzed the fithess of the secretory pathway of various brain
regions and cell types for synthesizing the Alzheimer’s disease-associated amyloid-precursor
protein (APP). While key amyloidogenic pathway components were not differentially expressed
in AD brain, we found AR deposition correlates with repressed expression of the secretory
pathway components proximal to APP and systemic up-regulation of the secretory pathway
components proximal to - and y-secretases in AD. Our analyses suggest that perturbations from
3 AD risk loci cascade through the APP secretory machinery support network and into the
endocytosis pathway. This suggests amyloidogenesis is associated with dysregulation of
secretory pathway components supporting APP, thus suggesting novel therapeutic targets for AD

treatment.

Introduction

No mammalian cell exists alone. Indeed, each cell dedicates >1/3 of its protein-coding
genes to interact directly with other cells and its environment 721 using hormones and receptors
for communication, enzymes and other proteins to modify their extracellular matrix, transporters
for exchanging metabolites, etc. The mammalian secretory pathway is tasked with the synthesis,
post-translational modification (PTM), quality control, and trafficking of these secreted proteins

(secPs) 159151, SecPs account for >25% of the total proteome mass?'2213, and are among the most
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tissue-specific genes in the human genome 21, The precision and efficiency of the mammalian
secretory pathway result from the concerted effort of hundreds of secretory machinery
components (secMs) including chaperones, enzymes, transporters, glycosyltransferases,
metabolites and lipids within the secretory pathway 4/4897:214 Since many secPs relay signals
between cells or modify a cell's microenvironment, each cell must carefully regulate the synthesis
and localization of each secP.

Perturbations to the secretory pathway result in misfolded proteins, which induce ER
stress and apoptosis. In amyloid diseases, the misfolded proteins can aggregate into toxic
amyloid fibrils, which ultimately lead to cell death. AR deposition, a major pathological hallmark of
Alzheimer’s disease (AD), stems from the perturbed processing of the transmembrane amyloid
precursor protein (APP). In AB aggregation, alternative proteolytic cleavage of amyloid precursor
peptide by B- (rather than a-secretase) releases the secreted form of APP, the aggregation-prone
AB1-42.215-217 Fyrthermore, additional PTMs in the secretory pathway may affect APP cleavage
218219 'phosphorylation %29, glycosylation 221-224 and trafficking 2°22°, However, protein aggregation
could stem from the perturbation of diverse processes, but no systematic exploration of all
processes supporting proper APP processing has been done 2%%, Several large-scale GWAS also
identified more than 45 AD risk loci 22/-22°  although for many loci, it remains unclear how they
induce AD pathology. Furthermore, a large part of AD heritability remains unknown 22":2°, The
genetic landscape of late-onset Alzheimer's (LOAD) is highly heterogeneous, with multiple
complex molecular interactions contributing to the disease phenotype. Therefore, the discovery
of concerted expression changes in LOAD, such as the remodeling of immune-specific modules
requires systems approaches on large datasets 232,

To unravel the molecular changes leading to AR deposition, we focused on the roles of
the secretory pathway in amyloidogenesis. The secretory pathway is responsible for the
processing, quality control and trafficking of key components of the amyloidogenic pathway 232233,
such as APP and the secretases, so we investigated if there is a systemic dysregulation of the
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secMs supporting their production and processing. To do this, we first developed a network-based
approach that leverages protein-protein interaction (PPI) and mRNA and protein abundance data
to quantify a cell or tissues’ “secretory machinery support”. This measures the fitness of a tissue
or cell for properly secreting a specific secP based on the expression of its supporting secMs.
Next, we investigated if there are disruptions in the secretory machinery support for key players
of the amyloidogenic pathway (i.e., APP and the secretases), leading to increased A deposition
in LOAD, based on data from several large-scale clinical bulk- and single-cell RNA-Seq datasets
234235 \We found significant dysregulation of the secretory pathway proximal to APP and the
secretases, and this dysregulation is a major determinant of AB deposition. We further
demonstrated that the concerted expression changes in the secretory support modules for the
APP, BACE1, and PSEN1 can be linked to known AD risk genes and their regulation targets. In
terms of subcellular localization, the core perturbed network enriches for known hotspots for A
production such as ER, cytosol and endosomes. Moreover, we found that the AD risk loci activate
endocytosis via the core support network, and we identified a candidate TF binding motif that is
conserved in the promoter regions of the interaction network genes. Together, our analyses
suggest mechanisms underlying impaired protein secretion, which could propose novel
therapeutic targets for the treatment of AD. It also proposes mechanisms by which AD genetics
imbalance the secretory pathway, thus resulting in AB deposition, cell death, and cognitive

impairment.

Results

Secreted proteins and secretory machinery show similar tissue-specific
expression

The secretory pathway synthesizes and transports a variety of secreted proteins, each
with different requirements for their synthesis and secretion (e.g., different physicochemical

properties and post-translational modifications). With the human secretome being one of the most
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tissue-specific subsets of the human proteome 21123 we hypothesized each tissue expresses

just the secMs needed to synthesize and process secPs from the tissue. Supporting this, we

observed that clustering tissues by secP gene expression grouped tissues similarly as when

clustering by secM gene expression (Fig. 24, p-value = 0.0145). Thus, the secMs are not merely

housekeeping proteins always expressed to support any proteins being secreted; rather, they

express in a tissue-specific fashion to meet the demands of different tissues “¢. However, the

guestion remains if the pairings between secMs expressed in each tissue represent those needed

to specifically support the secPs they secrete.
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Figure 24. The secMs and the secPs show coordinated expression profiles across
different human tissues.
The tissue similarity structures from the perspective of the secretome and the secretory pathway
expression were represented by two hierarchical clustering dendrograms, which were then
compared with a tanglegram #*’. Gene expression of the secretory pathway and its clients show
a high level of coordination across human tissues, with precision significantly better than
expected by sampling genes from each tissue (bootstrapping p-value 0.013 and 0.045 for data
from GTEx 2% and Human Protein Atlas %! respectively).
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Tissue specific expression of secMs predict expression of their client-secreted
proteins

To further dissect the pattern of secP-secM co-regulation seen across tissues, we
incorporated two sources of information: protein-protein interactions (PPIs) and secM gene
expression. We harness PPIs to identify the secMs relevant to each secP, since PPIs are one of
the major modalities through which machinery proteins in the secretory pathway assist protein
secretion 100176239240 Fyrther, secMs responsible for secP post-translational modifications are
well-captured by PPIs between the secPs and the secMs. To focus on spatially proximal
interactions, we filtered the PPIs for interactions between secMs and other secretory pathway-
resident proteins for each secP (see Methods), resulting in a “secM support network” consisting
of 3658 genes. By overlaying secM gene expression on this network, one can quantify the secM
support for secretion of each secP. To systematically quantify the fithess of the secM support
network for producing each secP in a tissue, a machinery support score is calculated for each
secP by a random walk algorithm that integrates secM gene expression levels proximal to each
secP in its PPl network. More specifically, for each secP, we added the protein to the secM
support network, and centered the network on the secP. We then performed a random walk on
the secM support network starting from the secP. We adapted the transition probabilities of the
random walk to incorporate gene expression of the secMs so that propagation is constrained by
not only PPI network topologies but also the expression of the secM components, allowing one
to contextualize cell- and disease-specific interactomes (methods and supplementary note;
Fig. 25A). The algorithm assigns a component score to each protein in the network, representing
its availability to the secP of interest. The “secretory machinery support score” (i.e., the average
component scores the secretory pathway components receive from the random walk) then
guantifies the overall secretory pathway support for the given secP. Using this approach, we found
the secretory machinery support score for each secP increases in tissues wherein the secP is

more highly expressed (Fig. 25B). Further, the machinery support score considerably improves
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the prediction of secP protein abundance from mRNA expression across tissues. Thus, by
accounting for the mRNA/protein expression of PPIs surrounding each secP, the machinery
support score quantifies a tissue’s relative fithess for synthesizing and secreting the secP of

interest.
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Figure 25. Expression data can quantify a tissue or cell’s fitness for synthesizing a
secreted or membrane protein.

(A) In our systems biology approach, the mRNA or protein abundance is overlaid on a PPI
network surrounding a secreted protein (secP). The secP synthesis fitness is quantified by
summing the secM expression, scaled by distance from the secP (computed by a random walk),
yielding a quantitative “machinery support score”. The calculation of the support score also
provides a sub-network of proteins contributing to secP synthesis. (B) We quantified the
machinery support score for every secreted protein in all tissues in the Human Protein Atlas,
and found a clear correlation between the secP expression and the relative machinery support
score. This correlation was seen for both mRNA (top, spearman correlation coefficient, see
methods) and protein (bottom, t-test) abundance. Thus, our machinery support score allows
one to quantify how fit a cell or tissue is for properly expressing and processing a secreted or
membrane protein.
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AB deposition in Alzheimer's disease is characterized by perturbed secretory
support of amyloid precursor protein

The co-regulation of the secP and their cognate secMs results from millions of years of
evolution. Thus, the question arises whether perturbations to such co-regulation could underlie
the molecular pathology in AD. Specifically, Ap deposition is a major hallmark of AD-pathology.
The precursor to AB, APP, is moderately to highly expressed (high transcript levels and moderate
protein levels) in the cerebral cortex. While APP overexpression from APP duplication can cause
early-onset (familial) AD 241242 sporadic (non-familial) AD does not show differential transcript
abundance for APP between AD and non-AD individuals despite the increase in AB plaques 243,
However, APP does undergo post-transcriptional processing, with pathogenic Ap being released
from APP following sequential cleavage by B- and y-secretases, while the a-secretase promotes
the correct processing of APP.

To test the relevance of secretory pathway expression to AD, we analyzed RNA-Seq data
from 4 brain regions in 298 AD and age-matched control subjects (from the Mount Sinai Brain
Bank #%) and single-cell RNA-Seq from the prefrontal cortex (Brodmann area 10) of 48 individuals
235 (Fig. 26). APP was not differentially expressed in AD brains at both the single-cell 2% and the
tissue level 224, This is not surprising since the amyloidogenic pathway giving rise to neurotoxic
AR takes place post-translationally 2*4. Additionally, expression of neither BACE1 nor PSEN1
correlated with plaque abundance in affected brain regions (Fig. 26). However, each gene had
significant changes in machinery support scores correlating with severity (Fig. 26B). Specifically,
the supporting machinery score for APP decreased in affected brain regions, showing suppressed
scores in cells with amyloid deposition (p<0.0066). The largest effect was in cell types that are
major producers of AB, including neurons 232233245 regctive astrocytes 246-24° (Fig. 26A,), and in
brain regions affected early in the onset of AD (Fig. 26B). However, BACE1 and PSEN1, which
aid in amyloidogenesis, showed an opposite trend, with affected cells increasing machinery

support for these secretases (Fig. 26B; p-values for Brodmann area 36 (parahippocampal gyrus,
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BM36) and Brodmann area 44 (inferior frontal gyrus, BM44): p <0.0038 and p<0.014 for B-

secretase; p<0.13 and p<0.083 for y-secretase).
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Figure 26. AD-relevant genes show perturbed secretory machinery support scores.

(A) Overall, APP expression does not correlate with plaque densities across individuals in
single-cell RNA-Seq. However, support scores show a negative correlation with plaque density,
suggesting the secMs supporting proteostasis of APP are suppressed in AD. (B) Similar trends
were seen in all brain regions surveyed (BM10, BM22, BM36, BM44, Figure S5). On average,
no correlation is found between plague abundance and gene expression of APP, BACEL or
PSENL1. However, secM support score for APP shows a negative correlation while the support
scores for BACEL1 and PSEN1 positively correlate with amyloid formation, suggesting AD
pathogenesis involves dysregulation of the secretory pathway.

Secretory pathway support of APP is most strongly suppressed proximal to APP

The secretory machinery support score for APP is significantly decreased in AD. However,
it is unclear if the decline in APP support score is due to a general suppression of many secMs
throughout the secretory pathway or a local repression in which only the secMs most proximal to
APP are down-regulated. To test this, we defined a core support network for APP based on
network proximity and gene expression. As the abundance and proximity to APP vary across the
secMs in the network, we break down the APP support score into the individual component scores
for each protein in the secM support network. This quantifies each secM’s corresponding

contribution to the secretory support of APP. When the secMs are rank-ordered by their individual
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component scores, their contribution to the APP support score follows a pattern of exponential
decay, suggesting that the support score is mostly determined by a smaller number of proteins
with high proximity to APP (Fig. 27A). While the entire APP support network is not differentially
expressed between AD and healthy brains, we wonder if this is the case with secMs that are
major contributors to the support score. When we overlaid the differential expression across brain
regions and cell types and considered progressively smaller subsets of the APP support network
consisting of proteins with the highest component scores, we saw the strongest repression at
around 20-30 secMs, suggesting that the proteins nearest to APP are the most suppressed

(Fig. 27A).
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Changes in APP-supporting PPIs are regulated by AD risk loci

Large GWAS screens found AD risk genes impacting many pathways 22820, Although the
secretory pathway is tasked with the synthesis and processing of APP, it is not generally
implicated in LOAD pathogenesis, since secretory pathway genes are not enriched among LOAD
risk genes from large-scale GWAS studies 2?8, However, our results show transcriptional
perturbations of machinery support for key amyloidogenic genes; thus, there may be a concerted
regulatory change for modules supporting APP production and proteostasis in the secretory
pathway. Thus, we tested if regulatory AD risk loci (i.e., transcription factors) regulate the secMs
interacting with APP. While the entire APP support network does not enrich for the AD risk genes
nor their regulatory targets, we wondered if AD risk loci selectively target the secMs more proximal
to APP in the PPI network. As we assessed enrichment for AD risk gene targets in subnetworks
that were progressively closer to APP (i.e., more focused on the support network interacting most
directly with APP), we found the secMs supporting APP were increasingly enriched for targets of
AD risk regulatory genes (Fig.27B). The results are reproducible across multiple GWAS
significance thresholds. Since the enrichment of AD risk gene targets steadily increased in
statistical significance with increasing proximity to APP in the PPI network, we focused on the top
20 proteins interacting the most closely with APP from the support network. This resulted in an
APP support subnetwork where the enrichment significance for AD risk gene targets peaks. This
cutoff also coincides with the subnetwork with the strongest suppression of secM expression

(Fig. 27A).
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Figure 27. The APP secM proteostasis network is not enriched for AD risk genes, but is
enriched for AD risk gene regulatory targets.

The networks of secM proteins supporting APP production at two support component score
cutoffs, representing the top n =20 / n = 100 proteins contributing the most to the APP’s support
score. The top 20 proteins with the highest component scores are labeled. (A) Starting from
n=1 where the secM with the highest component score was considered, we incrementally
included secMs less proximal to APP. The sizes of the subnetworks are indicated by the x-axis.
At each iteration, we calculated the average differential expression (y-axis) between AD and
healthy subjects for each subnetwork. The strongest repression of the AD support network
occurs at around n=15~30. (B) We also calculated the degree to which the subnetwork enriched
for regulatory targets of known AD risk genes above the genome-wide significance threshold
(y-axis). The regulatory targets of AD risk genes are generally depleted among the general non-
APP-specific secMs (Figure S9 for full trend across all 3685 subnetworks), but targets of AD
risk genes enrich strongly among the core secMs closest to APP.
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Core support network overlaps significantly with genomic loci with differential
histone acetylation in AD brain

Epigenetic alterations have been linked to neurodegeneration in human AD brains and AD
mouse models 251252, Thus, we analyzed data from three epigenome-wide association studies to
investigate if the core support network is overrepresented for hotspots of aberrant epigenomic
reprogramming in AD. We found that proteins proximal to APP on the support network show
significant enrichment for AB related epigenetic changes measured in H3K9ac profiles from 669
aged human prefrontal cortices 253 (Fig. 28, top row). Additionally, the enrichment around the core
network is higher for H3K9ac peaks annotated as being in enhancer domains than those in
promoter domains. In another epigenome-wide association study comparing aging- and AD-
related histone acetylation changes 2°4, we found the H3K122ac, H3K27ac and H3K9ac peaks
that differ significantly were disproportionately located near the core support network.
Interestingly, while AD and aged brains often share similar epigenetic signatures 2°°, enrichment
of AD-related peaks is stronger in the core support network than that of aging-related peaks.
Thus, we observe considerable epigenetic changes in human AD brain focused around the APP
supporting network.

The enriched epigenetic changes were further captured in a mouse model of AD.
Specifically, histone methylation and acetylation marks were profiled in CK-p25 mice with
increased AR levels and controls 2°¢. While the core network is depleted for significantly altered
H3K4me3 peaks in CK-p25 mice, AD-associated H3K27ac alterations are significantly enriched
among proteins proximal to APP (Fig. 28, bottom row). This is in line with our previous observation
in which the core support network is a hotspot for AD-related acetylation marks, especially around

the enhancer domains.
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Figure 28. The APP core support network is enriched for genes whose enhancer regions
contain AD-specific histone marks.

Following the notations from Figure 4, in each subplot the y-axis (odds ratio) shows the degree
to which the core support network overlaps with genomic loci with differential histone
modifications is indicated evaluated at modules of various sizes (x-axis), with a smaller n
indicating a smaller subnetwork with only the proteins most proximal to APP. The subplots are
arranged based on the region in which the differentially-enriched peaks are detected (columns),
and the conditions compared (top row, AB-associated changes; bottom row, CK-p25 mice with
increased AP levels vs. controls).

AD risk loci activate endocytosis via the core support network

We analyzed the content of the core support network, and found it is enriched for genes
in the amyloidogenic pathway. Specifically, we saw interactions were concentrated in the ER,
endosomes, and the cytosol (FDR p<1.1le-3), consistent with the localization of amyloidogenesis.
For example, the endosome hosts intracellular A production with its B-secretase, and is enlarged

in autopsies from AD %7 and stem cell models 2°8. To further unravel the link between endocytosis
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and the core support network, we analyzed the patterns of the core network differential expression
between AD and controls across multiple cohort studies using gene regulatory networks obtained
from ENCODE 2*° and Ingenuity Pathway Analysis (IPA) 2%°. Complementing our previous
observation that a significant portion of the core support network is endosome-resident, we saw
significant up-regulation of genes associated with endocytosis (p-value = 8.95e-14), mediated by
the core supporting machinery (Fig. 29) across various brain regions.

We further analyzed the APP core support network and identified transcription factors
(TFs) that are most strongly associated with the perturbed secM module. The APP core support
network coincides significantly with the regulatory targets of 3 genes from AD risk loci: NR1H3,
MAF and SPI1 227-2292%0 Tg jnvestigate the extent to which these AD risk genes perturb
transcription of the supporting machinery in AD, we analyzed the differentially expressed genes
between AD and controls across multiple cohort studies using gene regulatory networks obtained
from ENCODE 2*° and Ingenuity pathway analysis (IPA) 2¢°.

In addition to predicting upstream transcriptional regulators associated with
amyloidogenesis from gene signatures or differentially expressed genes, we searched for
conserved TF binding sites among the top-ranked dysregulated genes of the core-network in
Alzheimer’s Disease. Specifically, we conducted de novo TF binding site motif discovery for the
20 genes in the core support network (Fig. 29B; see Methods). We identified one significant TF
motif (E value= 9.8e-3) that is present in 7 of the genes in the core support network, which is
associated with the SP1, SP2, and SP3 transcription factors. SP1 is important in AD 261262 and is
predicted to bind the 3 genes from AD risk loci (NR1H3, MAF, and SPI1) with high confidence via
three elite enhancers 2 GH11J047390 (GH score=2.2), GH16J079764 (GH score=2.4), and
GH11J047247 (GH score=2.1) respectively. Furthermore, several motif binding sites across the
core support network significantly overlap with loci with major epigenetic alterations in AD
(Fig. 29B) 253255, For example, the motif binding site at the promoter region of ARF1 completely
overlaps with a histone acetylation mark H3K122ac that is significantly altered in AD but not aged
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subjects (chrl:228259654-228280877, Wilcoxon Rank Sum P-value 0.004). Another locus of
significantly altered H3K122ac peaks in AD individuals (chr2:65353363-65359754, Wilcoxon
Rank Sum P-value 0.01) overlaps with the motif binding site at RAB1A. The motif binding site at
HSP90AA1 overlaps with significantly altered peaks for H3K122ac and H3K9ac, which are
repressed and upregulated respectively in AD (chrl4:102543639-102575586, Wilcoxon Rank
Sum P-value 0.05 and chr14:102543639-102575586, Wilcoxon Rank Sum P-value 0.05). Thus,
a perturbation to multiple TFs could disrupt the APP core support network, wherein both genetic
risk genes (NR1H3, MAF, and SPI1) and global regulators can contribute to the dysregulation of
the core network.

Further analysis suggests the AD risk genes and the core support network genes are
further co-regulated with an activation of endocytosis in the AD pathogenesis. We further
characterized the functional association of the conserved TF motif by scanning all promoters of
genes in the genome for the motif (see Methods for details). The conserved TF motif was
significantly enriched in the promoter regions of known endocytic pathway genes (p-value=4.28e-
4) and several other pathways relevant to AD pathogenesis. Together, these results suggest a
concerted change in endosomal activities and dysregulated pathways between normal and AD
brains that arises due to the differential expression of the core supporting machinery surrounding

APP.
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Figure 29. The regulatory relationships surrounding the core support network.

(A) Regulatory structures of the 20 proteins from the core support network were constructed
using IPA. Gene expression profiles from the 4 brain regions (BM10, BM22, BM36, BM44) %4,
the Mayo Study 2% and the ROSMAP study (Religious Order Study and Memory and Aging
Project) 2%° were averaged and overlaid on the core support network. The endocytosis pathway
is strongly activated in AD brains via the core support network, which in turn is regulated by 3
genes from AD risk loci-- NR1H3, MAF and SPI1. The proteins harboring binding sites for the
TF motif (shown in panel B) were outlined in red. (B) The TF motif (top panel) aligns significantly
to 8 genes from the entire support network (bottom panel), 7 of which belong to the core support
network. Align. P-value, statistical significance of the motif alignment to the promoter region of
each gene; overlap w/AD epigenetic Var., whether the motif binding site completely overlaps
with significant epigenetic alterations in AD.
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Discussion

In the past four decades, the Alzheimer’s research community has made huge strides
towards elucidating molecular processes contributing to amyloid deposition. However, despite
involving aggregation of secreted proteins, it remained unclear to what extent the core processes
of protein secretion and proteostasis are involved. Here we developed a systems biology
approach that analyzed the interactions between key amyloidogenic components and the
secretory pathway. This approach predicted the propensity for amyloid deposition at the single-
cell level. To gain systems-level insights into LOAD, we used the framework to identify a subset
of the secretory pathway components on which concerted suppression and several regulatory
elements of AD converged. We further demonstrated that an increase in endocytic activities in
LOAD can be attributed to key AD risk genes via the core support network.

LOAD is a complex disease. The identification of three rare mutations in APP, PSEN1 and
PSEN2 that occur in early-onset familial AD and the discovery of APOE constitute our primary
knowledge of the genetic landscape of LOAD. More recently, high-throughput technologies such
as GWAS and whole exome sequencing have identified more than 45 genetic risk loci of LOAD.
However, the additional risk loci exert only very small risk effects 25, and the link between genetic
risk variants and amyloid deposition remains incompletely understood. Despite the highly
heterogeneous expression of APP and other key amyloidogenic components across AD and
healthy subjects, we demonstrated concerted down-regulation of secretory machinery proximal
to APP in AD patients. This highlights the secretory pathway as a determinant of amyloid
deposition, which had not been a major focus of AD research. Incidentally, the proteostasis
network, with which the secretory pathway shares a significant overlap, has been an increasingly
popular target of protein aggregation and aging studies. The human chaperone network, a major
component of the proteostasis network, undergoes continual remodeling during an organism’s

lifespan 267-2¢°_ However, in the aging AD brain, the directions of regulation of these chaperones
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are rather uncoordinated across different chaperone families and even within the same family 268,
Our observations of concerted repression of key proximal secretory pathway components show
that improper expression of the secretory pathway, of which the chaperone network is a subset,
is associated with the deposition of amyloid.

Even though the secretory pathway is in charge of post-translational processing and
targeting of APP up until its cleavage by the secretases, its implications in AD have been
insufficiently researched primarily due to the lack of AD risk genes in the pathway 27°. Our results
showed that genes contributing the most to the APP support network in the secretory pathway
are significantly enriched for targets of AD risk genes and AD related epigenetic changes,
suggesting a mechanistic link between genetic and epigenetic variants of AD and secretory
pathway dysregulation, complementing previous systems-level approaches to understanding
LOAD with a focus on immune- and microglia-specific modules 21, To further unravel the link, we
examined the core support network consisting of secretory pathway components most proximal
to APP. We noticed 3 AD risk genes that are also transcription factors showing regulatory
evidence over the core support network according to both curated and de novo pathway analyses.
More importantly, we demonstrated a regulatory cascade originating from the 3 AD risk genes,
mediated by the core support network and into the endocytosis pathway. The endosome, where
the B-secretase is localized to and where its acidic pH is optimal for enzymatic cleavage, is a
major site of intracellular AR production. Our findings thus offer a mechanistic view of
amyloidogenesis involving the secretory pathway and the endosomes. This is in line with
observations in embryonic cortical neurons that showed increased AB levels as a result of
increased endocytic pathway activities and reuptake in APP in aged cells 2"*. We also observed
significant enrichment of endosomal-localized proteins in the core support network for APP,
further lending credence to the involvement of the secretory pathway in activating the endocytic

pathway.
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The dominant model of AD pathogenesis, the amyloid hypothesis 272274, posits that AD
pathogenesis and the rest of the disease process such as tau tangle formation 27276 result from
the accumulation of AB via the imbalance between AB production and clearance. We examined
the capacity of the secretory pathway in the context of AB production and processing, where the
secretory support of APP and B- and y-secretases were analyzed. While the concerted
dysregulation of the secretory support for these key amyloidogenic components in AD brains
theoretically leads to increased A production, the impact on AB clearance warrants further
investigation. It is worth noting that detectable A deposition can precede the onset of AD by more
than 15 years 272’8 which likely coincides with the onset of the decline of the proteostasis
network. Our findings highlight the roles of the secretory pathway in amyloidogenesis, which open
new possibilities for early diagnosis and treatment research on LOAD. Furthermore, our systems
approach can be further applied to other diseases in which the secretory pathway is perturbed,
such as perturbed hormone secretion in endocrine disorders, changes in hepatokine secretion

nonalcoholic fatty liver disease 2"°%%°, and the secretion of diverse proteins in cancer 28,
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Methods

Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited Data
Semi-quantitative proteomic and | The Human | https://www.proteinatlas.org/humanproteomef/tissue

transcriptomic data across
human tissues

Protein Atlas

Quantitative proteomic data
across human tissues

282

ArrayExpress:E-MTAB-2836

Transcriptomic profiles across
human tissues

238

https://www.gtexportal.org/home/index.html

ROSMAP scRNA-seq

235

Synapse:syn18485175

ROSMAP bulk RNA-seq

234

Synapse:syn3157743

ROSMAP clinical metadata

265

Synapse:syn3157322

PCNet v1.3

283

NDEX UUID:
4de852d9-9908-11e9-bcaf-0ac135e8bacf

Secretory pathway components

97

https://github.com/LewisLabUCSD/MammalianSecretor
yRecon

Subcellular localization The Cell https://www.proteinatlas.org/humanproteome/cell
Atlas
AB-related H3K9ac profiles 253 Synapse:syn4896408
Aging- and AD-related 254 GSE153875
H3K122ac, H3K27ac and
H3K9ac profiles
H3K27ac and H3K4me3 profiles |256 GSE65159
from CK-p25 and control mice
LOAD risk loci, IGAP 2019 rare 228 NIAGADS:NG00075
variant meta-analysis
LOAD risk loci, IGAP 2013 250 NIAGADS:NG00036
meta-analysis
Software and Algorithms
Source code and interactive This study | https://github.com/LewisLabUCSD/AD_secretory pathw
notebooks for expression-guided ay
random walk
Code for data processing, This study | https://github.com/LewisLabUCSD/AD_secretory pathw

modeling, and figure generation

ay _figs

Rethinking R package

172

https://github.com/rmcelreath/rethinking

Ingenuity pathway analysis

260

http://www.ingenuity.com

MEME suite

284

https://meme-suite.org/meme/
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Resource Availability

Materials Availability

This study did not generate new materials.

Data and Code Availability

This paper analyses existing publicly available data. These datasets’ accession numbers
are provided in the key resource table.
Source code and interactive notebooks for performing expression-guided random walk

are publicly available at: https://github.com/LewisLabUCSD/AD_secretory pathway

Scripts used to generate the figures presented in this paper are publicly available at

https://github.com/LewisLabUCSD/AD secretory pathway figs

Method Details

Calculation of secretory pathway support scores

Random walk on interactome
To contextualize the secretion of a given secP, we used network propagation to quantify

the influence of gene expression across neighboring genes. Let G(V, E) denote an undirected
interactome with vertex set IV containing n proteins and an edge set E the m interactions between

them. Let w;;be the edge weight (w;; = 1 if G is undirected) between edges i and j and A be the
adjacency matrix of G where A;; = {w;; if {v;,v;} € E; 0 otherwise}. Let x(t) be the location of the

walk at time t. Note that given the previous walk location i at time ¢ — 1, we can represent the

probability of the walker moving from location 7 to 7 in a single step as (Eq. 2):

A _ )
Wij = Pr(et) = ila(t =1) = j) = d—J where § ;AW (Equation 2)

Summing probabilities from all inbound locations we have (Eq. 3):
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Pr(z(t) = jlz(t — 1)) ZWUPr (t—1) =)
(Equation 3).

In matrix notation, this is P(t) = Wp(t — 1) where W is the transition matrix and each
entry Wij denotes the aforementioned transition probability from i to 7. In random walk with
restarts 2%°, at each step the walk resets to the origin with probability «, and the last equation
becomes PRwr(t) = (1 — a)Wprwr(t — 1) + ap(0), where P(0) = € denotes the initial
distribution if the walker starts at vx. The restart parameter » was set to 0.1, as advised by the

linear optimal model given the size of the network 283,

Expression-guided random walk with restarts
The transition matrix can be modified to incorporate gene expression into each step of the

propagation. If we let t = [to,. .. :tnF, where t; is the scaled expression corresponding to node

——

v;, 0 < 1; < 1 the expression-adjusted transition matrix can thus be given by Wag; = diag(t)W,
The choice of t can either be protein levels where available or mRNA abundance. We show the

validity of using mRNA abundance as input in the supplementary notes. We can normalize the

adjusted transition matrix by adding in self-loop: Wadj = Wagj + Lin — diag(llmwadj), and
the update rule, which we termed expression-guided random walk with restarts (eRWR), now

becomes:pRWR(t) = (1 - Q)WPRWR(t - 1) + QP(U).

Calculation of support scores and component scores
We performed eRWR on each secP of interest for 20 iterations (Supplementary Notes),

and the final vector of probabilities Prwr(f = 20) represent the support component score for

each gene on the network G(V, E). The support score (0) is the average of the support component

Z PRWR;(l = 20)

i€secM

scores of the secretory pathway proteins, |bCCM|

118


https://paperpile.com/c/ozgN3H/uGELv
https://paperpile.com/c/ozgN3H/WJrM2

Context filtering of the secretory pathway support network
We used the composite consensus human interactome PCNet v1.3 28 (NDEX UUID:

4de852d9-9908-11e9-bcaf-0acl35e8bacf) to be the static, context-agnostic network (G, (Vy, Ey))-
For each secP, we create a subnetwork containing the secP and other essential secretory
pathway genes by filtering the network for human secretory pathway components 489 and
secretory pathway-resident proteins 2% to constrain the network spatially, resulting in a vertex-
induced subgraph G(V = {V, N (secP U secM U secResident)},{uv|luv € E,and u,v € V}).

Transcriptomic and proteomic data processing and support scores calculation for normal human
tissues

To calculate support scores for the normal human secretome, we used two datasets, the
Human Protein Atlas (HPA) 2!1, and the deep proteome and transcriptome abundance atlas (deep
proteome) 282 for tissue-specific transcriptomes from healthy human donors in which matching
proteomic data were also available. For data from the Human Protein Atlas, we downloaded the
transcriptomic data-- “RNA HPA tissue gene data” and performed log- and sigmoid-transformation
on the transcript abundance (TPM) data, resulting in transformed gene expression profiles in the
(0,1) range. For the HPA dataset, the support score was calculated based on the tissue-median
of the transformed gene expression profiles for each secP. We retained the semi-quantitative
nature of the immunohistochemistry protein abundance reporting, and we calculated the support
scores summary statistics for proteins belonging to each of the staining levels--"High", "Medium",
"Low" & "Not detected" separately.

With the fully quantitative proteomic data from the deep proteome 282, We calculated the
support scores based on the protein iBAQ values. The iBAQ abundance values were transformed
in a similar fashion as the transcript abundance from the HPA dataset. Namely, they were log-
and then sigmoid-transformed into the (0,1) range, before being median-summarized by tissue

and subsequently used in the calculation of the support scores.
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Transcriptomic and proteomic data processing and support scores calculation for AD and healthy
brains

To calculate support scores for key amyloidogenic pathway components in AD and healthy
brains, we used two major transcriptomic datasets from the ROSMAP project (Religious Orders
Study and Memory Aging Project)-- single-cell 2252%” (Synapse ID syn18485175) and bulk RNA-
seq 24 (Synapse ID syn3159438) data from individuals respectively with varying degrees of
Alzheimer’s disease pathology. The single-cell transcriptomic dataset covers 80660 cells from the
prefrontal cortex of 48 individuals. While annotations for major cell types were given, we further
classified astrocytes into reactive and non-reactive astrocytes based on GFAP expression 24,
The bulk RNA-seq covers 4 brain regions (Brodmann areas 10, 22, 36, 44) of 364 individuals.

To transform the count data into appropriate expression inputs to the eRWR algorithm,
count data from healthy tissue-specific transcriptomes and the AD single-cell RNA-seq data were
first log-transformed to compress the extreme values. The values were then z-score standardized
and passed through a logistic function, where the final transformed values have a range (0,1).
For the AD bulk-RNA seq data, since the counts were already normalized and transformed, they
were z-score standardized and transformed by a logistic function without first being log-

transformed.

Statistical analysis

Relationship between support scores of secreted proteins and protein expression
To examine the dependencies between support scores and the transcript and protein

abundances of the human secretome, we calculated the support score for each secreted protein
in the human secretome ’° across various human tissues. We first calculated the spearman
correlation coefficients between the tissue-median support scores and the transcript and protein

abundances across all secreted proteins. To assess the statistical significance of the spearman

/n—2
t=r
correlation coefficients, a t-statistic 1 — 2 where n and r indicate the number of paired
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observations and the pearson correlation coefficient respectively was computed. P-values were
then calculated by comparing the t-statistic with its null distribution (the t-statistics approximate a

t-distribution with n-2 degrees of freedom under the null hypothesis) 2%,

To further quantify the statistical significance of transcript abundance and protein level in
determining overall protein abundance, a Bayesian hierarchical model was created (Eq. 4) where
the abundance of each protein across the 29 tissues is drawn from a linear combination of mMRNA
levels and the support scores weighted by their respective regression coefficients. We used the

rethinking R package!’? to construct the model and sample the coefficients.

iBAQE oteinli: 4] ~ Normal(pli, j].o) (For each tissue-protein combo, draw protein abundance)
plt, §] = ali] + bgenExpli] - log FPEM[i, j] + bucsupport[f] - support.scoreli, j] (# : Proteins i = 1...13002 across tissues j = 1...29)

a[i] ~ Normal(p,,. p,) (Protein ¢ across tissues drawn from population abundance)

bgenEspi ; | ) . ) . . .
L, wenEsen| } | ~ Normal( |_£| ,8) (each coef. for genExp and secSupport for Protein; in tissue j drawn from 2D Normal)
IsecSupport |¥ Sp

. (& 0 =
8 (q :)R([l T)
R ~ LKJcorr(2)

Py €00 5 ~ Normal(0, 1)

@, Pg. g, 55 ~ Exponential(1)

Equation 4

Relationship between support scores of key amyloidogenic proteins and amyloid plaque
densities

We built a Bayesian hierarchical model (Eqg. 5) to determine the extent to which the support
scores for key amyloidogenic pathway components including APP and the secretases for each
cell/ sample in the single-cell (see the supplementary notes for adaptations to the model formula
to account for sample covariates) and bulk RNA-seq dataset affects the amount of amyloid plaque
measured. We regressed the scaled amyloid plaque densities corresponding to the individual
from which the single-cell/ bulk RNA-seq sample was collected against the gene expression and

secretory pathway support scores of key amyloidogenic pathway components. To regularize the
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coefficients of interest, their Bayesian priors are all normally distributed around 0. The coefficients

were sampled using the rethinking R package'’2.

amyloid[i] ~ Normal(u[i], o)

uli] =a+

E beovar, * '/\ + (covar. : known covariates)
cEcovar

E (bgenExp, [7] - genExpy[i] + bsecsupportk[7] - support.score,[i]) (7 : Brain region/ cell type sample 7 belongs to: Amyl C {APP, secretases})
ke Amyl

o ~ Exponential(1)

a ~ Normal(0,1)
Coefficients of interest:
bgenExp, [7] ~ Normal(BgenExpy: Ogenbxps)
Bescsappacalil] ~ Normal(BsecSupport .+ FsecSupport 1)
Hyper priors:
BgenExp s BsecSupport;, ~ Normal(0, 1);
TgenExpy: OsecSupport;, ~ Exponential(1)
Covariates:
bsrins; ~ Normal(0. 1)
Equation 5

Characterizing the core support network

AD risk genes and enrichment analysis of regulatory components
We obtained 45 genome-wide significant risk loci identified by several AD GWAS studies

as summarized previously 2?7, resulting in 176 high-confidence AD risk genes. We compiled a
separate set of AD risk genes from GWAS summary statistics 22222° for loci above the genome-
wide suggestive threshold, where MAGMA 28° was used to aggregate p-values for SNPs to the
gene-level independently for each GWAS dataset. P-values from the two datasets for each gene
were then combined using Fisher's method, resulting in 673 AD suggestive risk genes.

The transcription factors and their targets were obtained from ENCODE 2°° and ChEA 2%
via the Enrichr portal 2°2. To determine whether the core support network enriches for the

regulatory targets of AD risk genes, we first calculated the level of overlap between the core
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support network and the targets of each transcription factor using Fisher's exact test, where
significantly overlapping transcription factors were defined as those with p-values of less than
0.05. A secondary enrichment was performed to quantify the level to which the significant
transcription factors overlap with known AD risk genes. As mentioned earlier, two lists of AD risk
genes were used. For the 673 AD suggestive risk genes, a traditional Fisher's exact test was
performed. For the risk genes originating from the 45 risk genome-wide significant risk loci,
instead of calculating the direct overlap between the significant transcription factors and the 176
high-confidence risk genes, we mapped the significant transcription factors back to the 45 risk
loci on which Fisher’s exact test was performed. This is motivated by the fact that many risk loci
contain multiple risk genes that cannot be further pinpointed due to complex linkage disequilibrium
patterns, a risk locus is considered hit if at least one of its mapped risk genes appears significantly
enriched as a transcription factor. We performed this two-stage enrichment analysis starting from
the full static support network towards the core support network by pruning back proteins furthest

from APP in each iteration.

Enrichment analysis of genomic loci with AD-related epigenetic changes
Genomic coordinates for AD-related histone acetylation and methylation peaks 253-2%

were mapped to the promoter and enhancer regions of genes from the entire support network
according to the GRCh37 assembly. Significant epigenetic alterations were defined as those with
adjusted association p-values of less than 0.05, or those labeled as epigenome-wide significant
in the original study when no accompanying association statistics were available. The background
was defined as the collection of all peaks detected for histone marks from each study. Following
a similar enrichment analysis strategy to the one detailed in the previous section, we calculated
the level of overlap between the support network and the significant epigenetic alterations via

Fisher’'s exact test across subnetworks of various sizes.
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Enrichment analysis of subcellular compartments
We compiled lists of proteins for all subcellular structures consisting of proteins known to

localize to the compartment of interest within the cell 6. We ordered the proteins in the full support
network by the extent to which they deviate from their stationary support component score to
control for network topology while accounting for secretory-resident proteins. To determine the
degree to which the proteins from certain subcellular compartments are overrepresented in the
core subnetwork, we applied Gene Set Enrichment Analysis (GSEA) 2729 with the subcellular
localization gene-sets and the ranked core support network components as input, eliminating the
need for a hard significance cut-off. Subcellular compartments significantly enriched in the core

subnetwork are defined as those with an FDR p-value of 0.05 or less.

Causal gene network analysis
To robustly define the core supporting subnetwork, we iteratively constructed subnetworks

from proteins most proximal to APP and progressively include more distal proteins corresponding
to different significance cutoffs. To robustly select the cutoff for the core supporting subnetwork,
we performed the two-stage enrichment analysis on all subnetworks as detailed above (see “AD
risk genes and enrichment analysis of regulatory components”). Additionally, we calculated the
average differential expression between AD and healthy individuals for each subnetwork using
fold changes from bulk and single-cell RNA Seq data depending on the source expression from
which the subnetwork is calculated. We selected 20 proteins most proximal to APP to include in
the final core subnetwork, where the cutoff coincides with the strongest enrichment of regulatory

AD risk loci and the suppression of the core subnetwork.

To determine the regulator effects, we performed two network-based analyses. We first
ran the upstream regulator analysis using the curated regulator networks from IPA 269, The
algorithm took as inputs the core subnetwork and the differential expression fold changes and p-

values. Batch-corrected differential gene expression profiles between AD and healthy brains from
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the Mount Sinai study 24, the Mayo Study 2% and the ROSMAP study (Religious Order Study and
Memory and Aging Project) 2%° were obtained from the AMP-AD Knowledge Portal (Synapse ID
syn14237651). “Disease & functions” having considerable overlap with the core subnetwork were

added, of which endocytosis is the most significant (p-value =2.34E-14).

De novo TF binding site motifs discovery and known TF binding site identification
We downloaded promoter sequences (version: GRCH38) from UCSC Genome Browser?%

for the core subnetwork. The promoter sequences are defined as sequences 1,000 bases
upstream of annotated transcription start sites of RefSeq genes with annotated 5' UTRs. To
conduct de novo TF binding site motifs discovery, we first ran motif discovery using the MEME
suite?®* with default parameters to identify candidate TF binding site motifs within the promoter
sequences by using the entire APP support network serving as background control. Then, the
MEME discovered TF binding site motifs were analyzed further for matches to known TF binding
sites for mammalian transcription factors in the motif databases, JASPAR Vertebrates 2%, via
motif comparison tool, TOMTOM?%_We summarized all the enriched GO terms using ‘Revigo’?®’

(Figure S13) on the 81 GoMo identified specific enriched GO terms in the Biological Process.

Chapter 6, in full, is a reprint of the material as it appears in Kuo CC, Chiang AW,
Baghdassarian HM, Lewis NE. “Dysregulation of the secretory pathway connects Alzheimer's
disease genetics to aggregate formation”. Cell Systems, 2021. The dissertation author was the

co-first investigator and author of this material.
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EPILOGUE

Recapitulation

In this dissertation, | investigated the molecular machinery of the secretory pathway in
various contexts, including recombinant protein production and neurodegenerative diseases. To
improve titers of therapeutic recombinant proteins in mammalian host cells, | analyzed multi-omic
data and identified engineering targets within the secretory pathway that were validated to
significantly improve productivity.

To better understand the product-specific process of recombinant protein synthesis, | also
co-developed a transient protein interaction assay based on proximity-dependent biotin
identification (BiolD), and connected structural properties of the recombinant proteins with their
protein-protein interaction partners. To systematically analyze how changes in PPI strength
impact secretion, | developed a stochastic queuing model that incorporates PPIs and enzyme
expression to estimate and locate potential bottlenecks within the secretory pathway.

Finally, | turned my attention to the human secretory pathway and its co-regulation with its
products. | developed a graph-based algorithm that predicts brain B-amyloid levels accurately by
incorporating the topology of protein interaction networks and single-cell RNA-seq data. | further
constructed Bayesian machine learning models to identify cell-types and brain regions with
increased sensitivity to secretory pathway dysregulation and identi-fied cell-type specific markers
in the secretory pathway responsible for elevated B-amyloid levels. Our analyses connect
amyloidogenesis to dysregulation of secretory pathway components supporting APP and suggest

novel therapeutic targets for AD.

Limitations and Future Directions

Advances in omics technologies have greatly accelerated the study and development of

cell lines for recombinant protein production. Mechanistic studies of protein secretion have also
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benefited from the progress in multi-omic profiling and editing. However, the impact of omics
technologies can be greatly increased when accompanied by systems approaches to elucidate
the molecular mechanisms underlying biotherapeutic production. While systems approaches
often shed light on engineering targets within the cell, the resulting titer improvements reported
29829 often remained moderate in contrast with traditional approaches such as media and
bioprocess optimization, clonal selection, and bioreactor designs 3. Advances in omic data
generation and sharing would help augment current modeling technigues, allowing for more
context-specific predictions and engineering target discovery. In addition, systems approaches
would also benefit from more comprehensive characterization of the secretory pathway.

As omics data are integrated with genome-wide screens, phenotypic data (e.g., specific
productivity and/or cell culture longevity) and systems approaches, a clearer image of the protein
secretion and associated pathways will be achieved, thus allowing the generation of custom
producers and an expanded list of engineering targets. Additionally, identification of the protein
interaction networks supporting biosynthesis of recombinant helps define the product-specific
secretion machinery, opening avenues for mammalian cell engineering efforts, wherein
biotherapeutic production hosts can be rationally engineered to improve the titer of diverse
proteins in a client-specific manner.

Although the results uncovered by the secretory pathway support scoring algorithm are
compelling, the system has substantial room for improvement. Currently, it is assumed all PPIs
between secreted protein and secretory pathway machinery components are equally positive for
secretion. As characterization of the secretory pathway continues to improve, the scoring
framework can be further expanded to include the type and degree of the contribution from each
secretory machinery component to protein synthesis and secretion. Additionally, the same scoring
algorithm can also be adapted to other pathways of interest, allowing one to explore product-

specific co-regulation beyond the protein secretory pathway.
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