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RECOMBINANT MUCINS, AND COMPOSITIONS AND METHODS FOR USING
THE SAME

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. provisional patent application no. 62/792,660,

filed January 15, 2019, the entire disclosure of which is incorporated herein by reference.

GOVERNMENT FUNDING
This invention was made with government support under grant nos. IDP2GM119133-
01 and 1U54CA210184-01 awarded by the National Institutes of Health. The government has

certain rights in the invention.

FIELD OF THE DISCLOSURE
The disclosure provided improved glycoproteins, and compositions and methods

related to the same.

BACKGROUND OF THE DISCLOSURE

Protein therapeutic agents represent a large and rapidly growing portion of the
pharmaceutical market. Current biologics enable the treatment of a wide variety of human
diseases, including cancer, autoimmune disorders, arthritis and infectious diseases. The
commercial success of biologics has been a major impetus for the development of improved
manufacturing technologies that reliably produce the biological agents on a large scale.

The majority of all recombinant protein pharmaceuticals are produced in mammalian
cells at present. Mammalian cells are preferred over prokaryotic organisms for production of
protein therapeutics because eukaryote-specific post-translational modifications are often
required for protein functionality and appropriate pharmacokinetics. As an example,
monoclonal antibodies, a major class of protein therapeutics, must be post-translationally
modified with sugar structures called glycans in a post-translational modification process
called glycosylation. Without glycosylation, therapeutic antibodies typically have poor
stability and pharmacokinetics in vivo.

Today, the majority of all recombinant protein pharmaceuticals are produced in the
mammalian Chinese Hamster Ovary (CHO) cell line. However, a significant drawback CHO
cells for bio-manufacturing is their capacity to generate glycans that are not native to humans.

These glycans can produce deleterious immune responses and have been implicated in
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therapeutic resistance, which remains a significant concern for physicians and patients. The
risk of patient immune responses from CHO-derived products has motivated a deeper
consideration of the use of human cell lines for manufacturing recombinant protein therapies.
Suspension adapted human embryonic kidney 293 cells (293-F) have become the
most popular host cell line for the production of biological therapeutics with human
glycosylation patterns. The 293-F cell system has several desirable features for recombinant
protein production, including a fast proliferation rate, a high level of protein production, and
ease of transient transfection. Recently, the United States Food and Drug Administration
(FDA) has approved several therapeutic agents produced in 293-F cells. However, compared
to CHO-cell systems, 293-F cells can exhibit a higher propensity to form large aggregates in
suspension, limiting their yield and reliability for bio-manufacturing. While special medium
formulations have been developed to reduce cell clumping, aggregation continues to be a
challenge for mammalian suspension cell culture, especially at the high cell densities required
for fast, high-yield protein production. Exogenous addition of anti-clumping agents also
introduces additional molecules that must be purified away from secreted protein products.
An alternative strategy would be to genetically engineer production cells to have reduced
adhesion, but few approaches have been developed at the current time. Thus there is an
ongoing, unmet need for alternative compositions and methods for protein production, and
for improved glycoproteins that are suitable for use in a number of diverse applications. The

present disclosure is pertinent to this need.

SUMMARY OF THE DISCLOSURE

The disclosure provides modified mammalian cells that express modified
polypeptides that act as mucins, and mammalian cell cultures that comprise such cells. In
embodiments, the cells comprise recombinant polypeptides expressed from recombinant
polynucleotides introduced into the cells.

In embodiments, the polypeptides comprise a transmembrane anchor and a segment
external to the cells. The segment external to the cells includes repeated amino acid
sequences. In embodiments, the repeated amino acid sequences are selected from:
KEPAPTTP (SEQ ID NO:1); DAATPAP (SEQ ID NO:2); DAATPAPP (SEQ ID NO:3);
PPASTSAPG (SEQ ID NO:4); PDTRPAPGATAPPAHGVTSA (SEQ ID NO:5);
PDTRPAPGATAPPAHGVTAA (SEQ ID NO:6); PDARPAPGATAPPAHGVTAA (SEQ ID
NO:7); PDTRPAPGSTAPPAHGVTSA (SEQ ID NO:8), and combinations thereof. The

repeated amino acid sequence may be repeated contiguously 10- 120 times. In certain
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embodiments, the repeated amino acid sequence is repeated contiguously 21, 40, 42, 59 or 80
times.

In embodiments, the cells are modified mammalian cells. In embodiments, the cells
are modified human cells, which may be human embryonic kidney cells, which in certain
embodiments include human 293-F cells. In embodiments, the modified human cells that
express modified mucins are adapted to growth in a suspension culture. In embodiments, the
modified cells in the suspension culture exhibit less aggregation relative to a suitable control
value. A non-limiting example of a suitable control value is a value obtained from a
suspended cell culture comprising cells that do not express the recombinant polypeptide
comprising the repeated amino acid sequences. The modified cells may be present in a
suspension cell culture that is present in a suspended cell bioreactor.

In certain embodiments, the modified cells express a second, distinct polypeptide.
This is achieved by further modifying the cells such that they comprise an introduced
polynucleotide encoding a distinct polypeptide that is different from the polypeptide
comprising the repeated amino acid sequences.

In embodiments, the polypeptides expressed by the modified cells exhibit O-glycans
on the segment external to the cells. This segment can comprise one or a combination of Core
2 O-glycan, GlcNAcB1-6(Galf1-3)GalNAc and/or the Core 2 derivatives of GIcNAcB1-
6(Gal1-3)GalNAc at an abundance of at least 5% relative to all Core 1, Core 2, Core 3, Core
4, Core 5, Core 6, Core 7, and Core 8 O-glycans.

In an embodiment, the polypeptides expressed by the cells as described above include
a transmembrane anchor that comprises a cytoplasmic recycling motif.

Isolated polynucleotides that encode the polypeptides of this disclosure are included,
as are expression vectors comprising such polynucleotides. In embodiments, the
polynucleotides are incorporated into the modified cells such that they are integrated into a
chromosome of the cells, which may be achieved by random integration.

The disclosure includes a method of making cells that express the described
polypeptides. This approach comprises introducing an isolated/recombinant polynucleotide
that encodes a described polypeptide into the cells such that the polypeptide is expressed.

Also included is a method for producing a desired polypeptide or another agent,
which may be distinct from the polypeptide comprising the repeated sequences. The method

comprises expressing the desired polypeptide or producing another agent in modified
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mammalian cells that express a modified mucin polypeptide described herein. The method

may further comprise separating the desired polypeptide or the other agent from the cells.

BRIEF DESCRIPTION OF THE FIGURES

The figures and tables of this disclosure are divided into four Parts (Part I, Part II, Part
III, and Part IV), as described below.

Part I Figures

Figure 1: Combinatorial Genetic Encoded Library for Sequence-Specific Mucins. (a)
Schematic diagram of the combinatorial sequence-specific mucins. (b) Schematic shows the
swappable bio-bricks and flanking restriction sites for complete mucin construction. (¢) Work
flow for the design and fabrication of cDNAs for the mucin tandem-repeat backbones. (d)
Summary of codon-scrambled mucin backbones in the library. The Wild-type Mucl sequence
is SEQ ID NO:8. The Mucl single mutant (Mucl S) is SEQ ID NO:5. The Mucl double
mutant (Mucl D) is SEQ ID NO:6. The Mucl triple mutant (Mucl _T) is SEQ ID NO:7. The
Synthetic 1 (Synl) is DAATPAP is SEQ ID NO:2. The Synthetic 2 (Syn2) is SEQ ID NO:3.
The Synthetic 3 (Syn3) is SEQ ID NO:4. The Lubricin consensus sequence (Syn4) is SEQ ID
NO:1.

Figure 2: Construction and Validation of Sequence-Specific Mucin Expression. (a)
Components and features of codon-optimized Muc1 variants with GFP reporters. The amino
acid sequence in (a) is SEQ ID NO:8. (b) Predicted Molecular Weight of the polypeptide
backbone. (c) Biosynthesis of Tn antigen, Core 1, and Core 2 glycans, and specificity of
relevant lectins for their detection. (d)Western Blot analysis of Native Mucl expression and
glycosylation in wild-type and Core-1 B3-T specific molecular chaperone (COSMC)
knockout MCF10A cells. The MCF10A cells were stably transfected with native Mucl. The
surface sialic acids were labeled with AFDye 568 through periodate labeling prior to lysate
collection. The blot was stained in multiple colors with MUC1 TR (CD227 HPMYV) Ab-
FITC, and PNA-CF640 or biotinylated VVA (Secondary: NeutrAvidin-Dylight 650). (e)
Western blot analysis of native and codon-scrambled Mucl in extracts of transiently
trnsfected HEK293T cells. (f) Immunofluorescence images of transiently transfected
HEK?293T cells expressing indicated constructs and probed with PNA lectin (left), anti-Mucl
antibody (center left), GFP(center right) and Hoescht nuclear stain (right) (scale bar 10 pm).
(g) PNA lectin blot analysis (left) and intensity profiles (right) of mucins of varying sizes in
extracts of transiently transfected HEK293T cells.
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Figure 3: Engineering the Frequency of Glycosylation Sites in the Mucl Polymer
Backbone Tunes O-glycan Maturation. (a) Components and features of secreted Mucl and
engineered variants each with 21 tandem repeats. (b) Tandem repeat sequences of secreted
mucin mutants and the molecular weight of the polypeptide backbones. Single, double, and
triple glycosylation mutants (sMuclS, sMuc1D, and sMuc1T) have one, two or three,
serine/threonine (S/T) to alanine substitutions per repeat, respectively. The sequences under
sMucl mutants (21 repeats) are from top down: SEQ ID NO:8, SEQ ID NO:5, SEQ ID NO:6
and SEQ ID NO:7. (c) Representative Western blot analysis of affinity-purified recombinant
secreted mucins from FreeStyle™ 293-F cell culture media probed with anti-SUMOstar
antibody and PNA, s-WGA and VVA lectins (of three independent experiments). The lectin
blot was co-stained in multiple colors with PNA-Alexa Fluor 568, s-WGA-FITC, and
biotinylated VV A (Secondary: NeutrAvidin-Dylight 650). (d) Representative fluorescence
intensity electrophoretograms of the blots in (¢). (e) Ratiometric intensity analysis of PNA to
VVA signal (upper) and s-WGA to VVA signal (lower) for the indicated mucins and their
corresponding frequency of S/T glycosylation sites in the polymer backbone. Ratiometric
fluorescence intensity was quantified along each lane and normalized to signal from the
secreted mucin with wild-type Mucl tandem repeats (sMucl); data presented as the mean and
SEM from at least three independent experiments. * P<0.05 ** P<0.01 *** P<0.001 (f) Left:
MALDI-TOF mass spectra registered for samples of permethylated glycan alditols from
secreted mucins with wild-type Muc1 tandem repeats (sMucl) and triple mutant (sMuc1T)
from HEK293T cell culture media. The ion signals were annotated with respect to the relative
masses of molecular ions (m/z) detected as sodium adducts and by assignment of the
respective core structure (red for Core 1 and black for Core 2). Right: Schematic presentation
of O-linked glycans detected on the secreted mucins.

Figure 4: Designer Mucin Domains Reveal Sequence-Specific Effects on
Glycosylation. The sequences shown in Figure 4 are KEPAPTTP (SEQ ID NO:1) DAATPAP
(SEQ ID NO:2) DAATPAPP (SEQ ID NO:3) and PASTSAPG (SEQ ID NO:4). (a)
Components and features of designer mucins. (b) Predicted Molecular Weight of the mucin
polypeptide backbones. (c) Representatie Western blot analysis (from three independent
experiments) of indicated constructs in extracts of transiently transfected HEK293T cells
probed with anti-GFP antibody or co-stained with PNA and VVA lectins. (d) Representative
Fluorescence intensity electrophoretograms of the western blots in (c¢) for indicated constructs
from three independent experiments. Dashed lines indicate the peak of the glycoform visible

in the PNA blot. Shaded boxes indicate the regions between the bands on the anti-GFP blot

-5-
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with the highest and second highest apparent molecular weights. (¢) Ratiometric intensity
analysis of PNA to VVA staining for the indicated mucins and their corresponding frequency
of serine and threonine glycosylation sites in polymer backbone. Fluorescence intensity was
quantified along each lane of the dual-probed lectin blot, and the PNA: VVA ratio was
normalized to that of the KEPAPTTP (SEQ ID NO:1) x20 mucin; data presented as the mean
and SEM from three independent experiments. (f) The fold change in PNA: VVA ratio with
doubling the indicated mucin backbone size from 40 to 80 tandem repeats; data presented as
the mean and SEM from three independent experiments. * p<0.05

Figure S: Tuning Mucin Glycosylation through Cytoplasmic Tail Engineering. (a)
Components and features of cell-surface mucins with synthetic 21-amino-acid
transmembrane anchors (TM21) and engineered cytoplasmic motifs; native CT refers to a
native cytoplasmic tail adapted from Mucl. (b) Lectin blot analysis of the indicated mucin
isoforms from transiently transfected HEK293T cells to detect sialylated O-glycans by
periodate oxidation and Core-I structures by PNA; blots are representative of three
independent experiments. (c) PNA-lectin blot analysis of the indicated mucin isoforms before
and after sialidase treatment; blots are representative of three independent experiments. (d)
Top: Representative MAA and PNA lectin blot analysis (from four independent experiments)
of the indicated mucin isoforms immunoprecipitated from transiently transfected HEK293T
cells. Bottom: Ratiometric intensity of sialic acid to Core 1 glycan signal (MAA: PNA); data
presented as the mean and SEM from four independent experiments. * P<0.05

Figure 6: Western blot analysis of MCF10A cells edited with lentivirus with native
repetitive (Native Mucl) versus codon-scrambled Mucl cDNAs (Mucl 42).

Figure 7: Mucins with Tunable Sizes. The sequences shown in Figure 7 are
PDTRPAPGSTAPPAHGVTSA (SEQ ID NO:8). (a) Components and features of mucin
constructs with GFP reporter, native Muc1 transmembrane anchor, and codon-scrambled
Mucl tandem repeats. (b) Representative immunofluorescence images of transiently
transfected HEK293T cells expressing the GFP-tagged Mucl constructs illustrated in (a) and
co-stained with PNA, anti-Mucl antibody, and Hoechst nuclear stain (scale bar 10 pm) from
three independent experiments. (¢) Components and features of mucin constructs with
synthetic 21-amino-acid transmembrane anchor (TM21) and codon-scrambled Mucl repeats.
(d) Predicted molecular weight for mucin polypeptide backbone illustrated in (c). (e)
Representative Western blot analysis (of three independent experiments) of TM21 constructs

illustrated in (c) from extracts of transiently transfected HEK293T cells and probed with
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PNA lectin or anti-Muc] antibody. (f) Representative phase-contrast images of HEK293Ts
expressed indicated constructs in (c¢) from three independent experiments (scale bar 100 um).

Figure 8: Western blot Image of affinity-purified recombinant secreted mucins from
FreeStyle™ 293-F cell culture media probed with anti-6x His antibody and VVA lectin

Figure 9: Cell-Surface Mucin Mutants Derived from Mucl Tandem Repeat
Sequences. The sequences shown in Figure 9 under mMUCT mutants (21 repeats) from top
down are PDTRPAPGSTAPPAHGVTSA (SEQ ID NO:8), PDTRPAPGATAPPAHGVTSA
(SEQ ID NO:5) PDTRPAPGATAPPAHGVTAA (SEQ ID NO:6) and
PDARPAPGATAPPAHGVTAA (SEQ ID NO:7). (a) Components and features of mucins
constructed with 21 native or engineered Mucl repeats, GFP reporter and native Mucl
transmembrane anchor. (b) Tandem repeats and predicted backbone molecular weight of
native Mucl (mMucl) or engineered variants with single, double, or triple serine/threonine to
alanine substitutions (mMuc1S, mMuc1D, or mMuclT). (¢) Representative Western and
lectin blot analysis of indicated constructs in (a) from extracts of transiently transfected
HEK?293T cells and probed with anti-GFP antibody or co-stained with PNA, VVA and s-
WGA lectins from three independent experiments. (d) Components and features of mucins
constructed with 21 native or engineered Mucl repeats and a synthetic 21-amino-acid
transmembrane anchor (TM21). (e) Representative immunofluorescence images of
transiently transfected HEK293T cells expressing the indicated constructs in (d) and co-
stained with PNA lectin and Hoechst nuclear stain from three independent experiments (scale
bar 10 um)

Figure 10: MALDI-TOF MS spectra of mucin-type O-glycans as reported by
Cellular O-Glycome Reporter/Amplification (CORA). HEK293T cells were transiently
transfected with the indicated synthetic mucin constructs or mock vehicle. Spectra were
normalized to the matrix peak at m/z = 550.

Figure 11: Mucins Constructed with Designer Tandem Repeats. The sequences
shown in Figure 11 are DAATPAP (SEQ ID NO:2) DAATPAPP (SEQ ID NO:3) and
PPASTSAPG (SEQ ID NO:4). (a) Components and features of mucin constructs with
designer tandem repeats, GFP reporter and native Mucl transmembrane anchor. (b)
Representative immunofluorescence images of transiently transfected HEK293T cells
expressing the indicated GFP-tagged constructs and co-stained with PNA lectin and Hoescht

nuclear stain from three independent experiments (scale bar 10 um).

Part II Figures
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Figure 12: Engineering Biopolymer-Coated Cell Lines. A transposon-based
method was used to stably integrate the DNA encoding the engineered biopolymers under a
doxycycline inducible promoter. A, Schematic representation of the all-in-one vector used for
producing biopolymer-coated cell lines showing key elements. For incorporation into the
cellular genome, the vector includes a tetracycline responsive element (tetO), a minimal
CMYV promoter, the Mucl signal sequence (Mucl N-terminus), the tandem repeats of the
biopolymer (0, 21, or 42 repeats of PDTRPAPGSTAPPAHGVTSA (SEQ ID NO:8), the
transmembrane domain of Mucl (Mucl TM), the bicistronic green fluorescent protein
reporter (IRES GFP), a EF-1a promoter, the reverse tetracycline transactivator (rtTA), and a
second bicistronic neomycin resistance cassette (IRES NeoR). These elements were all
flanked by 5’ and 3’ inverted terminal repeat sequences (ITRs) required for transposon-
mediated incorporation into the genome. For vector replication and production in bacteria,
there was also an ampicillin resistance cassette (AmpR) and an origin of replication (ori). B,
Schematic representation of membrane bound biopolymers expressed by the cells and
localized to the cells surface. C, Schematic of the relative size of the extracellular domain of
the engineered biopolymers designated Mucin-0, Mucin-135, and Mucin-270 for their
respective length in nm. The predicted molecular weight of these proteins was 42 kDa, 81
kDa, and 120 kDa, respectively.

Figure 13: Validation of Biopolymer Coatings. Expression and cell-surface
localization of biopolymer coatings was validated for the new, engineered 293-F cell lines. A,
Representative confocal microscopy images of stable suspension adapted human embryonic
kidney 293 (293-F) cell lines — wild type (w.t.), or stably expressing the Mucin-0, Mucin-
135, or Mucin-270 biopolymer. Images show the cell membrane (shown in blue, CF633
Wheat Germ Agglutinin, WGA), O-glycans covalently attached to the Mucin-135 and
Mucin-270 biopolymers (shown in red, CF568 Peanut Agglutinin, PNA), and green-
fluorescent protein (shown in green, GFP) which is co-expressed on the plasmid with the
Mucin-0, Mucin-135 and Mucin-270 biopolymer. B, Representative flow cytometry
histograms showing the polydisperse population of biopolymer expressing cell lines
compared to w.t. cells, y-axis is scaled to show the population distribution of GFP positive
cells. >50,000 cells per histogram. C, Quantification of the percent of cells which are GFP
positive for each cell line. Cells with GFP signal above the gray line in Fig. 2B were
considered GFP positive. Mean and S.D. are shown, >50,000 cells per sample, n = 4. D,
Representative immunoblot (left) and lectin blot (right) of whole cell lysates for each

generated stable cell line compared to w.t. cells, n =3. E, Viable cell concentration

-8-
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determined by hemocytometer counting with trypan blue exclusion, n = 3. F, GFP signal of
Mucin-270 cells after induction of expression at t = 0 hr, measured by flow cytometry, n =3,
>15,000 cells per sample. G, Agarose gel showing polymerase chain reaction (PCR) product
of Mucin-270 gene from DNA extracted from non-transfected cells (Mock), w.t. cells
transiently transfected (Transient), or cells with the Mucin-270 gene incorporated in the
genome and cultured for 2 months (2 mo.) or 12 days (12 d) after gentamycin selection. Star
indicates the predicted molecular weight of Mucin-270 PCR product. #1 and #2 are biological
replicates. Mean and S.D. shown, ns — not significant.

Figure 14: Biopolymer Coatings Reduced Cell Aggregation. Genetically-encoded
biopolymer coatings of Mucin-135 and Mucin-270 size reduce cell aggregation in suspension
cell culture. A, Representative phase contrast images for w.t. and biopolymer cell lines.
Images were for cells grown at a concentration of 3.8 = 0.7 x 10° cells/mL at 72 hr post-
induction. B, Quantification of the fraction of cells in various cluster sizes from phase
contrast images such as those shown in Fig. 3A, 3 biological replicate samples, 2 technical
replicate samples, 3 images analyzed per sample, samples (further discussion of replicates in
Materials and Methods section). Center lines show the medians; box limits indicate the 25th
and 75th percentiles as determined by R software; whiskers extend 1.5 times the interquartile
range from the 25th and 75th percentiles, outliers are represented by dots; crosses represent
sample means. C, Quantification of the fraction of cells which are in clusters of various sizes
from phase contrast images such as those shown in Fig. 3A. Mean and S.D. are shown. D,
Ripleys K function versus distance calculated for the cell distribution acquired from phase
contrast images such as those shown in Fig. 3A. Mean and S.E.M. are shown, replicates
described in Fig. 3B. ns — not significant; * p <0.05; ** p <0.01; *** p <0.005.

Figure 15: Mucin-270 Reduced Aggregation in High Calcium Culture Media.
The Mucin-270 cell line out-performs commercial anti-clumping solution in highly
aggregating conditions. A, Image of Mucin-270 and w.t. cultures grown in media with 2 mM
CaCl2 (+ Ca?"). Mucin-270 expression significantly decreases cell aggregation, even
compared to commercially available anti-clumping reagent (+ anti-clump). B, Quantification
of the concentration of w.t. or Mucin-270-expressing cells in suspension for control cultures
with no treatment (null), with the addition of commercial anti-clumping reagent (+ anti-
clump), with the addition of 2 mM CaCl: (+ Ca®"), or with both anti-clumping reagent and 2
mM CaCla (+ anti-clump + Ca**). Statistical comparison is to null condition for each cell line.

Mean and S.D. are shown, n = 3. ns — not significant; * p < 0.05; ** p <0.01; *** p <0.005.
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Figure 16: Biopolymer Coating Enhanced Resistance to Shear Stresses.
Expression of the stably incorporated biopolymers protects cells from shear stresses. A,
Schematic representation of the experimental setup for shearing cells. Briefly, cells were
sheared by flowing through a 500 um Teflon tube under a constant applied force of 1 kg in
gravity before being analyzed by flow cytometry with a live/dead cell stain. B, Quantification
of the fraction of dead cells after shearing the cells for the w.t. and biopolymer cell lines,
Mean and S.E.M. are shown, > 50,000 cells measured for each population, n = 6. ns — not
significant; * p <0.05; ** p <0.01; *** p <0.005.

Figure 17: Biopolymer Coated Cells can be Transfected. Transfection was
determined for the biopolymer coated cell lines by transfection with a cytoplasmic red-
fluorescent protein (RFP). A, Quantification of the number of cells for w.t. and biopolymer
coated cells transiently transfected with cytoplasmic RFP. The count of transfected cells was
normalized to the count of w.t. cells transfected per experiment to account for variable
transfection efficiency between replicate transfections. > 50,000 cells measured for each
population, n = 3. B, Representative flow cytometry histogram showing the distribution of
expression among transfected cell populations. The peak to the left of the gray line, centered
around zero, represented the non-transfected population for each cell line which is further
validated by the overlapping histogram of non-transfected w.t. cells (w.t.-null). C,
Quantification of the geometric mean of RFP for positively transfected cells from B. Mean
and S.D. shown, ns — not significant; * p < 0.05; ** p <0.01; *** p <0.005.

Figure 18: Mucin-270 cells Produced Comparable Levels of Recombinant
Protein Expression. Quantification of secreted, recombinant RFP from media supernatant of
w.t. or Mucin-270-expressing cultures transiently transfected with secreted RFP, n = 3. Mean
and S.D. shown, ns — not significant; * p < 0.05; ** p <0.01; *** p <0.005.

Figure 19: Additional data to accompany Figure 14 acquired 24 hr prior. A,
Quantification of the fraction of cells in various cluster sizes from phase contrast images such
as those shown in Fig. 3A. Cells are grown at 3.2 + 0.7 x 10° cells/mL for 48 hr for all panels.
Center lines show the medians; box limits indicate the 25th and 75th percentiles as
determined by R software; whiskers extend 1.5 times the interquartile range from the 25th
and 75th percentiles, outliers are represented by dots; crosses represent sample means. B,
Quantification of the fraction of cells which are in clusters of various sizes from phase
contrast images such as those shown in Fig. 3A. Mean and S.D. are shown. C, Ripley’s K

function versus distance calculated for the cell distribution acquired from phase contrast
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images such as those shown in Fig. 3A. Mean and S.E .M. are shown, replicates described in

Fig. 3B, n =3,. ns — not significant; * p < 0.05; ** p <0.01; *** p <0.005.

Part 111 Figures

Figure 20: Design and synthesis of synonymous lubricin (SynLubricin). A)
Overview of the design and production strategy for synthetic, codon-scrambled mucins. DNA
sequences for the desired protein product were optimized through a global optimization to
minimize repetitive DNA sequences by codon scrambling, followed by a second optimization
that reassigned codons with infrequent usage in the host cell system. B) SynLubricin was
constructed of 59 perfect repeats of KEPAPTTP (SEQ ID NO:1) flanked by the native human
N- and C-termini of PRG4. An IgK signal sequence and SumoStar tag was fused to
SynLubricin for secretion and purification. SynLubricin also retains the two somatomedin B
domains (SMB 1 and 2) and the two Hemopexin domains of the native protein. C) Calculated
repetition score for the nucleotides encoding the tandem repeats of human PRG4 isoform A
(PRG4A) and SynLubricin. D) Alignment of amino acid sequence of human PRG4 and
SynLubricin. The PRG4A sequence in the alignment is amino acids 347 - 853 of SEQ ID
NO:66. The SynLub sequence in the alignment is amino acids 347-818 of SEQ ID NO:68. E)
Vector map illustrating the tetracycline-inducible promoter, multiple cloning site (MCS) for
cDNA of interest, bicistronic GFP reporter (IRES2 CopGFP), and second expression cassette
for the rtTA-M2 tetracycline transactivator and neomycin-resistance gene.

Figure 21: Sorting strategy to isolate stable polyclonal cell populations that
produce high levels of SynLubricin. A) Strategy for isolation of stable cell populations
expressing high levels of SynLubricin. B) Western blots of 293-F media supernatant showing
relative SynLubricin production in unsorted and twice-sorted (2x) cell populations; 1 and 2
indicate samples from two independent experiments; probed with anti-PRG4 (MABT401)
and SUMO antibodies. C) Quantification of the relative intensity of signal from anti-PRG4
Western blots in B. D) Phase-contrast and fluorescence micrographs of unsorted and twice-
sorted 293-F cells expressing SynLubricin.

Figure 22: Integrated SynLubricin cDNA is stable in the cellular genome. PCR
amplification of SynLubricin coding region in genomic DNA extracts of wild-type and stably
integrated 293-F cells cultured continuously for 2 months. As positive controls, PCR
amplifications of SynLubricin plasmid and DNA extract from SynLubricin transiently
transfected 293-F cells (Transient) are shown. The expected size of full-length SynLubricin is

indicated by the star.
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Figure 23: Optimization of SynLubricin production. A) Western blots showing
relative production of SynLubricin over time in media of control cells and sorted 293-F cells
induced with 1 ug/mL doxycycline for the indicated number of days in the absence or
presence of the histone deacetylase inhibitor valproic acid (VPA; 3.5 mM). B) Quantification
of the relative intensity of signal for the blots shown in A. C) Time course for glucose
consumption in sorted 293-F cells induced at day 0 with 1 pug /mL doxycycline with or
without 3.5 mM VPA. Mean and S.D. shown, n = 3. D) Western blot showing lubricin in the
media harvested from non-producing control cells (Mock), cells transiently transfected with
SynLubricin cDNA (Transient), and two successive 1-L batch cultures of sorted 293-F cells
induced for three days with 1 pg /mL doxycycline and 3.5 mM VPA (Batch #1 and Batch
#2); equine synovial fluid (ESF) was loaded as a control. E) Representative Western blot of
SynLubricin produced from stably expressing 293-F cells collected at indicated time points
after 1 ug/mL doxycycline induction on day 0. F) Quantification of Western blot replicates
represented in B, n = 3, ns — not significant.

Figure 24: Purification of SynLubricin by anionic exchange chromatography. A)
Sliver stain and B) Western blot showed SynLubrcin eluted continuously from Q Sepharose®
resin over a broad range of NaCl concentrations (concentrations indicated above lanes in
mM). C) Sliver stain and D) Western blot showing harvested SynLubricin media supernatant
(M), 10-fold diluted SynLubricin media supernatant (S), wild-type 293-F conditioned media
(C), flow through (FT-1x), 10-fold concentrated flow through (FT-10x), and eluted fractions
at indicated salt concentration (shown above lanes in mM).

Figure 25: Lubrication of cartilage explants shows functionality of SynLubricin.
Friction coefficients of NaCl-extracted cartilage explants bathed in saline (PBS), bovine
synovial fluid, or SynLubricin. Prior to lubrication analysis, the SynLubricin was purified
with DEAE Sepharose, eluting either without washing or after a stringent 500 mM NaCl
wash. Mean and S.D. are shown with independent measurements indicated. ***p<0.001,
*#HEEP<0.0001; NA: statistical testing is not applicable due to sample size.

Figure 26: Transient expression of SynLubricin altered adherent cell
morphology. A) Morphology of 293-T cells mock transfected or transfected with cDNA for
bicistronic SynLubricin IRES copGFP. Images shown are a merged overlay of phase contrast
and fluorescence micrographs. Note the inhibition of cell-cell adhesion near cells expressing
high levels of the copGFP reporter. B) Western blot of equine synovial fluid (ESF) and media
supernatant from mock-transfected and SynLubricin-transfected cells probed with MABT401
antibody against PRG4 tandem repeats.
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Figure 27: Validation of new transposon-based gene delivery vector. Flow
cytometry results showing correlation of levels of mCherry2 and the copGFP reporter.

Figure 28: Application of the codon-scrambling strategy for Mucl. The sequence
shown on Figure 28 is PDTRPAPGSTAPPAHGVTSA (unmodified Mucl repeat) (SEQ ID
NO:8). A) Schematic of SynMucl with codon-scrambled tandem repeats. B) Calculated
repetition score for the nucleotides encoding the tandem repeats of human Mucl and
SynMucl. C) Western blot of media supernatant from 293-F cells transfected with SynMuc1
cDNA (+cDNA) or non-transfected cells (M), Ni-NTA resin flow through from His-affinity
purification (FT), and eluted protein (Elution) probed with a Mucl antibody. D) PNA-lectin
blot of C. E) Western blot of C, probed with a SUMO antibody.

Figure 29: SynLubricin has low affinity for immobilized-metal-affinity-
chromatography (IMAC) resin. A) Western blot of media supernatant and the IMAC
purification flow throughs, washes, and eluted fractions from Fe** and Ni** loaded
nitrotriacetic acid (NTA) resins. Elutions were performed at the indicated NaCl
concentration. No non-specific binding of sialic acids to multivalent Fe’* was observed. B)

Western blot of flow through, wash, and eluted fractions from uncharged NTA resin.

Part IV Figures

Figure 30: Glycocalyx polymers induce membrane projections. (A) Schematic and
table illustrating the genetically encoded biopolymers that were constructed and used
throughout this work. The gene library encoded native and synthetic mucins comprised of a
central polypeptide core, sugar side chains linked to serine (S) and threonine (T) residues, and
a transmembrane anchor. (B) Quantification of membrane tube density in epithelial cells,
showing mucin polymers induce dramatic tubularization compared to wild-type (Control)
cells. Number of cells analyzed is shown on the x-axis for each condition. Box notches here
and elsewhere indicate 95% confidence intervals. (C) Scanning electron microscopy (SEM)
images showing membrane morphologies of cells expressing the indicated biopolymer. (D)
(left) Cartoons of Mucl GFP-ACT polymers of varying length, as indicated by the number of
tandem repeats (TR). (right) Flow cytometry data showing similar cell-surface expression
levels of indicated mucins using a GFP-binding nanobody, n = 3, > 40,000 cells per
population. (E) Representative SEM images of cells described in (D). (F) (left)
Quantification of relative protein surface density on giant unilamellar vesicles (GUVs) with
membrane-anchored Podocalyxin (Podxl) at low density, human serum albumin (HSA) at

low density (Low HSA), or HSA at high density (High HSA), n = 10-20. All GUVs were
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formulated with 10 mole % Ni-NTA-lipid for protein anchorage. (center) Quantification of
the fraction of GUVs with or without tubes; n is the number of GUVs analyzed for each
protein. (right) Representative confocal images of GUVs. *** p < 0.001 (post-hoc student’s
two tailed 7 test).

Figure 31: Membrane morphology of tissue synoviocytes is regulated by the
glycocalyx. (A) Experimental workflow for resected equine synovial tissues. (B)
Representative SEM images of hyaluronic acid synthase 3 (HAS3) expressing primary
synoviocytes showing retraction of membrane tubules following 30 minutes of hyaluronidase
(HyA) treatment to digest hyaluronic acid (HA). (C) Quantification showing tubule density
was dependent on the presence of HA. (D) Images of freshly resected synovial tissue
showing the nucleus (DAPI), surface-anchored HA (hyaluronic acid binding protein, HABP)
of a representative synoviocyte, and the tissue collagen (second harmonic generation, SHG).
Depth along the z-axis is coded according to the color bar. Note the HA-enriched membrane
extensions protruding from the synovial tissue surface. Lower right panel shows a cartoon
representation of the observed tissue synoviocyte. (E) Membrane tubules are visible, by
SEM, on synoviocytes in freshly excised equine synovial tissue. The synoviocyte head is
pseudo-colored in orange protruding from the synovial tissue. Hy A treatment to digest HA
resulted in the rapid retraction of synoviocyte tubules (right). *** p < 0.001 (post-hoc
student's two-tailed 7 test).

Figure 32: Polymer brush model of the glycocalyx and generation of preferred
membrane shapes (A) Polymer model of membrane bending illustrating proposed
spontaneous membrane curvature induced by the cellular glycocalyx. Low density polymers
are non-interacting and adopt a compact structure in the “mushroom” regime. In the “brush”
regime, polymers overlap (the average distance between polymers, D, is less than the twice
the radius of gyration, Rg) and extend to avoid each other, increasing the height of the
polymer brush (H). Entropic pressures are the basis for membrane curvature generation by
polymer mushrooms and brushes. (B) Mucl construct with SUMO and GFP tags flanking the
polymer domain for visualization of polymer extension with expansion microscopy (ExM).
Polymer extension versus polymer fluorescence intensity, a proportional measure of surface
density, showing the indicated scaling relation. Dots, squares, and triangles indicate
measurements from three samples. The red line shows a linear regression through all data
points. (C) Theoretical prediction of spontaneous curvature generation by Mucl polymer
mushrooms and polymer brushes. Blue: estimated mushroom regime (mush.); pink: estimated

brush regime (brush). The computational model here considers mucins of length 270 nm
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having monomeric segments of length 15 nm (Kuhn length). These parameters were based on
experimental characterization of native Muc1-42TR and selected for comparison to
experiments below. (D) (left) Theoretical prediction of required pressure (Pa) as a function of
mucin concentration for blebs of radii = 250 nm. The insert shows a pressure minimum near
the mushroom-brush transition. (right) Theoretical prediction of the required point force (pN)
as a function of mucin concentration for maintaining membrane tubules.

Figure 33: Preferred membrane shape depends on cell-surface biopolymer
concentrations. (A) Strategy for sorting cells into populations with varying levels of cell
surface mucin (Muc1-42TR-GFP ACT) using fluorescence-activated cell sorting (FACS). (B)
Representative SEM images showing the transition of membrane morphological features of
sorted cell populations with the indicated mucin surface density. Mucin densities were chosen
to match the indicated points on the theoretical graphs (Fig. 3D). (C) Average radius of bleb
structures measured in the mushroom regime and tube structures measured in the brush
regime. (D) Observed density of membrane blebs on sorted cell populations having the
indicated average mucin surface density. Significance was determined between mushroom
regime and brush regime (*) or between the lowest brush regime density and all other brush
mucin densities (+). (E) Observed density of membrane tubes on sorted cell populations
having the indicated average mucin surface density. Symbols defined in (D). (F) Inverse
predicted force from (Fig. 3D, right) versus the observed tube density from (E) exhibits a
linear relationship and Pearson correlation coefficient of 0.97. Number of measurements
shown on the x-axis of boxplots. Error bars indicate 95% confidence intervals. ns - not
significant; */+ p <0.05; **/++ p <0.01; ***/+++ p < 0.001 (post-hoc student’s two-tailed ¢
test).

Figure 34: Glycocalyx-mediated membrane instabilities and extracellular vesicle
biogenesis. (A) Representative confocal microscopy images of epithelial cells expressing
Muc1-42TR ACT and stained with PNA (peanut agglutinin) for mucins and phalloidin for
actin, n = 3. (B) Fluorescent intensity line trace from (A) (PNA image, red line). Values are
normalized for their respective maximum intensities for phalloidin and PNA stains. (C)
Average diameter of tubules in Muc1-42TR ACT expressing cells following treatment with
DMSO (Vehicle) or with 10 uM Latrunculin-A (+ LatA) to disrupt actin assembly. (D)
Representative SEM images of tubules in vehicle treated or LatA treated cells expressing
Muc1-42TR ACT. (E) (left) Cartoon schematic of a proposed model in which the actin core

resists the spontaneous membrane curvature driven by the glycocalyx brush. Upon actin
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depolymerization, membrane tubules are destabilized and predicted to relax into (right)
various pearled structures and/or thin tubes that represent minimal energy surfaces.
Schematic drawings of these predictions are shown alongside representative pseudo-colored
SEM images of cells expressing Muc1-42TR ACT. (F) Cartoon schematic of proposed
mechanism where pearling and vesiculated membrane instabilities (left) are disrupted and
lead to microvesicle shedding (right). (G) Representative histogram showing the average
concentration and size distribution of extracellular vesicles for wild-type (Control) and
Muc1-42TR ACT expressing cells and (H) showing Muc1-42TR ACT cells treated with
DMSO (Vehicle) or Latrunculin A (+ LatA). Particle concentration is normalized to the max
peak for each graph. Shaded area shows 95% confidence interval, n =5, 5, 4, 7, respectively.
(I) Representative cryogenic transmission electron microscopy (cryo-TEM) image of a
vesicle collected from cells expressing Muc1-42TR ACT. Red boxes indicate pseudo-colored
regions of interest shown on the right. *** p <0.001 (post hoc two-tailed student’s 7 test).

Figure 35: Validation of genetically encoded mucins. (A) Cartoon representations
of the genetically-encoded glycoproteins. Mucin-1 (Mucl) contains 42 repeats of
PDTRPAPGSTAPPAHGVTSA (SEQ ID NO:8) and Podocalyxin (S/T-Rich) has a serine-
and threonine-rich region for O-glycosylation. The engineered glycoproteins lack the native
cytoplasmic tail signaling domain (ACT) while retaining the native transmembrane domain
(TM) or exchanged with a synthetic 21-amino-acid transmembrane anchor (TM21). The
rationally designed mucin (Rational GFP-ACT) contains 80 repeats of PPASTSAPG (SEQ ID
NO:4) fused to a fluorescent marker (GFP) and the native stalk and TM without the native
cytoplasmic tail signaling domain (ACT). (B) Representative confocal microscopy images
showing membrane tubularization induced by various engineered glycoproteins compared to
wild-type (Control) cells. The cell surface is visualized with lectin WGA (wheat germ
agglutinin). Mucin staining with lectin PNA (peanut agglutinin) confirms glycoprotein O-
glycosylation and surface localization on MCF10A cells, n = 3. (C) Quantification of
endocytosis of Alexa Fluor 488 labeled transferrin (488 TNF) after 0.5 or 1 h of treatment.
Quantification performed with flow cytometry, median signal reported with background
subtraction, > 10,000 cells per population, n = 6, error bars are S.D. (D) Representative
confocal microscopy images of endocytosed 488 TNF after 0.5 h of treatment. (E) Western
blot showing polymer sizes expressed in epithelial cells, analyzed with an antibody against
the green fluorescent protein (GFP) tag, n = 2. (F) Quantification of tube density for the

indicated mucin size. Number of cells analyzed is shown on the x-axis for each condition.
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Box notches indicate 95% confidence intervals. Statistical comparison is to 42TR. ns — not
significant, * p < 0.05, ** p<0.01, *** p <0.001 (post-hoc student’s two-tailed 7 test).

Figure 36: Hyaluronic acid localizes on the cell surface and induces cell-surface
projections. (A) (left) Cartoon of hyaluronic acid (HA) extruded by the transmembrane
protein hyaluronic acid synthase 3 (HAS3). (right) Blot of HA in lysates of wild-type (Cont.)
and hyaluronic acid synthase 3 (HAS3) expressing human mammary epithelial cells (MECs,
MCF10A). Note that the expressed HA is a giant linear polymer in the MDa range. (B)
ELISA quantification of HA secreted by MECs into their media, normalized to the number of
cells in the sample and the HA secretion of Control cells, n = 3. (C) Representative confocal
microscopy images of human MECs, either wild-type (Control) or stably expressing HAS3.
Cells are stained with Hoescht (nucleus) and Alexa Fluor 568 hyaluronic acid binding protein
(HABP). (D) Representative SEM images showing highly elongated membrane tubules in
HAS3-expressing human MECs (left) and a zoomed in region on the same cell (right). ** p <
0.01 (post-hoc student’s two-tailed 7 test).

Figure 37: Mucins cause tubularization of model lipid membranes.

(A) Representative confocal images of DOPC giant unilamellar vesicles (GUVs)
labeled with Bodipy-PC with an increasing fraction of Ni-NTA lipids. Recombinant Alexa
Fluor 568-labeled Podocalyxin (Podxl) associates with the GUV via a polyhistidine tag. Scale
baris 5 pm in each BODIPY-PC image. (B) (left) Quantification of fluorescent intensity
(relative surface density) of Alexa Fluor 568-labeled human serum albumin (HSA) or Podxl
on GUVs at different Ni-NTA lipid levels, n = 10-20. A similar HSA surface density to the
mucin surface density (Low HSA) and a several-fold higher HSA surface density (High
HSA) were used to control for protein crowding effects. (right) Quantification of the fraction
of GUVs with tubes at different Ni-NTA lipid levels for each recombinant protein — Low
HSA, High HSA, and Podxl, error bars are standard deviation, n = 20-90 GUVs over 1-3
experiments. (C) Representative confocal image of Alexa Fluor 568-HSA for a GUV with
High HSA forming tubules.

Figure 38: Supporting information for physical characterization of individual
mucins and mucin ensembles. (A) Cartoon representation of the recombinant Mucl 42
tandem repeat (Muc1-42TR) polymer fused to a 10x-histidine tag. (B) Western blot
validation of recombinant Muc1-42TR production (Media + Muc1-42TR 10xHis), Ni-NTA
resin binding of the protein (Flowthrough), wash of non-specific proteins (Wash), and
purified recombinant Muc1-42TR polymer (Elution). Samples are probed with anti-Mucl and
anti-His antibodies as well as PNA (peanut agglutinin) to bind O-linked glycans. (C) SYPRO
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Ruby protein gel stain for samples described in B. (D) Quantification of epithelial microvilli
diameter for the indicated relative mucin surface densities. Box notches indicate 95%
confidence intervals. (E) (left) Mucin construct (Muc1-42TR) with SUMO and GFP tags
flanking the polymer domain for visualization of polymer extension with expansion
microscopy (ExM). (right) ExM sample workflow. First, samples are stained and fixed. Then
the proteins are chemically linked (anchored) to monomers which polymerize to form a gel.
Proteins are then digested, and the gel is expanded to four times the original size. ns — not
significant.

Figure 39: Additional polymer brush theory predictions for curvature
generation by intermolecular interactions in the glycocalyx. (A) Graph for the predicted
brush thickness as a function of biopolymer surface density in the brush regime. Brush
thickness scales approximately as a power law with biopolymer concentration. (B) Plot
showing energetic contributions as functions of the biopolymer density. In the mushroom
regime, polymers have only elastic energy, while in an extended brush, excluded volume and
electrostatic interactions contribute to biopolymer free energy. (C) Plot depicting variation of
spontaneous curvature generated with biopolymer density and molecular length. (D) Graph
displaying trend of spontaneous curvature as a function of biopolymer density and Kuhn
length. Kuhn length, equal to twice the persistence length, is directly proportional to polymer
bending stiftness, and is referred to as the length of a monomeric segment in the manuscript.
Plots in (A-D) are in log-log format. Plots in (A) and (B) use biopolymer length, [ = 270 nm,
and monomeric segment length, [, = 15 nm. Plot (C) employs polymer monomer segment
size of 15 nm, and (D) uses biopolymer length of 270 nm. (E) Predicted dependence of
spontaneous curvature on biopolymer length at high density. This graph uses polymers of
l, = 15 nm packed at a density of 50000 #/um?.

Figure 40: Fluorescence-activated sorting and quantification of Mucl surface
densities. (A) Extended workflow for quantitative experiments at different Mucl surface
densities. (B) SDS-Page calibration of Alexa Fluor 647 labeled nanobody. (C) Calibration
curve between the log value for integrated density of fluorescence signal from nanobody
dilution series (shown in (B)) versus the log value of the number of molecule loaded. A linear
regression fit and R? value are shown. (D) Residuals for the linear regression fit shown in (C).
(E) Fluorescence-activated cell sorting (FACS) histogram showing the nanobody
fluorescence signal and the populations ‘a’ through ‘e’ collected for these experiments. (F)

Representative scanning electron microscopy (SEM) images of wild type cells which were
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non-enzymatically detached from the substrate then re-adhered (detached control) for SEM
imaging and cells which were non-enzymatically detached from the substrate, collected
through the FACS, then re-adhered (FACS control). These images demonstrate that the
method of FACS collection did not influence the membrane shapes observed with Mucl-
42TR ACT expression (shown in Fig. 2F). (G) SDS-Page analysis of fluorescent nanobody
signal in each cell population, a-e, after collection and lysis of the cells. (H) Table describing
the integrated density signal from the fluorescence image shown in (G), the calculated
number of molecules based on the calibration curve in (C), and the number of cells loaded in
the protein gel, (G), based on the number of cells collected with FACS for each population,
(E). (I) Calibration curve between the log of the nanobody mean signal from the FACS
versus the number of molecules calculated for each population. The number of molecules per
sample was normalized by the number of cells loaded and the approximate area per cell.
Linear regression fit and R? values shown. (J) Residuals for linear regression fit shown in (I).

Figure 41: Tubular membrane shapes contain filamentous actin cores and
resemble microvilli. (A) Representative confocal microscopy images of epithelial cells
expressing Muc1-42TR ACT showing indirect microtubule staining with anti-microtubule
and Alexa Fluor 568-labeled secondary antibodies. Mucins are labeled with Alexa Fluor 647
PNA (peanut agglutinin). The bottom row shows the region of interest from the composite
image (yellow box), n = 3. (B) Fluorescent intensity line trace from (A) (bottom row, yellow
line). Values are normalized for their respective maximum intensities. (C) Representative
confocal microscopy images of epithelial cells expressing Muc1-42TR ACT showing actin
staining with Alexa Fluor 568 phalloidin. Mucins are labeled with Alexa Fluor 647 PNA. The
bottom row shows the region of interest from the composite image (yellow box), n = 3. This
data repeats and elaborates on (Fig. SA, B). (D) Fluorescent intensity line trace from (C)
(bottom row, yellow line). Values are normalized for their respective maximum intensities.
(E) Representative confocal microscopy images of the midplane of wild type (Control) or
Muc1-42TR ACT cells which have been treated with 10 uM Latrunculin-A (LatA) for 1 h, n
= 3. (F) Representative SEM image of LatA treated Muc1-42TR ACT cells.

DETAILED DESCRIPTION

Unless specified to the contrary, it is intended that every maximum numerical
limitation given throughout this description includes every lower numerical limitation, as if
such lower numerical limitations were expressly written herein. Every minimum numerical

limitation given throughout this specification will include every higher numerical limitation,
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as if such higher numerical limitations were expressly written herein. Every numerical range
given throughout this specification will include every narrower numerical range that falls
within such broader numerical range, as if such narrower numerical ranges were all expressly
written herein.

The disclosure includes every amino acid sequence described herein, and every
polynucleotide sequence that encodes the amino acid sequences, including but not limited to
cDNA sequences, and mRNA sequences. Complementary sequences, and reverse
complementary sequences are also included. Expression vectors comprising such nucleotide
sequences are encompassed by the disclosure.

The disclosure relates generally to improved glycoproteins, compositions comprising
the proteins for use in diverse applications, and methods of making and using the
glycoproteins. In embodiments, the glycoproteins are mucins and/or lubricins.

The disclosure includes cells and cell cultures that express the proteins described
herein. In certain embodiments, the disclosure includes cell cultures that are improved for
producing any of a variety of proteins due to reduced clumping, aggregation, etc. of the cells.
In embodiments, the disclosure relates to reducing clumping, including but not limited to
extreme clumping. “Extreme clumping” as used herein refers to the association of multiple
cells (=3 to hundreds of cells) into irregular masses or aggegates. Cell clumping/aggregation
can be measured by direct observation of large cell aggregates observed by eye or
microscopically as compared to single cells. For especially large aggregates, cells can be
stained with a nuclear stain (e.g., DAPI) and lysed to determine how many cells are
comprised the cell aggregate. An alternative method for quantitating the propensity of cells to
clump involves the addition of calcium to precipitate cells, followed by turbidometric
measurements. In embodiments, cells described in this disclosure exhibit less aggregation
relative to a control. Any suitable control or reference value can be used. In embodiments,
modified cells of this disclosure exhibit less aggregation compaired to cells without the same
modifications (e.g., unmodified cells), wherein the modified cells and umodified cells are
cultured in high calcium conditions, such as a higher than typical cell concentrations of
CaClz. One non-limiting embodiment of a high calcium concentration is 2 mM CaClz. In
embodiments, less aggregation can comprise fewer cell aggregates relative to a control
control value. In embodiments, a cell aggregate comprises a group of more than than three

cells in contact with one another.
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In embodiments, cell cultures that have been engineered to express modified mucins
and/or lubricins as described herein are also modified to recombinantly express at least one
other protein. Thus, the disclosure provides for cells expressing a modified mucin and/or
lubricin, the cells further expressing at least a second recombinant protein, wherein
expression of the second recombinant protein is improved relative to a reference. An
improvement in expression can comprise, for example, expression of more protein, secretion
of more protein, recovery of more protein, and other parameters that will be apparent to those
skilled in the art.

In embodiments, the cells that express proteins of this disclosure are eukaryotic cells.
In certain embodiments, the cells are eukaryotic cells, including but not limited to insect and
mammalian cells. In embodiments, the mammalian cells are not Chinese hamster ovary
(CHO) cells, although in certain instances CHO cells may be used. In embodiments, the cells
are mammalian epithelial cells. In embodiments, the cells are human cells, and thus are better
suited for producing, for example, human biologics, than non-human mammalian cells. In
embodiments, the cells are human 293 cells. In embodiments, 293 cells are derived from 293
cells and stably express the SV40 large T antigen. In embodiments, the cells are human 293
cells adapted for growth in suspension cultures (293 suspsension cells). In embodiments, the
cells are human 293-F cells, which are commercially available from a variety of vendors.

In certain approaches, such as therapeutic approaches, the present disclosure includes
modifying heterologous, or cells obtained from an individual, to express one or more of the
glycoproteins described herein. Thus, in embodiments, human or non-human cells can be
modified to, for example, correct a defect in a mucin or mucin-like protein, or the production
thereof. In embodiments, cells modified according to this disclosure are totipotent,
pluripotent, oligopotent stem, or multipotent stem cells. In embodiments, the cells are
hematopoetic cells. In embodiments, the cells are chondrocytes. In embodiments, the cells are
mesenchymal stem cells or marrow stromal cells. In embodiments, the cells are synovial
cells. In embodiments, the cells are chondrogenic precursor cells. In embodiments, the cells
endogenously produce cartilage-specific gene products, such as type II collagen and/or
cartilage-specific chondroitin sulfate proteoglycan (CSPG). In embodiments, the cells are
epithelial cells, or precursors thereof, or are goblet cells. In embodiments, the cells are
immune cells, and include but are not necessarily limited to T cells, such as CD4+ and CD8+
T cells, and dendritic cells. Cells can be modified according to any established technique,
including but not limited to use of viral expression vectors, or by chromosome editing, such

as by any suitable CRISPR-based gene editing approach. Modified cells can be administered
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to an individual in need thereof. In embodiments, transgenic non-human animals that have
been created to express one or more of the modified proteins of this disclosure can be
produced and used to study a wide range of biological functions, disorders and conditions.

As discussed above, in certain embodiments cells modified according to this
disclosure to improve protein production can be used to increase expression of any particular
protein, without limitation. In this regard, a modified mucin and/or lubricin protein described
herein may be referred to as a “first” polypeptide, and a desired protein that is produced by
the cells may be referred to as a “second” polypeptide. The second polypeptide thus may be
distinct from the first polypeptide. The terms “first” and “second” are used for convenience,
are not meant to indicate importance, or limit the disclosure to co-production of only two
distinct polypeptides, but production of only two distinct polypeptides is also included within
the scope of the disclosure.

Representative second polypeptides include, for example, biologic agents that are or
have a protein component, and thus include antibodies or fragments or derivatives thereof,
protein or peptide vaccines, enzymes, structural proteins, and the like. In embodiments, the
protein is any protein that can be suitable for use as a pharmaceutical/biologic agent, a
nutraceutical, a dietary or other food supplement, a food additive, a filler, a binder, or for any
other use or purpose.

In embodiments, a modified cell as described herein is used to produce a viral
particle. In embodiments, the viral particles are pathogenic. In embodiments, the viral
particles are not pathogenic. In embodiments, the viral particles are attenuated viruses. In
embodiments, the viral particles comprise a virus like particle (VLP). In embodiments, one or
more than one viral protein can be produced. In embodiments, viral ribonucleoprotein
(VRNP) complexes can be produced. In embodiments, viral particles produced using the
compositions and methods described herein comprise viral proteins and a cell-derived
envelope. In embodiments, second, or more than second polypeptides, comprise lentiviruses
and lentiviral particles, including but not limited to pseudoviral particles. In embodiments,
the second of further polypeptides comprise one or more recombinant adeno-associated virus
(rAAYV) proteins. Such proteins include the well-known rep, cap and adeno-helper
components. The rep component comprises four overlapping genes encoding Rep proteins
required for the AAV life cycle (Rep78, Rep68, Rep52 and Rep40). The cap component
comprises overlapping nucleotide sequences of capsid proteins VP1, VP2 and VP3, which
interact together to form a capsid of an icosahedral symmetry. Adeno Helper function

proteins may also be produced.
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In embodiments, the second polypeptide comprises an agent with binds to a target
with specificity. In embodiments, the second polypeptide comprises an intact
immunoglobulin, or fragments of immunoglobulins, including but not necessarily limited to
antigen-binding (Fab) fragments, Fab' fragments, (Fab'), fragments, Fd (N-terminal part of
the heavy chain) fragments, Fv fragments, dAb fragments, single domain fragments or single
monomeric variable antibody domains, isolated CDR regions, single-chain variable fragment
(scFv), and the like. In embodiments, the second polypeptide comprises a T cell receptor
(TCR), such as a TCR a and/or 3 chain. In embodiments, the second polypeptide comprises a
binding moiety of a bi-specific or tri-specific antibody. In embodiments, the second
polypeptide comprises a chimeric antigen receptor (CAR), which can be expressed on
immune cells such as T cells (CAR T cells).

In embodiments, the compositions and methods of this disclosure also include using
the modified cells as described herein to prodice a secreted membrane vesicle. The type of
vesicle is not particularly limited, and includes any membrane-bound vesicles secreted by
cells, representative examples of which include exosomes, microvesicles, apoptotic bodies,
and other extra-vesicular bodies, such as ectosomes.

In embodiments, the disclosure includes expression, including increased expression,
of a distinct protein, such as the aforementioned second polypeptide. In embodiments, the
distinct protein (e.g., the non-mucin or non mucin-like protein) can be expressed from a
separate gene, or mRNA, or can be encoded and expressed from the same mRNA, such as a
bicistronic mRNA that may include any suitable feature, such as an internal ribosome entry
sequence (an IRES).

In embodiments, any glycoprotein described herein can be present in a fusion protein.
Fusion proteins are produced recombinantly and contain in a single, contiguous polypeptide,
segments of distinct proteins. In embodiments, a fusion protein described herein comprises a
glycoprotein or segment thereof, and a second protein or segment that is not particularly
limited. In embodiments, the second protein produced a detectable signal, and thus includes,
for example, fluorescent proteins.

It will be also be recognized from the description and figures of this disclosure that
cells, including human cells, which express the described mucins and display them on their
surface, are transfection competent. Thus, the described mucin coating does not impede
transfection. This is in contast to currently available anti-clumping agents (e.g., agents
designed to inhibit cell aggregation), which are known to inhibit transfection. Further, as will

also be apparent from the description and figures of this disclosure, modified cells comprising
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the described mucins are able to produce and secrete high levels of recombinant protein, such
as a representative red floursecent protein, as further described herein. In embodiments, a
high levels of protein comprises 1-10 g/L of protein, inclusive, and including all ranges of
numbers there between, and further including all expressions of ranges of weight and
volumes, including, for example, milligrams and micrograms, and micrograms and
microliters.

In certain embodiments, the compositions and methods of this disclosure involve
recombinantly produced proteins that have repeated amino acid sequences, such as tandem
repeat sequences. In embodiments, the tandem repeat sequences are either modified relative
to their naturally occurring sequences, or are the same as their naturally occurring sequences,
but the number of repeats may have been altered, relative to the number of repeats in a
naturally occurring protein. Combinations of distinct repeats may be included in the
polypeptides described herein.

In embodiments, the disclosure comprises introducing an expression vector described
herein that encodes one or more proteins described herein, which may be a codon-optimized
expression vector, into a suitable cell/cell culture, allowing expression of the protein(s), and
recovering the protein(s) from the cells. In embodiments, cells in a cell culture are modified
to express at least protein described herein using any suitable expression vector.

The expression vector may be integrated into a chromosome of the cells, or may be
maintained permanently or transiently as an epigenetic element. The expression vector may
be configured to express the protein(s) in a constituent or inducible manner. In one non-
limiting embodiment, a transposon based expression vector can be used, or a lentiviral
expression system can be used. In a non-limiting embodiment, a lentiviral system can be
excluded as a tool to express the proteins described herein. In embodiments, any protein
described herein may, or may not include, a signal sequence. In embodiments, a
polynucleotide, such as a cDNA encoding one or more of the proteins described herein, is
randomly integrated into one or more chromosomes to produce the modified cells. In
embodiments, a randomized transposition of a cDNA into the genome is used.

In embodiments, codon-optimized expression vectors comprise a threshold number of
altered codons, wherein the altered codons do not change the amino acid encoded by the
particular codons. Thus, optimized codons may contain, for example, changes in wobble
bases. In embodiments, at least one codon is altered, and from one codon to all of the codons
that encode each amino acid in the particular protein may be altered. In embodiments, the

codon optimized cDNAs reduce cDNA sequence repetitiveness to improve stability of the
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nucleotide sequence during DNA processing, including but not necessarily limited to slippage
during replication, transcription, reverse transcription and other nucleotide processing
operations on repetitive nucleotide sequences which often result in deletions or amplifications
of cDNAs and mRNAs. In embodiments, codons with less than a predetermined threshold of
frequency of usage in the pertinent cell type are replaced with codons that have a higher
frequency of usage. For example, in one embodiment codons that have less than or equal to
10% usage frequency in human cells can be replaced.

In embodiments, the mucin/lubricin protein, or a protein for which improved
production may be desired, can be modified for recovery using any suitable approach,
including but not limited to including one or more purification tags, including but not limited
to a His-tag. In an embodiment, a His-tag is a linear sequence of » histidine residues where n
is typically 6-10. His-tags achieve purification by binding specifically to nickel or cobalt
ions, which may be for example, attached to a substrate, such as any suitable beads. The His-
tag, or any other suitable purification tag, may be placed at the N-terminus of the protein, at
the C-terminus of the protein, or interior to the protein. In embodiments, a FLAG-tag, or
FLAG octapeptide, or FLAG epitope, is may be included in proteins of this disclosure.
Suitable FLAG sequences are known in the art. In embodiments, a Small ubiquitin-related
modifier (SUMO) tag, such as a His-SUMO tag can be included. In embodiments, protease
cleavage sites can be included, such as for protein identification, separation, purification, etc.
The proteins can be purified to any desired degree of purity.

In non-limiting embodiments, the tandem repeats that are included in proteins of this
disclosure comprise any one or any combination of the following amino acid segments:
KEPAPTTP (SEQ ID NO:1) (lubricin-like repeat); KEPAPTP (SEQ ID NO:9) (modified
lubricin-like repeat); KEPAPTTTP (SEQ ID NO:10) (modified lubricin-like repeat);
DAATPAP (SEQ ID NO:2) (synthetic mucin repeat); DAATPAPP (SEQ ID NO:3)
(synthetic mucin repeat); PPASTSAPG (SEQ ID NO:4) (synthetic mucin repeat);
PDTRPAPGSTAPPAHGVTSA (SEQ ID NO:8) (Mucl repeat),
PDTRPAPGATAPPAHGVTSA (SEQ ID NO:5) (Modified Mucl repeat),
PDTRPAPGATAPPAHGVTAA (SEQ ID NO:6) (Modified Mucl repeat); and
PDARPAPGATAPPAHGVTAA (SEQ ID NO:7) (Modified Mucl repeat).

In embodiments, from 2-120 repeats are included in a protein of this disclosure. In
non-limiting embodiments 10, 21, 40, 42, 59 or 80 repeats are included. In embodiments, any
amino acid sequence described herein can be a segment of a longer tandem repeat, and thus

may have additional amino acid sequences on its N- or C-terminus. In embodiments, the
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amino acid sequence of a tandem repeat described herein comprises or consists of from 7-80
amino acids. In embodiments, a tandem repeat described herein exhibits an estimated length
of approximately 135 nm, or 270 nm. In non-limiting embodiments, a protein of this
disclosure comprises at least one amino acid modification, and/or is expressed from a codon-
optimized expression vector, and has an apparent molecular weights of approximately 470,
210, or 170 kDa. In embodiments, the repeats are perfect repeats, meaning the identical
sequence is repeated in the protein, which differs from certain tandem repeats that occur
naturally.

In embodiments, the disclosure includes all cDNA and amino acid sequences
disclosed in Parts I-IV of the Examples, and variants thereof as described herein. From time
to time, such representative sequences are referred to for convenience as “biobricks.” In non-
limiting embodiments, the disclosure provides polypeptides, such as glycoproteins, and
codon-optimized expression vectors encoding the glycoproteins, that are described herein as
SynMucl and SynLubricin, as well as Mucl 42, Mucl 21, Mucl 10, Mucl 0, Mucl 21D,
Mucl 218, Mucl 21T, Synl 40, Synl 80, Syn2 40, Syn2 80, Syn3 40. As used herein,
mucin-135 and mucin-270 are the same mucin as as Mucl 21 and Mucl 42, respectively.

Polypeptides comprising amino acid sequences that are at least 90% identical to the
amino acid sequence of these sequences are included. In embodiments, the proteins comprise
mutations, relative to an endogenous protein. An “endogenous” protein is a protein that is
normally encoded by an unmodified gene. Likewise, an endogenous gene or other
polynucleotide comprises a DNA sequence that is unmodified, such as by recombinant, gene
editing, or other approaches. Mutations, as further described below, can include amino acid
insertions, deletions, and changes, and may also include additional repeated sequences, or
fewer repeated sequences, relative to an endogenous sequence.

In embodiments, tandem repeat amino acid sequences are introduced into a
glycoprotein at its N-terminus, its C-terminus, or both the N-terminus and C-terminus.

In embodiments, a recombinantly produced protein described herein comprises
variants that have tandem repeats of any one or combination of the tandem repeat sequences
described herein, wherein the variants comprise modifications of such sequences. Expression
vectors encoding the variants are included. In embodiments, the modifications comprise
amino acid segments that have between 90.0-99.9% amino acid identity, inclusive, and
including all ranges of numbers there between to the first decimal point, with contiguous
amino acid and polynucleotide sequences expressly described herein. In embodiments,

tandem repeats comprised by recombinantly produced proteins of this disclosure have 90, 95,
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97, 98, 99 or 99.5% amino acid sequence identity to the amino acid sequences described
herein, across their full length(s). In embodiments, amino acid substitutions, such as alanine
substitutions, are used create Mucl-like variants, and can be used in any other protein
described herein, with tandem repeats with altered frequencies of S/T glycosylation sites that
can comprise a percentage of S/T sites in mucin backbones from, for example, at least 10%,
and up to 33%, or more. In embodiments, an amino acid such as alanine can be substituted
for S/T in one, two, or three, four, or five, or more glycosylation sites.

A recombinant protein is a protein expressed from a polynucleotide that has been
introduced to a cell that did not comprise a coding sequence for that protein prior to
introducing the polynucleotide. The same applies to recombinant cDNA sequences.

As is known in the art, to determine the percent identity of two nucleotide or amino
acid sequences, the sequences are aligned for optimal comparison purposes (e.g., gaps may
be introduced). The nucleotides or amino acids at corresponding nucleotide or amino acid
positions are then compared. When a position in the first sequence is occupied by the same
nucleotide or amino acid as the corresponding position in the second sequence, then the
molecules are identical at that position. The percent identity between the two sequences is a
function of the number of identical positions shared by the sequences (i.e., % identity= # of
identical positions/total # of positions x 100).

In certain embodiments, the tandem repeat variants described herein comprise a
change of 1, 2, 3, 4, or 5 amino acids. In embodiments, an amino acid can be deleted, added,
or changed. In embodiments, an amino acid that is changed is a serine, a threonine, or a
combination of serine and threonine residues are changed. In embodiments, about 1-50% of
serine and/or threonine residues are changed. In embodiments, a serine or threonine residue
present in a native protein sequence is changed to an alanine, or to another amino acid. In
embodiments, a protein of this disclosure comprises fewer, or no amino acids that are present
in a native (non-modified and/or endogenous protein). In embodiments, a native protein
comprises one or any combination of asparagine, aspartic acid, glycine, isoleucine, leucine,
and/or serine, which can be engineered recombinantly out of representative proteins of this
disclosure.

In embodiments, amino acid changes introduced into proteins of this disclosure result
in changed glycosylation patterns. Thus, in embodiments, the disclosure provides for
production of recombinant proteins with controllable glycosylation patterns. In embodiments,
the number of O-linked oligosaccharides present on a protein of this disclosure is modified.

In embodiments, the glycosylation pattern is changed relative to a control, such as a protein
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in which a corresponding glycosylation site is not changed. In embodiments, one or more
properties of the proteins, and or cells that express the proteins, is changed. In embodiments,
the stoichiometry of oligosaccharides to protein/amino acids is changed in, for example, a
glycoprotein of this disclosure. In embodiments, a protein of this disclosure comprises a
percentage by weight of glycosidic residues that is different from a suitable control. In
embodiments, cells modified according to this disclosure have one or more characteristics,
which may be improved relative to a control, or not diminished relative to a control, such as
turbidity, viability during or after exposure to a shear stress, such as a shear stress that arises
during mixing the cells in, for example, a bioreactor.

In embodiments, a recombinantly produced protein as described herein comprises a
change relative to a control, such as an unmodified protein, in the Core 1 O-glycan structure,
GalB1-3GalNac, and/or the amount of Core 1 derivatives of Gal31-3GalNAc, and/or the
amount of terminally substituted sialic acids therein, or a change in GalNAc (N-
acetylgalactosamine) monosaccharide glycosylation. In embodiments, a protein described
herein can comprise the Core 2 O-glycan, GIcNAcB1-6(Gal31-3)GalNAc and/or the Core 2
derivatives of GIcNAcP1-6(Galf1-3)GalNAc, which comprise at least 5 percent of all Core
1, Core 2, Core 3, Core 4, Core 5, Core 6, Core 7, and Cor €8 O-glycan structures. In
embodiments, such a protein is produced by human cells that are cultured as further described
herein, including but not necessarily limited to a suspension culture. In this regard, Figure 3f
provides a representative relative abundance of core O-glycan structures. The relative
abundance is based on the frequency of the glycans (i.e numbers) and is given by the spectral
intensity on the MALDI-MS mass chromatogram for O-glycans released from glycoprotein
by beta-elimination. Relative abundance of O-glycans as summarized in Figure 3 is as
follows: GalNAc monosaccharide 86.3%; Core 1 8.2%; representative example being
GalNAc-Gal; Core 2 5.3%. Core Il and IV, V, VI, VII, VIII were not detected. If present,
they were present at very low levels that are below the detection limit of MALDI-MS.

In embodiments, proteins of this disclosure may be in the form of monomers, dimers,
multimers, and combinations thereof. In embodiments, monomer/dimer ratios, proportions,
and/or concentrations are changed, relative to suitable controls.

In embodiments, segments of proteins described herein can be separated by any
suitable linking amino acids. In embodiments, linker can comprise from 1-20 amino acids,
inclusive, and including all integers and ranges of integers there between. In general, linkers

are comprised of a glycine, serine, or serine and glycine. In embodiments, linking amino
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acids do not intereven tandem repeats. In embodiments, no linker is included in a polypeptide
of this disclosure.

In embodiments, any one or combination of proteins described herein can be
associated with a cell membrane. In embodiments, the disclosure thus provides biopolymers
with tunable sizes, O-glycan side-chain spacing, and distinct glycan types for glycocalyx
editing.

In embodiments, secreted forms of glycosylation mutants are provided.

In embodiments, the disclosure provides proteins, and DNA sequences encoding the
proteins, that have a polymer backbone, and at least one of the following elements, non-
limiting examples of which are provided herein: a leader tag; an optical reporter, such as any
fluorescent protein, a transmembrane domain; and a cytoplasmic motif. Any one or any
combination of these elements can be excluded from the constructs presented herein. In
embodiments, cell surface mucins include a cytoplasmic recycling motif on a transmembrane
domain, which can alter glycosyolation and/or sialylation of the proteins, and further
illustrated herein by the description and figures. In embodiments, the cytoplasmic recycling
motif comprises or consists of the amino acid sequence CQC. Cytoplasmic recycling and
motifs that facilitate the same are known in the art. Such motifs facilitate trafficking through
the trans Golgi network (TGN), endosome, and/or from the endosome back to the plasma
membrane. (See, for example, a review in Pandey KN. Front Biosci (Landmark Ed).
2009;14:5339-5360. 2009 Jun 1. doi:10.2741/3599, and specifically for the CQC motif,
Kinlough, et al., April 28, 2006, The Journal of Biological Chemistry 281, 12112-12122).

In embodiments, a polypeptide of this disclosure may have one or more modified
amino acids that are, for example, conjugated to another moiety. In embodiments, a
polypeptide of this disclosure is conjugated to at least one azido group such that they can be
readily conjugated to other moieties, such as using click chemistry. In embodiments, a
polypeptide of this disclosure is cyclized, or stapled.

In embodiments, a tandem repeat sequence described herein is incorporated into any
glycoprotein. In embodiments, the glycoprotein is any mucin or lubricin protein. In
embodiments, the mucin is any of MUC1, MUC2, MUC3 A, MUC3B, MUC4, MUCSAC,
MUCS5B, MUC6, MUC7, MUCS, MUC12, MUC13, MUC15, MUC16, MUC17, MUC19,
MUC20, and PODXL, the amino acid sequences of which are known in the art. In
embodiments, the glycoprotein is Proteoglycan 4, also referred to in the art as lubricin, which
comprises a protein that in humans is encoded by the PRG4 gene. In non-limiting the

disclosure provides a modified mucin termed SynMucl, as described further below. In
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another non-limiting embodiment, a modified lubricin is provided as SynLubricin, as further
described below.

In an embodiment, production of protein is increased using cells modified herein,
wherein the cells are present in a cell culture container, including but not limited to any cell
culture dish, and bioreactors. In embodiments, modified cells according to this disclosure are
used in bioreactors to produce any desired protein, or combination thereof. In non-limiting
embodiments, the bioreactor comprises a suspended cell bioreactor. In embodiments,
bioreactors have a volume of from 1-25,000 liters, inclusive, and including all numbers and
ranges of numbers there between. In embodiments, the bioreactor is has a volume of at least
100 liters, or at least 1,000 liters.

In embodiments, cDNA libraries are provided. In embodiments, the disclosure
comprises providing a cDNA library as described herein, and selecting one or a combination
of the cDNAs described or modifying cells by introducing the cDNA and/or an expression
vector encoding the cDNA into a cell. Selection can be based upon an intended or actual use
for the cells, such as for use in protein production, based on any particular protein and cell
expression system. Kits encoding the proteins are also included.

In embodiments, one or more proteins described herein can be combined with other
agent(s), such as biodegradable polymer(s), nanoparticlespectin, alginate, cross-linked
derivatives of poly(acrylic acid), polyvinyl alcohol, polyvinyl pyrollidone, polysaccharides,
hydroxypropyl methylcellulose, carboxymethylcellulose, lectins, rheology modifiers,
plasticizers, chondroitin, glucosamine, and/or any hyaluronic acid.

For use in prophylaxis and/or therapy of diseases wherein, for example, anti-adhesive
agents may be of benefit, compositions described herein can be administered in a
conventional dosage form prepared by mixing with a standard pharmaceutically acceptable
carrier according to known techniques. Some examples of pharmaceutically acceptable
carriers can be found in: Remington: The Science and Practice of Pharmacy (2005) 21st
Edition, Philadelphia, PA. Lippincott Williams & Wilkins, the disclosure of which is
incorporated herein by reference. In embodiments, pharmaceutical and other compositions
comprising the proteins described herein can be provided as liquids, tablets, powders, sprays,
ointments, hydrogels, and aerosols.

In embodiments, pharmaceutical compositions comprising one or more proteins of
this disclosure can be administered to an individual using any suitable route, including but
not necessarily limited to topically, orally and parenterally, and as further described below.

For example, the proteins can be administered intravenously, by direct injection into synovial
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joints or other synovial structures (tendon sheaths, bursae), intraperitoneally, by direct
injection into the pericardial sac, by direct injection into the pleural cavity, subdermally,
subcutaneously, or by direct application to skin, mucous membranes, or the eye.

In embodiments, the disclosure comprises methods, compositions, and devices for
treating an ocular disease, disorder or condition in a mammal. In embodiments, proteins
produced by cells as described herein are used for treatment of eye disease or condition using
any method or device known to those of ordinary skill in the art. In embodiments,
compositions comprising the proteins are used for intracameral, intravitreous,
subconjunctival, sub-Tenon's, subretinal, or topical application to the corneal surface. The
proteins may be delivered directly to the eye (for example: topical ocular drops or ointments;
slow release devices in the cul-de-sac or implanted adjacent to the sclera or within the eye)
using techniques well known by those skilled in the art. It is further contemplated that the
proteins described herein may be formulated in intraocular insert or implant devices.

In embodiments, a pharmaceutical comprising one or more proteins described herein
is used to treat an eye disorder that comprises one or more diseases or injury to the retina,
including age-related macular degeneration (AMD), retinitis pigmentosa (RP), and diabetic
retinopathy (DR). In an embodiment, the individual has dry, atrophic (nonexudative) age-
related macular degeneration, defined as progressive age-related degeneration of the macular
associated with retinal pigment epithelial changes including atrophy and drusen, which is a
common cause of vision loss in adults for which therapy is limited. In embodiments, the
disorder comprises one or more diseases or injury to the cornea. In embodiments, the
individual has glaucoma, which may include primary, secondary and/or congenital glaucoma.

In embodiments, proteins of this disclosure can be provided in the form of eye drops.
In embodiments, the eye drops comprise any one or more of steroids, antihistamines,
sympathomimetics, beta receptor blockers, parasympathomimetics, parasympatholytics,
prostaglandins, nonsteroidal anti-inflammatory drugs (NSAIDs), antibiotics, antifungal, or
topical anesthetics. In certain embodiments, the eye drops are for use with any dry eye
condition. In embodiments, the eye drops are for use in lubrication of eyes, including but not
necessarily for a contact lens wearer. In embodiments, the compositions are provided as
lubricating eye drops. In embodiments, the lubricating eye drops comprise artificial tears. In
embodiments, the eye drops may be free of medications, and thus function only as
lubricating/tear-replacement compositions. In other embodiments, the eye drops may be for
treatment of ocular allergic reactions, and thus my also comprise antihistamines, and/or

vasoconstriction agents.
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In embodiments, compositions comprising proteins described herein can be used in
conjunction with contact lenses. In embodiments, the proteins are used in a contact lens
solution. Thus, proteins described herein can be mixed with any suitable contact lens solution
components, which include but are not necessarily limited to saline, mild abrasives,
surfactants, anti-fungal and anti-bacterial agents, which include but are not limited to
conventional amicrobial agents, or hydrogen peroxide or boric acid, and preservatives, such
as ascorbic acid or edetate disodium. Contact lenses provided in a solution comprising one or
more proteins described herein are included within the scope of this disclosure.

In embodiments, compositions comprising proteins described here can be directed to a
mucosal lining. The mucosal lining, includes, for example, the upper and lower respiratory
tract, eye, buccal cavity, nose, rectum, vagina, urogenital tract, periodontal pocket, intestines
and colon. In certain embodiments, the compositions can be used for oral inhalations. In
embodiments, the oral inhalation comprises nasal applications, and thus may include nasal
sprays, nasal drops, and nasal ointments. In embodiments, oral inhalation may comprise
bronchial sprays and inhalers. In embodiments, the proteins may be used to access mucosa
through use of throat lozenges, chewing gum, mouthwashes or gargles, suppositories, or
tampons.

In embodiments, compositions comprising proteins described herein are used as
surgical anti-adhesives (intraperitoneal lubricants to lubricate viscera and prevent post-op
intestinal and visceral adhesions during intra-abdominal surgical procedures/manipulations;
intrapleural lubricants to lubricate lungs and prevent postoperative pleural adhesions during
intra-thoracic surgical procedures/manipulations; intrapericardial lubricants to lubricate the
cardiac surface and prevent post-op pericardial adhesions during cardiac surgical
procedures/manipulations). As a post-operative synovial fluid replacement following any
arthroscopic, tenoscopic, or bursoscopic procedure to maintin lubrication and prevent
adhesions or pannus formation.

In embodiments, an article of manufacture may be coated and/or impregnated with a
composition comprising any of the proteins described herein. In embodiments, the article of
manufacture is coated on any porous or non-porous surface. In embodiments, the article
comprises a medical device, including but not necessarily limited to a surgical device, a
dental or orthopedic device, sutures, catheters, an intubation device, an anesthesia delivery
device, a dressing, bandage, etc. In embodiments, proteins described herein are used to coat
cell culture devices, including, but not necessarily limited to, cell culture plates, multiwell

plates, bioreactors, and any other surface, wherein an anti-adhesive property is desirable.
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In another aspect the disclosure includes a supplement product, such as a nutraceutical
product, a dietary supplement, a food ingredient, etc., The supplement product can be
provided in the form of, for example, a liquid, capsules, tablets, softgels, powders, and the lie.

In embodiments, a pharmaceutical and/or nutraceutical product comprising one or
more proteins described herein is provided in a container, such as any suitable closed or
sealable container which may be sterile. In embodiments, the product comprises printed
material. The printed material can be provided as a product insert, label, or as a component of
packaging. The printed material provides an indication that composition comprising the
polypeptides is to be used for treating any disease, disorder, or condition as described herein,
or for producing an anti-adhesive effect for any purpose. In one embodiment, polypeptides
described herein are used as a supplement for treating a condition of joints, including, but not
necessarily limited to joint pain, arthritis, including, but not necessarily limited to,
osteoarthritis, rheumatoid arthritis, injuries to joints, menisci or cartilage, such as sports
injuries, or in conjunction with joint/ligament repair surgeries. Thus, administering
compositions described herein for the purposes of improving the health or well-being of an
individual, are included within the disclosure. In embodiments, compositions of this
disclosure can be injected directly into a joint and/or synovial fluid. In embodiments,
compositions of this disclosure can be also be used for injection directly into the tendon,
tendon sheath, ligament or bursa following a tendon, ligament or bursal injury, trauma or
infection.

The disclosure may be better understood by reference to the following non-limiting
Examples, which are provided as exemplary of the disclosure, divided into four Parts. The
following examples are presented in order to more fully illustrate the embodiments of the
disclosure and should in no way be construed, however, as limiting the broad scope of the
disclosure. The reference listings of this disclosure is not an indication that any particular

cited reference is material to patentability.

EXAMPLES
Part1
This Part I of the disclosure provides non-limiting and representative examples of
sequence-specific mucins with controllable glycosylation patterns, and data and discussion of
the same.
In particular, this Part I relates to the understanding that, prior to the present

disclosure, few design guidelines existed for encoding customized mucin glycoproteins with
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tunable glycosylation patterns. Part I accordingly provides a library of swappable DNA
bricks for mucin leader tags, membrane anchors, cytoplasmic motifs, and optical reporters, as
well as codon-optimized native mucin repeats and new, rationally designed domains for
synthetic mucins. Of the more than 400 possible cDNA combinations, this Part I provides a
library of over 50 mucins, each with unique chemical, structural, and optical properties. The
library is applied to develop general guidelines for the design and engineering of mucins,
which form a part of this disclosure. Surprisingly, it was discovered that the extension of the
immature a-GalNAc¢ Tn-antigen to Core 1 and Core 2 glycan structures strongly depends on
the frequency of O-glycosylation sites along the mucin backbone. As will be apparent to
those skilled in the art from this disclosure, sialyation of glycan structures is readily tuned
through recycling motifs on the mucin cytoplasmic tail. It is also demonstrated that the
overall length of the mucin polypeptide backbone can have unexpected effects on
glycosylation. Without intending to be bound by any particular theory, it is expected that that
the mucin parts inventory presented here, along with the described design guidelines for
making new mucins, can be broadly applied for glycocalyx research and mucin-based

biotechnologies.

Introduction to Part I

Cell-surface mucins are a family of membrane-anchored biopolymers that are defined
by their unstructured polypeptide backbone with a high density of sugar side chains(1). While
historically viewed as simple structural molecules that protect the cellular surface and resist
pathological cell deposition(2), cell-surface mucins are now recognized to have more
sophisticated roles in regulating cellular life. In the cellular glycocalyx, mucin ensembles
present bio-active glycan epitopes that mediate adhesion and communication between cells
and with their external world. For instance, mucin sialic acids can modulate immune cell
function through ligation of SIGLEC receptors on natural killer cells and other cell types in
the microenvironment(3). Mucins can also physically regulate the spatiotemporal dynamics
of receptor activation and signaling responses(4). Dense crowding of mucins in the
glycocalyx is proposed to control the diffusion and activation of receptors on the cell surface,
and to have a sieving effect that controls the passage of soluble factors from the
microenvironment to the cell surface(5).

A key feature of mucins is that their molecular architecture can change dynamically
through modulation of the types and frequencies of glycan side chains that are appended

along the polypeptide backbone. For instance, the charge, size, and arrangement of glycans

-34 -



10

15

20

25

30

WO 2020/150390 PCT/US2020/013743

are proposed to control the extension and rigidity of the mucin backbone(6, 7). Glycosylation
often changes dramatically with cell-state transitions, including differentiation and
transformation(8, 9). As such, both the chemical and physical character of mucins is
intimately coupled to cellular state, contributing to the diverse modulatory roles that mucins
can play in cellular adhesion, communication, and signaling. However, how precise backbone
sequences and glycosylation patterns contribute to the function of individual mucins and the
collective behaviors of mucins in the glycocalyx is largely unresolved.

One of the major barriers to progress in developing such understanding has been the
lack of tools for precise editing of the molecular structure of mucins. Genetic approaches that
target glycosyltransferases can be highly effective in altering mucin glycosylation(10), but
these approaches typically affect broad classes of glycoproteins, making any observed effects
on cell behavior difficult or impossible to pinpoint to a particular mucin. To overcome the
limitations of genetic approaches, libraries of bio-mimetic mucin polymers with plasma
membrane anchors have been developed for glycocalyx editing(6, 11). While highly
successful in unraveling some mechanistic details of mucin function, synthetic polymers are
typically cleared from the cell-surface in hours to days and must be continuously replenished
through media supplementation(12, 13). Thus, investigation of behaviors over longer time
durations, particularly in vivo, are largely inaccessible with synthetic mucin mimetics.

Prior to the present disclosure, strategies for mucin engineering and glycocalyx
editing that combines the important features of the synthetic chemical approach — defined
backbone chemistry, tailored glycan structures, and precision glycan placement — with the
power and long-term stability of genomic encoding had yet to be developed. Advances in
custom gene synthesis support development of cDNA sequences to be constructed at
unprecedented speed and low cost. However, custom gene synthesis is not readily applicable
for the highly repetitive DNA sequences that are characteristic of most mucins. Repetitive
gene sequences impede DNA fragment assembly in custom gene synthesis and are
challenging to amplify through polymerase chain reaction (PCR) due to primer
mispairing(14, 15).

As described in this Part I, a solution is to exploit codon redundancy to construct
synonymous gene sequences with minimal codon repetitiveness, an approach that has been
successfully applied for elastin-like proteins(16, 17).

In this Part I, we take advantage of codon redundancy to develop an efficient strategy
to design, genetically encode, and fabricate cDNAs for synthesis of sequence-specific mucins

in cells. The presently described combinatorial library of mucin parts enables facile
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construction of mucin biopolymers with tunable sizes, side-chain spacing, and glycan types

for glycocalyx editing.

Part I - Results
Schematic Representation of Combinatorial Genetically Encoded Library for Sequence-
Specific Mucins

Part I results demonstrate a modular biology-by-parts approach for combinatorial
mucin cDNA construction. Each functional motif in the mucin coding sequence was flanked
by restriction sites, so that unique cDNA “bricks” for mucin leader sequences, tandem
repeats, optical reporters, transmembrane domains, and cytoplasmic domains could be readily
swapped to construct mucins of altered functionality (Figure 1a, b). The cDNA parts
catalogue included 13 unique tandem repeats for mucin biopolymers of varying size,
backbone chemistry, and frequency of serine and threonine (S/T) glycosylation sites (Figure
1d). The cDNAs for the mucin polymer domains were fabricated through custom gene
synthesis following codon optimization (Figure 1¢). For optimization, codon redundancy was
exploited to find synonymous gene sequences that coded the desired polypeptide with
minimal codon repetition. The “codon-scrambled” ¢cDNA sequences were synthesized
through standard custom gene synthesis services offered by commercial vendors.

The tandem repeats that form the mucin polymer backbone were adapted from native
mucins or newly designed (Figure 1d). The repeats PDTRPAPGSTAPPAHGVTSA (SEQ ID
NO:8) and KEPAPTTP (SEQ ID NO:1) have similarity to native Muc1 and Proteoglycan 4
(Lubricin), respectively. Three repeats were designed based on statistical analysis of mucin
O-glycosylation sites (PPASTSAPG) (SEQ ID NO:4) or analysis of O-GalNAc transfer
efficiency (DAATPAP (SEQ ID NO:2) and DAATPAPP)®. The base Mucl repeat was
further modified through alanine substitutions to create Mucl-like tandem repeats with
altered frequencies of S/T potential glycosylation sites (Mucl 21S, D, T). Across the library,
the percentage of S/T sites in the mucin backbones varied from 10% to 33% (Figure 1d).

Constructing and Validating the Surface Expression of Sequence-Specific Mucins

We compared the expression of codon-scrambled, synonymous mucin cDNAs to
native mucin repetitive cDNAs, and evaluated the glycosylation of the protein products. We
fused the cDNAs of the native and synonymous Mucl tandem repeats with a signal/leader
sequence, membrane anchor, and GFP reporter (Figure 2a). Each construct was transiently
expressed in HEK293Ts. We analyzed the glycosylation patterns of the mucins through lectin
blotting. Blots were probed with peanut agglutinin (PNA) to detect Core 1 glycans, Vicia
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villosa lectin (VVA) to detect the unextended Tn antigen (a-GalNAc) and Mucl mAb (clone
HMPV) to probe MUC1 tandem repeat peptide core (Mucl TR)?!. We also labelled Mucl
sialic acids on our blots through mild Periodate oxidation to generate aldehydes on sialic
acids, followed by Aniline-catalyzed oxime Ligation (PAL) with a hydroxylamine-AF568
probe??. The GFP reporter were also probed via Western blot to detect expressed mucins. In
order to validate the use of lectins PNA and VVA (Figure 2c), we knocked out the Core 1 33-
T specific molecular chaperone (COSMC) in native Mucl overexpressing MCF10As to
inhibit elongation of the primary O-linked GaINAc?**. We compared the glycosylation pattern
of overexpressed native Mucl (Native Mucl) in wild-type and knockout cells. Mucin in the
COSMC knockout cells had lower PNA reactivity, while VVA binding dramatically
increased, presumably due to abrogation of glycan extension (Figure 2d). The result
confirmed that PNA can be a good indicator for extended Core 1 glycans and VVA for the
unextended Tn antigen on the mucins.

Western blot analysis on native and codon-scrambled mucins confirmed that the
codon-scrambled, synonymous Mucl repeats (Mucl 42 GFP) had a molecular weight and
glycosylation pattern comparable to the native repetitive Mucl repeats (Native Mucl GFP)
(Figure 2e). Mucins ran as a nearly continuous smear in SDS-PAGE with the Mucl TR
antibody, indicating a heterogeneous mix of glycoforms (Figure 2e; Mucl TR). Predominant
glycoforms with apparent molecular weights of approximately 470, 210, and 170 kDa were
observed for each expression construct on the GFP blot (Figure 2e; GFP). VVA staining was
strong in the smeared region between the upper and lower bands, whereas PNA and sialic
acid signal was strongest near the 460kDa band at the top of the smear (Figure 2e). Based on
these results, we concluded that the 460kDa band was fully glycosylated Mucl, while the
smear represented a heterogenous mix of Mucl glycoforms containing unextended O-glycan
structures. The lower bands on the GFP blot were also observed on the Mucl TR blots, but
not with lectin or sialic acid probes, indicating that these bands likely represent
underglycosylated full-length Mucl. Both native and codon-scrambled Mucl were
successfully trafficked to the cell surface and incorporated into the cellular glycocalyx
(Figure 2f).

One advantage of the codon-scrambled mucin cDNAs was the potential to improve
the stability of the nucleotide sequence during some DNA processing operations. Slippage
during replication, transcription, reverse transcription and other nucleotide processing

operations on repetitive nucleotide sequences often results in deletions or amplifications of
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cDNAs and mRNAs?*. We conducted a lentiviral stability assay in which we evaluated the
fidelity of cDNAs incorporated into the cellular genome following viral delivery and reverse
transcription. In cells virally transduced with the native, non-optimized Mucl cDNA, the
Muc1 glycoprotein product had a significantly lower molecular weight than expected,
consistent with the cDNAs being truncated. Cells transiently transfected with the native
Mucl cDNA, or those virally modified with codon-scrambled Mucl ¢cDNA, produced
glycoproteins of the expected size (Figure 6). While the lentiviral assay was not a direct test
of genomic stability, the results indicated that non-repetitive mucin sequences are more stable
throughout at least some types of nucleotide processing operations.

The tandem repeats of native mucins are often polymorphic in number in humans,
resulting in a variation of mucin size amongst individuals®® and short alleles of Muc1 have
been shown to be associated with gastric cancer?®. We designed and constructed a series of
synonymous mucins with variable numbers of tandem repeats (x42, x21, x10, x0; Figure 2a).
The polymorphic cDNAs expressed well on the cell surface and displayed the expected
differences in size and extent of glycosylation. As expected based on previous reports?’, the
larger mucins formed a glycocalyx that was substantial enough to dislodge epithelial cells

from their substrate.

Substituting the Potential Glycosylation Sites with Alanine in the Mucin Polymer
Backbone Tunes O-glycan Maturation

We next tested whether mucins with altered patterns of glycosylation, including
differences in glycan extension, could be encoded by mutating away the S/T sites in the
mucin backbone. Our overall strategy was to create secreted Mucl tandem repeats in which
alanine was substituted for S/T in one, two, or three of the five potential glycosylation sites in
each repeat (Figure 3a, b). We envisioned that the secreted mucins could then be harvested
from cell culture media for subsequent glycan analysis with lectin blotting and mass
spectroscopy.

cDNAs for the desired Mucl mutants with 21 repeats each were optimized through
codon scrambling and fabricated through custom gene synthesis. The single (Mucl 218),
double (Mucl 21D), and triple (Mucl 21T) glycosylation mutants had 21, 42, and 63 total
S/T to alanine substitutions, respectively, and varied in potential glycosylation frequency at
20%, 15% and 10%. An IgK signal peptide and 6x-His-SUMOStar tag was fused to the 21
copies of the wild-type Muc| repeat or the three mutant repeats (Figure 3a). No
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transmembrane protein anchor was included, so that the IgK signal peptide would direct
secretion of the recombinant mucin protein.

The secreted mucins were harvested from the media supernatant of HEK293 cells and
analyzed by Western and lectin blot. The wild-type and glycosylation mutants had a
considerably higher apparent molecular weight than the theoretical molecular mass of the
undecorated peptide backbones (Figure 3b, ¢ and 8). The potential glycosylation site mutants
migrated faster in SDS-PAGE, indicating that they had fewer glycan chains or that their
glycans were shorter and, thus, less obstructive to their electrophoretic mobility (Figure 3c¢).

We found that substituting the S/T tuned the O-glycan maturation. The secreted Mucl
glycoproteins were blotted and probed with VVA for Tn antigen, PNA for Core 1 glycans,
and s-WGA for GIcNAc, a building block of Core 2, 3, 4, and 6 glycans (Figure 3¢). We
constructed electrophoretograms by recording the fluorescence intensity of glycan probes
along each lane of a single, co-stained blot (Figure 3d). Core 1 (PNA) and GlcNAc-
containing (s-WGA) glycans were abundant in the mucin glycoforms with the highest
apparent molecular weights. The lower apparent molecular weight glycoforms contained
abundant VVA-reactive glycans and minimal Core 1 and GlcNAc containing glycans.
Gradual alanine substitution clearly shifted the glycoform distribution towards mucins with
more unextended, VVA-reactive glycans and fewer extended Core 1 and GlcNAc containing
glycans (Figure 3d, e). Surprisingly, substitution of even one serine (See sMuclS)
dramatically changed the glycosylation pattern, leading to generation of more non-fully
extended glycoforms (Figure 3¢, d).

To validate our lectin analysis and catalogue the specific glycan structures on the mucins,
we conducted mass spectrometry to profile the O-glycans on the wild-type mucin repeats
(sMucl) and the mutant with three S/T alanine mutations per repeat (sMuclT). We identified
similar Core 1 and Core 2 glycans in both samples (Figure 3f). However, the signal of
extended glycans was much stronger in wild-type mucin (sMucl) compared to the triple
mutant (sMuc1T), consistent with our lectin blots. We also fused the glycosylation mutant
cDNAs to a transmembrane anchor for cell-surface expression and observed a similar trend
of suppression of glycan extension in the glycosylation-site mutants (Figure 9¢). To ensure
that the overexpression of mucin constructs did not impact functionality of the
glycotransferases for glycan extension, we used Cellular O-glycome Reporter/Amplification
(CORA), a method which allows protein-free profiling of the overall cellular O-glycome?®®.
Similar Core 1 and Core 2 glycan structures were detected in both wild-type and Mucl

overexpressing HEK293T cells, indicating that the activity of T synthase and other
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glycosyltransferases involved in mucin extension are not inhibited by mucin overexpression
(Figure 10). Overall, these data demonstrated that extension of glycans in both cell-surface

and secreted mucins was sensitive to the alanine substitution along the polymer backbone.

Designer Mucin Domains Reveal Sequence-Specific Effects on Glycosylation

We next tested whether new types of sequence-specific mucins could be created for
editing the glycocalyx. A parallel goal was to further explore the impact of specific backbone
features, including glycosylation site frequency and proline number, on mucin glycosylation
pattern. Cell-surface mucin cDNAs with GFP reporters were constructed for three
representative designer mucin repeats: DAATPAP (SEQ ID NO:2), DAATPAPP (SEQ ID
NO:3), and PPASTSAPG and KEPAPTTP (SEQ ID NO:1) which have similarity to secreted
human Proteoglycan 4 (Figure 4a). The three designer mucin repeats were expected to be
fully glycosylated based on in vitro results*®. The backbones varied in frequency of
glycosylation sites (S/T) from 12-33%. We also created extended variants of the DAATPAP
(SEQ ID NO:2) and DAATPAPP (SEQ ID NO:3) mucins through PCR-amplification of the
tandem repeats and reassembly with the original cDNAs to double the number of repeats to
80. All mucins expressed well, trafficked appropriately to the cell surface, and were
extensively decorated with O-glycans (Figure 4¢ and Figure 10b).

We analyzed the glycosylation patterns of the mucins through lectin blotting. Multiple
bands were visible for each mucin on the anti-GFP blot, revealing a complex distribution of
mucin glycoforms on and within the cell (Figure 4¢). The heavily glycosylated mucins, as
indicated by high PNA and VVA reactivity, typically ran as a smear between the highest and
second highest molecular weight bands on the anti-GFP blot (Figure 4c, d). These regions
were shaded in grey on the electrophoretograms to aid visualization (Figure 4d). The highest
molecular weight glycoforms were heavily decorated with Core 1 glycans (Figure 4d; See
PNA). The glycoforms enriched in unextended O-glycans were heterogenous in apparent
molecular weight and ran in a smear just below the Core 1 decorated mucins (Figure 4d,;
Compare VVA and PNA).

We then evaluated whether the frequency of O-glycosylation sites might influence the
maturation and extension of O-glycans. We quantified the relative Core 1 to Tn antigen ratio
among our synthetic mucins through ratiometric analysis of integrated PNA and VVA signals
on our lectin blots (Figure 4e). For mucins with 20 or 40 repeats, we saw a notable increase in
Core 1 structures compared to Tn-antigen in mucin backbones with a higher S/T content.

However, the glycoform distribution was broader for backbones with higher S/T content, as
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indicated by more pronounced smearing on the lectin blots and the increased width of the
PNA and VVA peaks on the electrophoretograms (Figure 4c¢, d).

We also considered whether proline content might influence the glycosylation of the
mucin backbone, since proline has previously been reported to promote glycosyltransferase
interactions with mucin backbones’. We compared glycosylation of the DAATPAP (SEQ ID
NO:2) and DAATPAPP (SEQ ID NO:3) mucins, which only differed by a single proline per
tandem repeat. For mucins with 40 copies of each repeat, the ratio of Core 1 glycans to
unextended Tn-antigens was not significantly different between the two mucins (Figure 4e).
However, for mucins with 80 copies of the repeats, the relative Core 1 glycan content was
significantly lower in the mucin with an extra proline per repeat (Figure 4f). These results
suggested that proline content may affect glycosylation in a manner that depends on the

overall size of the mucin backbone.

Tuning Mucin Glycosylation through Cytoplasmic Tail Engineering

Sialylation of O-glycans has occurs at least partially in the endosome and trans-Golgi
network following endocytosis of cell-surface mucins®. In an attempt to exploit endocytosis
and trafficking as a potential tool to alter mucin glycosylation, we created cDNA “bricks” for
mucin cytoplasmic tails with different endocytosis and trafficking signals. We noted that the
Mucl cytoplasmic domain can signal for clathrin-mediated endocytosis, while the Mucl
sequence CQCRRK (SEQ ID NO:11) at the boundary of transmembrane and cytoplasmic
domain signals for Mucl recycling back to the plasma membrane®®. We adopted a synthetic
21-amino-acid transmembrane anchor (TM21) that could anchor mucins to the plasma
membrane without a cytoplasmic tail*! or with the two different cytoplasmic tails in our
library. The first cytoplasmic tail was a simple CQC motif to direct mucin recycling. The
second was based on the native Mucl cytoplasmic tail that contains the CQC motif, as well
as additional motifs, YHPM and YTNP, to direct more efficient endocytosis’>.

To test their functionality, we fused the TM21 anchor with or without the cytoplasmic
tails to a codon-scrambled Mucl with 10 tandem repeats (Mucl 10) (Figure 5a). All mucin
cDNAs were transiently transfected into HEK293Ts. We labelled the sialic acids on the cell
surface with PAL. On lectin blots, the PAL sialic acid signal was strongest at approximately
171kDa, overlapping with a strong PNA signal, suggesting the PNA-reactive isoforms were
also sialic-acid-abundant (Figure 5b). To confirm, we treated the cell lysates with sialidase
prior to lectin blot analysis and analyzed the PNA-staining pattern to detect a shift in

electrophoretic mobility due to removal of negatively charged sialic acids. Regardless of the
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cytoplasmic tail motif, the PNA reactive band in the mucins was higher and broader
following sialidase treatment, indicating that the dominant PNA-reactive isoforms in all
constructs were sialylated (Figure Sc¢).

To further analyze the sialylated isoforms, we pulled down the Core-1-rich mucin
glycoforms with PNA and then probed with Maackia amurensis lectin (MAA), which prefers
to bind sialic acids in an (a-2,3) linkage®. Surprisingly, we did not see any MAA signal near
171 kDa, but noted ultra-high molecular weight glyoforms that were reactive to MAA (Figure
5d Top). The MA A-reactive, ultra-high molecular weight glycoforms were promoted by
recycling motifs. We found that the inclusion of the CQC motif led to a 2-fold increase in
MAA/PNA ratio compared to the TM21 anchor only, and the longer cytoplasmic tail based
on Mucl increased the MAA/PNA ratio 3-fold (Figure 5d Bottom).

Materials and Methods
Antibodies and Reagents

The following antibodies were used: anti-Human MUC1 (CD227) (clone HMPV;
555925, BD Biosciences), mouse anti-f3-Actin (clone C4; 47778, Santa Cruz), chicken anti-
SUMO/SUMOstar (AB7002, LifeSensors), mouse 6xHis (552565, BD Biosciences), mouse
anti-o-tubulin (clone B-7; 5286, Santa Cruz), mouse anti-GFP (clone 4B10; 2955, Cell
Signaling Technology), m-IgGxk binding protein — horseradish peroxidase (HRP; 516102,
Santa Cruz), goat anti-mouse IgG (Alexa Fluor™ 647 conjugated, A-21235; Alexa Fluor™
488 conjugated, A-11001; Alexa Fluor™ 568 conjugated, A-11004; ThermoFisher) and goat
anti-chicken IgY (Alexa Fluor 488™ conjugated; A-11039, ThermoFisher). Lectins used
were: unconjugated Arachis hypogaea lectin/ peanut agglutinin (PNA; L0881, Sigma), biotin-
conjugated PNA (B-1075, Vector Laboratories), biotin-conjugated Maackia amurensis lectin
(MAA; BA-7801, EY Lab), fluorescein-labeled succinylated Wheat Germ Agglutinin(s-
WGA; FL-10218S, Vector Lab), and biotin-conjugated Vicia villosa lectin (VVL,VVA; B-
1235, Vector Lab). Fluorescent dyes used were: Alexa Fluor™ 647 NHS Ester (A20006,
Invitrogen), Alexa Fluor™ 568 NHS Ester (A20003, Invitrogen) and AFDye 568
Hydroxylamine. Biotinylated lectins were detected using ExtrAvidin-Peroxidase (E2886,
Sigma) or NeutrAvidin Protein (Dylight 650 conjugated; 84607, ThermoFisher). For
tetracycline-inducible systems, doxycycline was used for induction (204734, Santa Cruz).
Streptavidin Sepharose® beads (3419, Cell Signaling Technology) was used for
immunoprecipitation assays. Cell lysis buffer (9803) and LumiGLO® reagent and peroxide
(7003) were from Cell Signaling Technology. Normal goat serum (S-1000) for sample
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blocking was from Vector Lab. Polyethylenimine (PEI) (25 kDa linear PEI, 23966,

Polysciences) was used for FreeStyle™ 293-F cell transfection.

Gene Design and Assembly of MUC1 Tandem Repeat Domains

cDNAs for cytoplasmic-tail-deleted human Mucl (Mucl dCT) and Mucl tandem-
repeat fusion with the synthetic membrane domain TM21 (Mucl TM21) were generated and
cloned into the tetracycline-inducible piggybac expression vector with Puromycin resistance
cassette (pPB tetOn Puro) as previously described?’. cDNA of Mucl TM21 was also inserted
into the pcDNA3.1 vector using BamHI and EcoRlI restriction sites. For generation of pPB
Mucl mOxGFP dCT TetOn Puro, the cDNA for mOxGFP (Addgene #68070) was first
amplified with primers: 5’- GGCAGCTCAGCTATGGTGTCCAAGGGCGAGGAGCTGT-
3’ (SEQ ID NO:12) (forward) and 5’-
GGCAGCTGAGCCCTTATACAGCTCGTCCATGCCGTGAGT-3’ (reverse) (SEQ ID
NO:13). The PCR product was then cloned into pJET1.2 and subcloned non-directionally into
the Blpl site of pPB Mucl dCT TetOn Puro. To fabricate the cDNAs of secreted mucins
(sMucl), synthetic oligos containing a IgK signal peptide and 6x-His-SUMOStar tag (6x His
Sumostar Mucl)was created through custom gene synthesis (General Biosystems) and cloned
into the tetracycline-inducible piggybac expression vector with Neomycin resistance cassette
(pPB tetOn Neo). The lentiviral vector pLV puro Mucl dCT was fabricated as previously
reported*.

cDNAs for mutant and rationally designed mucins tandem repeats were generated
through custom gene synthesis following codon optimization. The least repetitive gene
sequence for the desired mucin repeats was found using Codon Scrambler
(chilkotilab.pratt.duke.edu/codon-scrambler)'®. The scrambled DNA sequence was adjusted
for human codon bias by swapping any codons with less than 10% frequency usage in
humans for randomly selected synonymous codons with higher usage. Synthetic oligos for
the desired tandem repeats were then synthesized by custom gene synthesis (General
Biosystems and Genscript) and cloned in place of the Mucl tandem repeats in either pPB
Mucl mOxGFP dCT TetOn Puro using the BamHI and Bsu36I restriction sites, pcDNA3.1
Mucl TM21 using the BsrGI and Bsu36I restriction sites, or pPB 6x His Sumostar Mucl
using BsrGI and Bsu36l restriction sites (See Supporting Information for cDNA sequences).
To generate a lentiviral vector for Mucl dCT with 42 codon-optimized tandem repeats pLV
Mucl 42 dCT construct, the synthesized cDNA for the codon-optimized repeats was inserted
into pLV puro Mucl dCT using BamHI and Bsu36I restriction sites. The Mucl construct
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with 0 tandem repeats was generated through deletion of the tandem repeats in pcDNA3.1
Mucl 10 TM21 through Q5 site-directed mutagenesis with 5°-
TGGAGGAGCCTCAGGCATACTTTATTG-3’ (forward) (SEQ ID NO:14) and 5’-
CCACCGCCGACCGAGGTGACATCCTG-3’ (reverse) (SEQ ID NO:15) primers.

The cDNA with recycling motif CQCRRK (SEQ ID NO:11) pcDNA3.1 Mucl 10
TM21 CQC was generated from pcDNA3.1 Mucl 10 TM21 through QS5 site-directed
mutagenesis with 5’- CCGAAAGTAGGAATTCGGGCCCGTTTAAACCCGC-3’ (forward)
(SEQ ID NO:16) and 5’- CGGCACTGACATCTAGAGTACCACAACAAAGCCAGGC-3’
(reverse) (SEQ ID NO:17) primers. The cDNA of native CT was subcloned into the Xbal and
EcoRI site of pcDNA3.1 Mucl 10 TM21 CQC.

PCR and Golden Gate Assembly of Extended Synthetic Tandem Repeats

The 40 tandem repeats of DAATPAP (SEQ ID NO:2) and DAATPAPP (SEQ ID
NO:3) mucin cDNAs in pcDNA3.1 were doubled in size to 80 repeats using Golden Gate
Assembly. Two pairs of custom primers for tandem repeats and complete mucin vector were
designed to attach Bsmbl recognition sites with unique 4bp overhangs so that the PCR
products of the 40 tandem repeats and complete mucin expression vector would ligate in a
Golden Gate Assembly reaction to amplify the tandem repeat number (Table S2). Golden

Gate Assembly reaction was conducted as previously reported*’.

Cell lines, Culture and Transfection

MCF10A human mammary epithelial cells and HEK293T SV40-transformed human
embryonic kidney cells were obtained from ATCC. MCF10A cells were cultured in
DMEM/F12 media (ThermoFisher) supplemented with 5% horse serum (ThermoFisher), 20
ng/mL EGF (Peprotech), 10 pg/ml insulin (Sigma), 500 ng/mL hydrocortisone (Sigma), and
100 ng/mL cholera toxin (Sigma). HEK293T cells were cultured in DMEM (ThermoFisher)
supplemented with 10% fetal bovine serum (ThermoFisher). Cells were maintained at 37 °C,
5% COa2, and 90% Relative humidity (RH). FreeStyle™ 293-F cells were cultured in
suspension in FreeStyle™ 293 Expression Medium (ThermoFisher). Suspension cultures
were maintained in an orbital shaker at 37 °C, 8% COz2, and 90% RH. Lentiviral transduction
was conducted as previously reported in MCF10A cells with stably integrated gene cassettes
for expression of the tetracycline transactivator, rtTA-M2, and neomycin resistance gene*®.
HEK?293T cells were transiently transfected with the calcium phosphate method according to

standard protocols. FreeStyle™ 293-F cells were transiently transfected with PEI as
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previously described®. CRISPR/Cas9 mediated knockout of COSMC in MCF10A Mucl

dCT cells were generated as previously reported’.

Western Blot Analysis

HEK293T cells were plated at 55,000 cells/cm? and transfected with calcium
phosphate for 24-36 hrs before lysis with cell lysis buffer. MCF10A cells were plated at
20,000 cells/cm?* and induced with 0.2 ug/mL doxycycline for 24 hrs before lysis with cell
lysis buffer. Lysates were separated on NuPAGE 3-8% or 7% Tris-Acetate gels and
transferred to PVDF membranes. Primary antibodies were diluted at 1:1000 and fluorophore-
conjugated or biotinylated lectins were diluted to 2 pg/mL in 5% BSA TBST and incubated
overnight at 4 °C. Secondary antibodies, ExtrAvidin-HRP or Neutravidin-Dylight 650 were
diluted at 1:2000 or 1 pg/mL in 5% BSA TBST and incubated for 1 hr at room temperature.
Blots were either imaged on a ChemiDoc MP Imaging System (Bio-Rad) or after being
developed in LumiGLO® reagent and peroxide. Integrated blot intensity was quantified with
the FIJI distribution of Image] °'°2. The statistical significance of the differences among the

data was calculated using a one-way ANOV A with repeated measures or two-tailed t-test.

Periodate Labeling of Cell Surface Sialic Acids

HEK?293T cells were collected after 36hrs of transfection. Cells were washed with
cold DPBS with Ca**and Mg?* followed by a 10-minute incubation with 1 mM sodium
periodate (Sigma) in DPBS. The periodate was quenched by 1 mM glycerol in cold DPBS
and washed with cold DPBS. Samples were stained with 25 pM AFDye-568-hydroxylamine
(Fluoroprobes) in the presence of 10 mM aniline (Sigma) in sterile filtered DPBS + 5% FBS
pH 6.7 for 30 min at 4°C in the dark with gentle agitation.

Immunoprecipitation

HEK293T cells were plated at 55,000 cells/cm? and transfected with the calcium
phosphate method for 24-36 hrs before lysis with cell lysis buffer. The lysates were incubated
with 125 pg/mL biotinylated lectin PNA at 4 °C with gentle rocking overnight. Streptavidin
Sepharose® beads were added to the cell lysates following manufacturer’s instructions and
the suspension was incubated at 4 °C for 3 hrs. The beads were washed 2 times with lysis
buffer and then resuspended in 4x LDS loading buffer. The resuspension was subsequently

analyzed by Western blot.

Sialidase Treatment of HEK293Ts
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HEK?293T cells were collected 24 hrs after transfection and incubated with
Arthrobacter ureafaciens sialidase (Roche, 10mU, 100ul final volume) in sialidase buffer™

for 30mins at 37°C before lysis with cell lysis buffer.

Immunofluorescence

HEK293T cells were plated at 45,000 cells/cm? and transfected with calcium
phosphate for 24 hrs before being fixed with 4% paratormaldehyde. Antibodies were diluted
at 1:100 in 5% normal goat serum in PBS and incubated overnight at 4 °C. Lectins were
diluted to 2 pg/mL in 5% normal goat serum in PBS and incubated for 2 hrs at room
temperature. Samples were imaged on a Zeiss LSM inverted 880 confocal microscope using a

40x water immersion objective (NA 1.1).

Secreted Mucin Protein Expression, Purification

16.25 nug pPB 6x His Sumostar Mucl DNAs were transfected into HEK293T cells in
10-cm culture dishes for 48 hrs. 30 pg pPB 6x His Sumostar Muc1 DNAs were transfected
into 20mL FreeStyle™ 293-F cell culture for 4 days. Culture media was collected and
clarified by centrifugation at 2000 rpm for 5 min. The clarified culture media was bound to
Ni-NTA agarose (Qiagen) at 4 °C overnight, washed (20 mM sodium phosphate pH 8.0, 0.5
M sodium chloride (NaCl), 20 mM imidazole), and eluted with imidazole (20 mM sodium
phosphate pH 8.0, 0.5 M NaCl, 250mM imidazole). The eluted sample was diafiltrated into
PBS with Amicon Ultra-4 Centrifugal Filter (10 kDa cutoff) and then desalted by using
Zeba™ Spin desalting columns (7K MWCO). The salt-free protein solution was lyophilized
and stored at -80 °C.

O-Glycan Profiling of Secreted Mucin Protein

All reagents were purchased from Sigma unless otherwise mentioned. Purified mucin
proteins (600ug, each) was denatured by heating at 100 °C for 5 min. The denatured proteins
were subsequently treated with 19 mg sodium borohydride (NaBHa4) in 500 pL of 50 mM
sodium hydroxide (NaOH) solution at 45 °C for 18 hrs**. The samples were cooled,
neutralized with 10 % acetic acid, passed through a Dowex H+ resin column, and lyophilized
with borates removed under the stream of nitrogen. The glycans were permethylated for
structural characterization by mass spectrometry using previously reported methods™.
Briefly, the dried eluate was dissolved with dimethyl sulfoxide (DMSO) and methylated by
using methyl iodide and NaOH-DMSO base (prepared by mixing DMSO and 50 % w/w
NaOH solution). The reaction was quenched with water and the reaction mixture was

extracted with methylene chloride and dried. The permethylated glycans were dissolved in
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methanol and crystallized with a-dihydroxybenzoic acid (DHBA, 20 mg/mL in 50% v/v
methanol: water) matrix. Analysis of glycans present in the samples was performed in the
positive ion mode by MALDI-TOF/TOF-MS using an AB SCIEX TOF/TOF 5800 (Applied
Biosystem MDS Analytical Technologies) mass spectrometer. Permethylated glycans from
the samples were infused on an Orbitrap Fusion Tribrid mass spectrometer through an ESI
probe with HCD and CID fragmentation option for further structural confirmation. The MS1
and MS2 spectra of the glycans were acquired at high resolution by a simple precursor scan
and respective ions were selected manually for further MS/MS scanning. Assignment of
glycan structures were done manually and by using Glycoworkbench software, based on the

fragmentation patterns and common biosynthetic pathways.

Cellular O-Glycome Reporter/Amplification (CORA)

All chemicals were purchased from Millipore Sigma except where noted. Solvents
were of HPLC grade or higher, and 0.1% (v/v) trifluoroacetic acid was included in all
chromatography steps. Benzyl 2-acetamido-2-deoxy-a-D-galactopyranoside (BnGalNAc)
was peracetylated by heating in a molar excess of 33% (v/v) acetic anhydride in anhydrous
pyridine for 1 hour at 65 °C. The product was dried by speedvac (Thermo Scientific
SPD1010) and used without further purification. Peracetylation was confirmed by LC-MS
(Agilent 1100 Series LC and G1956B MS, m/z calculated: 438.18 observed: 438.10
[M+H]+).

CORA was performed as previously reported?®. Briefly, 500,000 HEK293T cells were
plated in a 6 cm culture dish and transfected as above. Following transfection cultures were
incubated in full media supplemented with 50 uM peracetylated BnGalNAc. After 48 hours
the media was aspirated and loose cells and debris removed by centrifugation. The
supernatant was then filtered (Millipore Amicon Ultra 4, 10 kDa MWCO) and benzyl glycans
collected by gravity chromatography (Waters Sep-Pak C18 3 cc). The eluent was dried by
speedvac before permethylation2. A sodium hydroxide slurry in DMSO was freshly prepared
and 200 pL added to each dry sample followed by 100 uL. methyl iodide (ACROS). The
samples were mixed continuously for 10 mins then the reaction halted by the addition of 600
uL deionized water. Permethylated benzyl glycans were recovered by extraction with 200 pL
chloroform then washed 4 times with 800 uL. deionized water. The samples were further
purified by C18 gravity chromatography (Waters Sep-Pak C18 1 cc) and dried by speedvac.
Dried samples were dissolved in 50% methanol, and spotted 1:1 (v/v) with a matrix of 10

mg/mL 2,5-dihydrobenzoic acid in 50% acetonitrile. Benzyl glycans were analyzed using a
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MicroFlex MALDI-TOF-MS (Bruker) in positive ion mode. Two external standards of
permethylated maltotetraose (Cayman Chemical, m/z calculated: 885.43 observed: 885.65
[M+Na}+) and maltoheptaose (Cayman Chemical, m/z calculated: 1497.73 observed:
1497.90 [M+Na}+) were included to confirm instrument performance and calibration. Benzyl
glycan compositions were assigned on the basis of predicted masses of the sodium adducts of
known structures ([M+Na}+}. Data was analyzed using Mnova (Mestrelab Research) and

prepared for presentation with Prism8 (GraphPad).

Discussion of Part I
The O-glycosylation of mucins determines their physical and biochemical
characteristics, and, thus, their biological functions. This Part I provides a genetically
encoded system to edit the mucin biopolymers, and can be used as a tool for glycocalyx
engineering, among other significant utilities that are discussed above. Factors that are known

to influence mucin glycosylation include the cellular repertoire of glycosyltransferases and

3536

2

their substrates'*, frequency of O-glycosylation sites on the polypeptide backbone
primary peptide sequences around the O-glycosylation sites*’°, and trafficking of the
glycoprotein®>***! In this Part I we modify signals and motifs in the mucin backbone
sequences and cytoplasmic tails to encode mucins with varying physical features, backbone
chemistries, and glycosylation patterns.

Using codon degeneracy to design mucin cDNAs with minimal repetition, we were
able to apply custom gene synthesis for construction of 13 representative unique mucin
repeats, each of which could be readily combined with other functional domains for cell-
surface anchorage and control of trafficking. All repeat sequences tested were successfully
fabricated with no failures. The disclosure therefore includes using the described design
strategy to produce other constructs as described herein. By combining these cDNAs in a
modular fashion with other functional cDNA “bricks,” mucins of modified structure and
functionality, given the benefit of this disclosure, can readily be constructed with known
molecular techniques, including Gibson Assembly, Golden Gate Assembly, and other modern
DNA assembly approaches.

An observation in this Part I was that extension of O-glycans from the Tn antigen to
Core 1/2 glycans is discouraged by alanine substitution along the polymer backbone. Given
that the effect was observed in both membrane-associated and secreted mucins, altered
endocytosis and trafficking likely do not account for the differences in glycan maturation.

Differences in glycosylation also are not likely explained by potential effects of mucin
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overexpression on the functionality of T-synthase and other glycosyltransferases involved in
early O-glycan extension. As shown in the Cellular O-Glycome Reporter/Amplification
analysis, similar Core 1 or Core 2 glycan structures were observed for both mucin-
overexpressing and wild-type HEK293Ts (Figure 10).

Analyses of O-glycosylation in this Part 1 were partly based on lectin blots. Controls
were used to validate the main lectin-based analyses. Knock-out of COSMC to abrogate
glycan extension, lead to decreased PNA binding and elevated VVA staining, suggesting the
appropriateness of these lectins for detecting Core 1 O-glycans and Tn-antigen, respectively
(Figure 2d). O-glycomic analysis on purified mucins also validated conclusions that were
based on lectin analysis regarding the types of glycan structures present on mucins (Figure
31).

We modified the mucin cytoplasmic tail for glyco-engineering. Based on a shift in
electrophoretic mobility following sialidase treatment, we concluded that recycling motifs
were not required for mucin sialylation. However, inclusion of recycling motifs promoted the
generation of ultra-high molecular weight mucin glycoforms that react with MAA lectin. It is
considered that swapping mucin cytoplasmic tails may be a viable strategy to at least partially

engineer emergent glycoforms.

Table S1: Repetitiveness Analysis of Mucin ¢cDNA sequences

Repetition analysis of native and codon-scrambled cDNAs were conducted with the
Tandem Repeat Finder algorithm!®. Agreement between the queried sequence and detected
tandem repeats were weighed by assigning alignment scores of +2 for nucleotide sequence
matches and -7 for mismatches and indels. The high alignment score indicates high-level

repetitiveness of the repeats.

Native Mucl

Indices Period Copy Consensus Percent | Percent Score
Size Number Size Matches Indels

6-2577 60 42.9 60 99 0 4982

Mucl 42

Indices Period Copy Consensus Percent | Percent Score
Size Number Size Matches | Indels

146-468 60 54 60 75 3 220

146-468 120 2.7 120 80 2 328
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149-513 120 3.0 120 79 5 294
728-897 60 2.8 60 80 1 171
746-984 60 4.0 60 75 4 169
1013-1233 60 3.7 60 77 0 208
794-1200 120 3.4 120 75 4 273
1205-1347 60 2.4 59 74 8 135
1097-1530 180 2.4 180 77 2 379
1304-1521 60 3.6 59 76 2 175
1514-1714 60 33 60 78 0 204
1709-1965 120 2.1 120 80 1 273
1781-2067 60 4.8 60 71 5 177
1733-2067 120 2.8 120 77 1 269
2150-2406 60 43 60 73 3 140
2222-2439 120 1.8 120 79 2 258
Table Explanation:

o Indices of the repeat relative to the start of the sequence.

Period size of the repeat.

Number of copies aligned with the consensus pattern.

Size of consensus pattern (may differ slightly from the period size).
Percent of matches between adjacent copies overall.

Percent of indels between adjacent copies overall.

Alignment score.

Reference:

(1) Benson, G. Tandem Repeats Finder: A Program to Analyze DNA Sequences. Nucleic
Acids Res 1999, 27 (2), 573-580.

Table S2: Golden Gate assembly primers.

Name Sequence SEQ ID NO:
g;ﬂfg&}) AGGTAGCGTCTCGTCCCGCCTCAGGCATACTTTATTG 18
'S’;Efﬁéf, AGGTAGCGTCTCGTCGGGAGCAGGGGTAGCG 19
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Synl FWD AGGTAGCGTCTCGCCGATGCAGCTACTCCAGCTCCGGACGCC 20

Synl REV AGGTAGCGTCTCGGGGAGCAGGGGTAGCG 21

g;’gﬁ‘a}}) CTTCTGCGTCTCGTCCCGCCTCAGGCATACTTTATTGGCGA 22
g;ggﬁéf, CTTCTGCGTCTCGTCGGGAGGAGCTGGTGTAGCCGCG 23
Syn2 FWD  CTTCTGCGTCTCCCCGATGCAGCTACCCCGGCTCCACCE 34
Sym2 REV  CTTCTGCGTCTCCGGGAGGAGCTGGTGTAGCCGCG 55

Summary of cDNA “Biobricks” as described in Part 1.

Leader Tag

1. Native-FLAG

Amino acid sequence:
MTPGTQSPFFLLLLLTVLTVVTGSGHASSTPGGEKETSATQRSSVPSSTEKNA
DYKDDDDLY (SEQ ID NO:26)
cDNA sequence:
GGATCCATGACACCGGGCACCCAGTCTCCTTTCTTCCTGCTGCTGCTCCTC
ACAGTGCTTACAGTTGTTACAGGTTCTGGTCATGCAAGCTCTACCCCAGGT
GGAGAAAAGGAGACTTCGGCTACCCAGAGAAGTTCAGTGCCCAGCTCTAC
TGAGAAGAATGCTGATTACAAGGATGACGACGACCTGTACA (SEQ ID
NO:27)

2. His-SUMO
Amino acid sequence:
METDTLLLWVLLLWVPGSTGDGHHHHHHGSLQDSEVNQEAKPEVKPEVKPE
THINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLTFLYDGIEIQAD
QAPEDLDMEDNDIIEAHREQIGGGSGSGHASSTPGGEKETSATQRSSVPSSTEK
NADYKDDDDLY (SEQ ID NO:28)
c¢DNA sequence:
GGATCCGCCACCATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCT
CTGGGTTCCAGGTTCCACTGGTGACGGTCATCACCATCATCATCACGGGTC
CCTGCAGGACTCAGAAGTCAATCAAGAAGCTAAGCCAGAGGTCAAGCCA
GAAGTCAAGCCTGAGACTCACATCAATTTAAAGGTGTCCGATGGATCTTC
AGAGATCTTCTTCAAGATCAAAAAGACCACTCCTTTAAGAAGGCTGATGG
AAGCGTTCGCTAAAAGACAGGGTAAGGAAATGGACTCCTTAACGTTCTTG
TACGACGGTATTGAAATTCAAGCTGATCAGGCCCCTGAAGATTTGGACAT
GGAGGATAACGATATTATTGAGGCTCACAGAGAACAGATTGGAGGTGGCT
CCGGCTCCGGTCATGCAAGCTCTACCCCAGGTGGAGAAAAGGAGACTTCG
GCTACCCAGAGAAGTTCAGTGCCCAGCTCTACTGAGAAGAATGCTGATTA
CAAGGATGACGACGACCTGTACA (SEQ ID NO:29)

In the representative polymer backbone segment sequences presented immediately
below, repeat sequences are proceeded by the following sequence:
LYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWGQDVTSV
(SEQ ID NO:30) with the pertinent repeat sequence designated with the pertinent SEQ ID

and the number of its repeats designated in brackets with a subscript, the subscript indicating
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the number of repeats. The alphnuermic names given above each sequence are names of the

sequences, rather than sequences themselves.

Polymer Backbone

1. Codon-Scrambled Mucl x42 (Mucl_42)
2. Amino acid sequence:
3. LYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWGQD

10

15
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25

30

35

40

45

VTSV[PDTRPAPGSTAPPAHGVTSAJ:22ASG (SEQ ID NO:30 [SEQ ID
NO:8]2ASG

c¢DNA sequence:
TGTACATGGACATGGTCGCTGTGAGTATGACCAGCAGCGTACTCTCCAGC
CACAGCCCCGGTTCAGGCTCCTCCACCACTCAGGGACAGGATGTCACTCT
GGCCCCGGCCACGGAACCAGCTTCAGGTTCAGCTGCCACCTGGGGACAGG
ATGTCACCTCGGTCCCGGATACGCGACCCGCCCCAGGGTCAACAGCGCCC
CCAGCCCACGGCGTTACATCTGCACCTGACACTAGACCTGCGCCAGGATC
AACAGCTCCACCGGCTCACGGGGTCACCAGTGCCCCCGACACTCGACCAG
CTCCGGGGTCTACCGCTCCCCCGGCTCATGGTGTCACTAGCGCGCCTGACA
CACGCCCGGCACCAGGGAGTACGGCCCCTCCTGCGCACGGCGTAACTTCA
GCCCCAGATACTCGACCTGCTCCGGGCTCAACAGCCCCGCCTGCACATGG
AGTTACATCAGCCCCTGATACTAGACCGGCTCCAGGTTCAACTGCTCCGCC
AGCACATGGTGTAACGTCTGCGCCCGATACTCGCCCAGCACCTGGGTCCA
CAGCTCCCCCTGCGCATGGAGTAACATCAGCACCTGATACCAGACCTGCC
CCGGGCAGCACTGCACCCCCAGCACATGGCGTAACATCAGCACCAGATAC
TCGCCCCGCTCCTGGTTCCACGGCTCCCCCCGCGCATGGCGTTACTTCAGC
TCCAGATACACGGCCGGCACCCGGCAGTACGGCTCCACCCGCACATGGAG
TAACGAGTGCTCCGGACACTCGGCCTGCTCCAGGAAGTACCGCACCTCCG
GCCCATGGCGTGACAAGTGCTCCCGACACCAGACCAGCGCCTGGTTCAAC
AGCACCGCCAGCTCATGGTGTAACCTCAGCTCCCGATACTAGACCCGCGC
CAGGTTCCACCGCTCCACCTGCACACGGGGTGACGAGCGCACCTGATACG
CGCCCGGCACCGGGAAGCACAGCGCCTCCCGCTCACGGAGTCACTAGCGC
CCCGGATACAAGACCCGCACCTGGATCTACAGCTCCTCCAGCTCACGGCG
TCACGAGTGCACCCGATACACGACCGGCCCCAGGCTCTACAGCCCCACCA
GCACATGGAGTCACGAGTGCACCTGATACTAGGCCCGCTCCGGGTTCCAC
AGCACCTCCTGCACATGGTGTTACATCCGCTCCTGATACGAGACCCGCTCC
AGGCTCTACTGCCCCACCGGCACACGGCGTGACCAGTGCTCCAGATACCC
GGCCAGCTCCTGGGAGTACTGCGCCTCCAGCTCATGGCGTCACTAGTGCA
CCTGATACAAGACCAGCCCCCGGTTCCACTGCTCCACCAGCCCATGGTGT
AACAAGTGCACCGGACACAAGGCCAGCCCCTGGTAGTACTGCTCCTCCTG
CTCACGGTGTTACTAGTGCTCCTGACACCAGACCTGCCCCTGGAAGTACTG
CACCGCCTGCTCATGGAGTCACATCAGCTCCGGATACTCGGCCGGCTCCG
GGATCAACCGCTCCTCCGGCTCATGGAGTAACCTCCGCACCGGATACTAG
GCCTGCACCGGGGAGTACAGCACCACCTGCTCATGGTGTGACTAGCGCTC
CTGACACTCGCCCCGCTCCCGGTAGCACTGCCCCCCCTGCACATGGGGTG
ACTTCAGCTCCTGATACTCGGCCTGCACCCGGAAGCACAGCCCCCCCAGC
TCATGGGGTCACAAGCGCTCCAGATACTAGGCCAGCGCCGGGAAGTACAG
CCCCTCCAGCGCACGGTGTAACTTCCGCGCCAGACACACGCCCTGCTCCC
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GGATCAACGGCACCTCCAGCACACGGTGTGACGTCCGCACCCGACACAAG
ACCGGCACCTGGTTCTACTGCACCTCCCGCGCACGGAGTTACTTCAGCACC
AGATACAAGACCTGCTCCTGGCTCAACTGCCCCTCCGGCGCATGGTGTAA
CTAGTGCGCCTGATACACGCCCAGCACCGGGTAGTACGGCACCACCAGCT
CATGGAGTTACGTCAGCTCCAGATACGCGCCCTGCACCAGGCAGTACAGC
TCCGCCGGCCCACGGAGTAACTAGCGCACCAGATACCAGGCCAGCACCCG
GTAGTACCGCGCCTCCTGCCCATGGAGTAACTTCCGCCCCCGATACCCGA
CCTGCACCTGGCAGTACCGCCCCTCCCGCCCACGGGGTAACCAGTGCACC
AGACACGCGGCCCGCACCAGGATCTACTGCTCCCCCAGCGCATGGGGTAA
CTTCTGCACCAGATACGAGGCCTGCCCCAGGTAGTACAGCGCCACCTGCC
CACGGTGTCACCTCCGCTCCTGATACAAGGCCTGCGCCTGGATCAACTGC
ACCACCGGCGCACGGGGTTACAAGTGCCCCTGACACGAGACCAGCACCA
GGTTCTACGGCGCCTCCGGCACATGGAGTGACTAGTGCCCCAGACACTAG
GCCGGCTCCTGGATCAACCGCACCACCCGCTCATGGAGTGACATCAGCGC
CAGATACTAGACCAGCTCCCGGGTCAACTGCGCCGCCCGCCCATGGGGTT
ACTTCTGCTCCAGACACTCGCCCAGCCCCAGGATCAACGGCTCCTCCCGC
ACACGGAGTGACCTCTGCTCCTGATACCAGGCCAGCTCCAGGGTCTACAG
CACCCCCTGCTCATGGGGTAACATCTGCCGCCTCAGG (SEQ ID NO:50)

. Codon-Scrambled Mucl x21 (Mucl_21)

Amino acid sequence:
LYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWGQD
VTSV[PDTRPAPGSTAPPAHGVTSAL]21ASG (SEQ ID NO:30)[SEQ ID
NO:8]21ASG

c¢DNA sequence:
TGTACATGGACATGGTCGCTGTGAGTATGACCAGCAGCGTACTCTCCAGC
CACAGCCCCGGTTCAGGCTCCTCCACCACTCAGGGACAGGATGTCACTCT
GGCCCCGGCCACGGAACCAGCTTCAGGTTCAGCTGCCACCTGGGGACAGG
ATGTCACCTCGGTCCCAGACACTCGGCCTGCACCGGGATCAACCGCCCCA
CCGGCTCATGGTGTAACTAGTGCGCCTGATACCAGACCAGCACCAGGGAG
TACTGCACCTCCTGCTCATGGGGTTACTAGTGCCCCCGATACGCGACCTGC
TCCTGGAAGCACAGCACCGCCGGCTCACGGCGTAACGAGTGCTCCTGACA
CAAGGCCCGCTCCAGGGTCAACTGCACCACCTGCACACGGAGTGACATCA
GCGCCAGATACGAGACCTGCACCAGGAAGTACAGCGCCGCCAGCCCACG
GAGTAACTTCAGCCCCGGACACTAGGCCAGCACCTGGTTCAACGGCGCCT
CCAGCCCATGGAGTAACATCCGCTCCCGATACTCGTCCTGCTCCGGGTTCC
ACAGCTCCTCCCGCACATGGGGTGACTAGTGCTCCAGATACTCGCCCAGC
ACCCGGTAGTACCGCTCCTCCTGCACATGGCGTCACTAGTGCACCAGACA
CGCGTCCGGCTCCTGGGTCTACAGCTCCACCAGCTCACGGAGTTACCAGT
GCACCTGACACTAGACCTGCGCCCGGTTCGACGGCTCCGCCCGCCCATGG
GGTAACGTCTGCGCCGGATACACGCCCTGCACCTGGATCTACCGCACCTC
CGGCCCATGGTGTCACGAGCGCACCTGATACGAGGCCTGCTCCAGGTAGT
ACTGCTCCCCCCGCTCATGGAGTTACTAGCGCTCCTGATACTCGACCGGCA
CCTGGCAGCACTGCTCCTCCAGCACATGGTGTTACATCGGCTCCAGACAC
ACGTCCCGCGCCAGGATCGACTGCTCCACCCGCTCACGGGGTCACATCTG
CACCCGATACACGGCCAGCTCCCGGTTCCACTGCCCCGCCTGCCCATGGC
GTTACTTCGGCACCAGATACCCGACCCGCACCAGGCAGTACAGCACCTCC
AGCGCATGGTGTGACAAGCGCCCCTGATACACGACCAGCTCCAGGCTCAA
CAGCACCACCAGCACACGGTGTAACCTCAGCTCCGGATACCCGTCCAGCT
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CCTGGTAGTACAGCCCCTCCTGCGCACGGAGTCACAAGTGCTCCCGACAC
AAGACCAGCCCCAGGTTCTACTGCGCCACCTGCTCACGGTGTTACCTCTGC
CCCAGATACAAGACCTGCCCCTGGCTCTACGGCACCCCCGGCACATGGAG
TCACTTCCGCACCGGATACTAGACCAGCGCCTGGGAGTACGGCCCCCCCA
GCTCATGGCGTGACTTCTGCTGCCTCAGG (SEQ ID NO:51)

. Codon-Scrambled Mucl x10(Mucl_10)

Amino acid sequence:
LYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWGQD
VTSV[PDTRPAPGSTAPPAHGVTSA]10ASG (SEQ ID NO:30)[SEQ ID
NO:8]10ASG

c¢DNA sequence:
TGTACATGGACATGGTCGCTGTGAGTATGACCAGCAGCGTACTCTCCAGC
CACAGCCCCGGTTCAGGCTCCTCCACCACTCAGGGACAGGATGTCACTCT
GGCCCCGGCCACGGAACCAGCTTCAGGTTCAGCTGCCACCTGGGGACAGG
ATGTCACCTCGGTCCCAGATACAAGACCGGCCCCAGGATCTACGGCTCCT
CCGGCTCATGGAGTCACTTCTGCTCCAGACACAAGGCCCGCGCCGGAGTTC
TACAGCACCGCCTGCTCATGGTGTTACTAGCGCACCCGATACGAGACCTG
CTCCGGGATCAACGGCACCTCCTGCCCACGGGGTAACATCTGCACCGGAC
ACTCGCCCTGCGCCCGGTTCAACCGCTCCACCCGCACACGGAGTGACAAG
CGCTCCTGACACTAGACCAGCACCAGGTTCTACAGCCCCACCAGCCCATG
GAGTTACCAGTGCACCAGATACTAGGCCAGCTCCAGGTAGTACTGCACCC
CCAGCTCATGGGGTTACATCAGCTCCCGACACGCGACCAGCTCCTGGAAG
CACTGCCCCTCCAGCTCACGGTGTGACCTCAGCACCTGATACACGCCCTGC
ACCTGGCTCTACTGCTCCCCCCGCTCATGGCGTAACTAGTGCCCCGGATAC
TCGACCCGCCCCTGGTTCCACAGCTCCGCCAGCACATGGTGTAACAAGTG
CTCCTGATACCCGACCAGCGCCTGGAAGTACCGCACCACCTGCACATGGA
GTAACTTCAGCCGCCTCAGG (SEQ ID NO:52)

. Codon-Scrambled Mucl x0 (Mucl_0)

Amino acid sequence:
LYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWGQD
VTSVGGGGGASG (SEQ ID NO:31)

c¢DNA sequence:
TGTACATGGACATGGTCGCTGTGAGTATGACCAGCAGCGTACTCTCCAGC
CACAGCCCCGGTTCAGGCTCCTCCACCACTCAGGGACAGGATGTCACTCT
GGCCCCGGCCACGGAACCAGCTTCAGGTTCAGCTGCCACCTGGGGACAGG
ATGTCACCTCGGTCGGCGGTGGTGGAGGAGCCTCAGG (SEQ ID NO:52)

. Codon-Scrambled Mucl Single Glycosylation Mutant x21 (Mucl_21S) Amino

acid sequence:

. LYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWGQD

VTSV[PDTRPAPGATAPPAHGVTSA]21ASG (SEQ ID NO:30)[SEQ ID
NO:5]21ASG

c¢DNA sequence:
TGTACATGGACATGGTCGCTGTGAGTATGACCAGCAGCGTACTCTCCAGC
CACAGCCCCGGTTCAGGCTCCTCCACCACTCAGGGACAGGATGTCACTCT

-54 -



10

15

20

25

30

35

40

45

50

WO 2020/150390 PCT/US2020/013743

GGCCCCGGCCACGGAACCAGCTTCAGGTTCAGCTGCCACCTGGGGACAGG
ATGTCACCTCGGTCCCAGATACCAGACCTGCGCCTGGAGCCACAGCTCCT
CCTGCCCATGGCGTCACAAGTGCCCCTGACACACGCCCAGCTCCCGGGGC
TACAGCCCCACCTGCACATGGTGTTACTAGTGCACCAGACACCAGACCGG
CTCCGGGAGCCACGGCACCCCCCGCTCATGGTGTCACTTCCGCACCGGAT
ACGAGGCCAGCACCTGGGGCCACTGCGCCGCCGGCACATGGGGTGACTA
GTGCGCCAGATACTCGCCCTGCTCCAGGGGCTACTGCCCCTCCAGCTCATG
GCGTAACCTCAGCGCCTGATACCCGACCAGCGCCAGGTGCCACTGCACCG
CCAGCCCATGGGGTCACTAGTGCTCCTGACACTAGACCTGCACCTGGAGC
TACAGCACCTCCAGCGCATGGTGTGACAAGCGCCCCAGACACGAGACCAG
CCCCCGGTGCCACCGCTCCTCCCGCACATGGAGTTACTAGCGCTCCGGAC
ACAAGACCGGCACCAGGTGCGACTGCACCACCGGCTCATGGAGTAACTTC
AGCACCAGATACACGGCCTGCTCCCGGCGCTACAGCTCCACCAGCACATG
GCGTTACCTCCGCACCTGACACGAGGCCCGCTCCAGGAGCCACTGCTCCC
CCTGCACACGGTGTTACGTCAGCTCCAGATACGCGGCCAGCTCCGGGCGC
AACAGCTCCCCCGGCTCACGGTGTAACCAGTGCTCCCGACACAAGGCCTG
CACCCGGAGCAACCGCACCTCCGGCCCATGGTGTAACAAGTGCACCTGAT
ACTAGGCCCGCGCCTGGTGCTACTGCTCCACCTGCTCACGGCGTGACATC
AGCCCCTGATACGAGACCTGCCCCAGGGGCAACTGCACCTCCTGCTCATG
GGGTAACTAGTGCCCCCGATACAAGACCAGCACCGGGAGCGACCGCCCCC
CCAGCACACGGAGTAACGAGCGCACCCGATACTCGACCTGCACCAGGAG
CGACGGCTCCACCCGCTCACGGAGTCACGAGTGCTCCAGACACTCGACCT
GCTCCTGGCGCGACAGCACCACCAGCTCACGGGGTTACTAGTGCTCCTGA
TACACGACCCGCACCAGGGGCGACTGCTCCTCCAGCCCACGGAGTTACAT
CTGCCCCGGATACAAGGCCAGCACCCGGTGCAACTGCTCCGCCCGCCCAT
GGAGTCACAAGTGCTCCGGATACTAGACCAGCTCCTGGGGCTACGGCGCC
TCCTGCGCACGGAGTGACTTCTGCTGCCTCAGG

. Codon-Scrambled Mucl Double Glycosylation Mutant x21 (Mucl_21D)

Amino acid sequence:
LYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWGQD
VTSV[PDTRPAPGATAPPAHGVTAA]21ASG (SEQ ID NO:30)[SEQ ID
NO:6]21ASG

c¢DNA sequence:
TGTACATGGACATGGTCGCTGTGAGTATGACCAGCAGCGTACTCTCCAGC
CACAGCCCCGGTTCAGGCTCCTCCACCACTCAGGGACAGGATGTCACTCT
GGCCCCGGCCACGGAACCAGCTTCAGGTTCAGCTGCCACCTGGGGACAGG
ATGTCACCTCGGTCCCAGACACGCGACCCGCACCAGGCGCGACTGCTCCT
CCTGCGCATGGTGTAACAGCGGCCCCTGATACGAGGCCAGCCCCTGGAGC
CACCGCACCTCCAGCACACGGAGTGACTGCAGCTCCCGATACTAGACCCG
CGCCAGGAGCAACAGCTCCTCCAGCTCATGGTGTGACGGCCGCCCCAGAT
ACCAGACCTGCCCCAGGGGCGACAGCACCCCCCGCTCACGGCGTAACTGC
AGCCCCGGATACGAGACCAGCTCCTGGGGCCACTGCACCTCCGGCTCATG
GGGTAACAGCTGCCCCCGATACCCGACCTGCACCCGGAGCTACAGCGCCG
CCTGCACACGGTGTAACCGCAGCTCCGGATACTAGACCTGCGCCTGGAGC
AACGGCGCCTCCTGCACATGGGGTTACTGCTGCGCCAGATACAAGGCCTG
CCCCTGGTGCAACAGCACCTCCTGCTCATGGCGTGACAGCTGCACCAGAC
ACAAGACCAGCGCCAGGTGCTACTGCACCACCTGCTCACGGGGTAACTGC
TGCTCCAGATACTCGCCCTGCACCGGGAGCGACGGCTCCACCAGCTCACG
GAGTAACGGCAGCACCTGACACTAGGCCGGCTCCGGGAGCTACGGCACC
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10.

11.

GCCCGCACATGGCGTCACTGCGGCTCCTGACACACGACCAGCACCCGGTG
CCACAGCTCCGCCAGCACATGGTGTTACGGCTGCTCCCGACACGAGACCC
GCTCCTGGAGCTACTGCTCCCCCGGCTCACGGTGTTACTGCAGCGCCTGAT
ACACGCCCAGCACCGGGGGCTACAGCACCACCAGCCCATGGGGTCACAG
CAGCTCCAGACACTCGGCCAGCCCCAGGTGCAACTGCTCCACCCGCCCAT
GGTGTCACTGCTGCACCTGATACCAGGCCGGCACCAGGAGCCACGGCCCC
GCCGGCACATGGAGTGACCGCGGCACCCGATACAAGACCTGCTCCGGGCG
CTACAGCCCCCCCAGCCCACGGAGTCACCGCTGCTCCTGATACTCGACCG
GCACCTGGTGCTACAGCTCCACCGGCCCATGGCGTTACAGCAGCACCAGA
TACGAGGCCCGCTCCAGGTGCGACCGCTCCTCCCGCTCATGGAGTAACAG
CCGCTCCGGACACTAGACCGGCTCCCGGCGCAACTGCGCCCCCTGCCCAT
GGAGTTACTGCCGCACCGGATACACGCCCTGCCCCGGGAGCAACTGCCCC
TCCAGCGCACGGAGTTACAGCTGCTGCCTCAGG (SEQ ID NO:53)
Codon-Scrambled Mucl Triple Glycosylation Mutant x21 (Mucl_21T) Amino

acid sequence:
LYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWGQD
VTSV[PDARPAPGATAPPAHGVTAA]21ASG (SEQ ID NO:30[SEQ ID
NO:7]21ASG

c¢DNA sequence:
TGTACATGGACATGGTCGCTGTGAGTATGACCAGCAGCGTACTCTCCAGC
CACAGCCCCGGTTCAGGCTCCTCCACCACTCAGGGACAGGATGTCACTCT
GGCCCCGGCCACGGAACCAGCTTCAGGTTCAGCTGCCACCTGGGGACAGG
ATGTCACCTCGGTCCCAGATGCAAGGCCTGCCCCGGGAGCGACAGCACCA
CCAGCACATGGAGTGACGGCCGCCCCAGACGCTCGACCGGCACCAGGAG
CAACTGCTCCTCCCGCACATGGGGTCACTGCGGCCCCTGATGCGAGGCCG
GCACCTGGAGCTACTGCTCCACCGGCCCATGGTGTCACTGCAGCCCCGGA
TGCTAGACCGGCTCCGGGCGCAACTGCGCCGCCAGCCCATGGAGTTACTG
CTGCGCCAGATGCGCGGCCTGCCCCAGGTGCTACAGCCCCCCCTGCCCAT
GGCGTAACAGCTGCCCCCGATGCTCGCCCTGCACCGGGAGCAACGGCGCC
TCCAGCGCACGGAGTAACGGCAGCACCAGATGCTCGGCCAGCACCGGGG
GCTACAGCTCCACCTGCTCACGGTGTAACTGCAGCGCCTGATGCACGACC
AGCCCCTGGAGCAACAGCTCCGCCTGCACACGGAGTGACTGCTGCACCTG
ATGCTAGGCCAGCCCCAGGGGCGACTGCACCTCCAGCACACGGTGTTACA
GCTGCTCCAGACGCACGCCCAGCACCCGGTGCCACAGCTCCTCCTGCGCA
TGGTGTGACAGCTGCACCAGACGCCCGACCCGCGCCAGGAGCCACGGCTC
CACCAGCTCACGGCGTGACCGCGGCTCCTGACGCTAGGCCAGCTCCTGGA
GCCACCGCTCCTCCAGCTCATGGCGTTACAGCAGCTCCCGACGCAAGACC
CGCTCCTGGGGCCACTGCTCCCCCCGCTCACGGGGTAACAGCCGCTCCGG
ATGCAAGACCTGCCCCTGGTGCTACTGCACCACCCGCCCATGGGGTTACT
GCAGCTCCGGACGCTAGACCTGCTCCGGGAGCTACAGCGCCCCCAGCCCA
CGGAGTCACAGCAGCACCTGACGCGAGACCAGCGCCAGGTGCAACTGCC
CCTCCTGCACATGGTGTTACTGCCGCACCGGATGCCAGACCTGCACCCGG
AGCTACGGCCCCGCCGGCTCATGGGGTAACTGCTGCTCCTGATGCCCGAC
CCGCTCCAGGCGCGACCGCACCTCCTGCTCATGGAGTAACAGCGGCACCC
GATGCACGGCCGGCTCCCGGCGCTACAGCACCTCCGGCACATGGCGTCAC
CGCAGCTCCAGATGCCAGGCCCGCACCAGGTGCGACGGCACCGCCCGCTC
ATGGTGTAACCGCTGCTCCCGATGCGAGACCTGCGCCTGGTGCAACAGCA
CCCCCGGCTCACGGAGTTACGGCTGCTGCCTCAGG (SEQ ID NO:54)
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12.

13.

14.

15.

Lubricin consensus, KEPAPTTP x20 (Syn4_20)

Amino acid sequence:
LYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWGQD
VTSV[KEPAPTTP]20ASG (SEQ ID NO:30)[SEQ ID NO:1]20ASG

cDNA sequence:
TGTACATGGACATGGTCGCTGTGAGTATGACCAGCAGCGTACTCTCCAGC
CACAGCCCCGGTTCAGGCTCCTCCACCACTCAGGGACAGGATGTCACTCT
GGCCCCGGCCACGGAACCAGCTTCAGGTTCAGCTGCCACCTGGGGACAGG
ATGTCACCTCGGTCAAGGAACCTGCACCTACAACCCCGAAGGAGCCCGCA
CCGACCACCCCAAAAGAACCTGCGCCGACAACTCCAAAGGAGCCAGCTCC
AACGACGCCAAAGGAACCAGCACCTACGACCCCCAAGGAACCCGCCCCG
ACGACTCCGAAGGAGCCTGCACCAACAACTCCTAAAGAACCAGCGCCTAC
TACGCCTAAAGAACCTGCTCCTACTACACCAAAAGAGCCAGCACCCACGA
CACCGAAAGAACCTGCCCCTACTACCCCTAAAGAACCCGCTCCTACCACA
CCAAAGGAACCGGCTCCCACTACTCCCAAAGAACCAGCCCCAACTACACC
TAAAGAACCGGCCCCCACCACTCCTAAAGAGCCGGCGCCAACTACTCCAA
AAGAACCAGCTCCTACAACTCCCAAGGAGCCGGCACCTACTACTCCGAAA
GAGCCCGCGCCCACAACACCCAAAGAGCCTGCTCCGACTACTCCTGCCTC
AGG (SEQ ID NO:55)

Synthetic 1, DAATPAP x40 (Syn1_40)

Amino acid sequence:
LYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWGQD
VTSV[DAATPAP]10ASG (SEQ ID NO:30)[SEQ ID NO:2]4%ASG

c¢DNA sequence:
TGTACATGGACATGGTCGCTGTGAGTATGACCAGCAGCGTACTCTCCAGC
CACAGCCCCGGTTCAGGCTCCTCCACCACTCAGGGACAGGATGTCACTCT
GGCCCCGGCCACGGAACCAGCTTCAGGTTCAGCTGCCACCTGGGGACAGG
ATGTCACCTCGGTCGATGCAGCTACTCCAGCTCCGGACGCCGCAACACCC
GCTCCAGACGCCGCCACCCCAGCTCCAGATGCTGCTACACCTGCACCTGA
TGCCGCAACTCCCGCGCCGGATGCCGCGACTCCAGCACCGGACGCTGCGA
CGCCAGCCCCTGATGCTGCAACACCGGCTCCTGATGCTGCGACTCCTGCG
CCAGATGCAGCTACACCAGCCCCGGATGCTGCAACGCCTGCTCCTGACGC
AGCTACTCCGGCCCCCGACGCTGCTACCCCGGCGCCTGATGCTGCTACTCC
CGCTCCTGATGCGGCCACTCCAGCCCCAGACGCAGCAACCCCAGCCCCCaG
ATGCTGCTACGCCTGCACCCGACGCGGCCACACCTGCGCCGGACGCAGCG
ACACCTGCCCCTGACGCTGCCACGCCCGCACCTGATGCAGCTACGCCAGC
TCCCGATGCGGCAACACCTGCTCCAGATGCCGCCACTCCTGCTCCGGATG
CGGCGACACCAGCGCCTGACGCCGCTACGCCGGCACCTGATGCTGCCACT
CCGGCTCCAGATGCAGCGACCCCAGCGCCAGACGCGGCAACTCCAGCGCC
CGATGCAGCTACCCCAGCACCAGATGCTGCAACCCCTGCACCGGATGCAG
CAACGCCAGCACCTGACGCGGCTACTCCTGCACCAGATGCAGCAACTCCT
GCCCCGGACGCGGCGACTCCCGCACCAGACGCTGCAACTCCGGCACCAGA
TGCGGCTACCCCCGCTCCCGACGCAGCCACTCCCGCCCCAGATGCAGCCA
CACCAGCTCCTGATGCAGCAACACCAGCACCCGATGCCGCTACCCCTGCT
CCCGCCTCAGG (SEQ ID NO:56)

Synthetic 1, DAATPAP x80 (Synl_80)
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16.

Amino acid sequence:
LYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWGQD
VTSV[DAATPAP]30ASG (SEQ ID NO:30)[SEQ ID NO:2]|30ASG

c¢DNA sequence:
TGTACATGGACATGGTCGCTGTGAGTATGACCAGCAGCGTACTCTCCAGC
CACAGCCCCGGTTCAGGCTCCTCCACCACTCAGGGACAGGATGTCACTCT
GGCCCCGGCCACGGAACCAGCTTCAGGTTCAGCTGCCACCTGGGGACAGG
ATGTCACCTCGGTCGATGCAGCTACTCCAGCTCCGGACGCCGCAACACCC
GCTCCAGACGCCGCCACCCCAGCTCCAGATGCTGCTACACCTGCACCTGA
TGCCGCAACTCCCGCGCCGGATGCCGCGACTCCAGCACCGGACGCTGCGA
CGCCAGCCCCTGATGCTGCAACACCGGCTCCTGATGCTGCGACTCCTGCG
CCAGATGCAGCTACACCAGCCCCGGATGCTGCAACGCCTGCTCCTGACGC
AGCTACTCCGGCCCCCGACGCTGCTACCCCGGCGCCTGATGCTGCTACTCC
CGCTCCTGATGCGGCCACTCCAGCCCCAGACGCAGCAACCCCAGCCCCCaG
ATGCTGCTACGCCTGCACCCGACGCGGCCACACCTGCGCCGGACGCAGCG
ACACCTGCCCCTGACGCTGCCACGCCCGCACCTGATGCAGCTACGCCAGC
TCCCGATGCGGCAACACCTGCTCCAGATGCCGCCACTCCTGCTCCGGATG
CGGCGACACCAGCGCCTGACGCCGCTACGCCGGCACCTGATGCTGCCACT
CCGGCTCCAGATGCAGCGACCCCAGCGCCAGACGCGGCAACTCCAGCGCC
CGATGCAGCTACCCCAGCACCAGATGCTGCAACCCCTGCACCGGATGCAG
CAACGCCAGCACCTGACGCGGCTACTCCTGCACCAGATGCAGCAACTCCT
GCCCCGGACGCGGCGACTCCCGCACCAGACGCTGCAACTCCGGCACCAGA
TGCGGCTACCCCCGCTCCCGACGCAGCCACTCCCGCCCCAGATGCAGCCA
CACCAGCTCCTGATGCAGCAACACCAGCACCCGATGCCGCTACCCCTGCT
CCCGATGCAGCTACTCCAGCTCCGGACGCCGCAACACCCGCTCCAGACGC
CGCCACCCCAGCTCCAGATGCTGCTACACCTGCACCTGATGCCGCAACTC
CCGCGCCGGATGCCGCGACTCCAGCACCGGACGCTGCGACGCCAGCCCCT
GATGCTGCAACACCGGCTCCTGATGCTGCGACTCCTGCGCCAGATGCAGC
TACACCAGCCCCGGATGCTGCAACGCCTGCTCCTGACGCAGCTACTCCGG
CCCCCGACGCTGCTACCCCGGCGCCTGATGCTGCTACTCCCGCTCCTGATG
CGGCCACTCCAGCCCCAGACGCAGCAACCCCAGCCCCCGATGCTGCTACG
CCTGCACCCGACGCGGCCACACCTGCGCCGGACGCAGCGACACCTGCCCC
TGACGCTGCCACGCCCGCACCTGATGCAGCTACGCCAGCTCCCGATGCGG
CAACACCTGCTCCAGATGCCGCCACTCCTGCTCCGGATGCGGCGACACCA
GCGCCTGACGCCGCTACGCCGGCACCTGATGCTGCCACTCCGGCTCCAGA
TGCAGCGACCCCAGCGCCAGACGCGGCAACTCCAGCGCCCGATGCAGCTA
CCCCAGCACCAGATGCTGCAACCCCTGCACCGGATGCAGCAACGCCAGCA
CCTGACGCGGCTACTCCTGCACCAGATGCAGCAACTCCTGCCCCGGACGC
GGCGACTCCCGCACCAGACGCTGCAACTCCGGCACCAGATGCGGCTACCC
CCGCTCCCGACGCAGCCACTCCCGCCCCAGATGCAGCCACACCAGCTCCT
GATGCAGCAACACCAGCACCCGATGCCGCTACCCCTGCTCCCGCCTCAGG
(SEQ ID NO:57)

Synthetic 2, DAATPAPP x40 (Syn2_40)

Amino acid sequence:
LYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWGQD
VTSV[DAATPAPP]1ASG (SEQ ID NO:30)[SEQ ID NO:3]40ASG

c¢DNA sequence:
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TGTACATGGACATGGTCGCTGTGAGTATGACCAGCAGCGTACTCTCCAGC

CACAGCCCCGGTTCAGGCTCCTCCACCACTCAGGGACAGGATGTCACTCT

GGCCCCGGCCACGGAACCAGCTTCAGGTTCAGCTGCCACCTGGGGACAGG
ATGTCACCTCGGTCGATGCAGCTACCCCGGCTCCACCCGATGCGGCAACA

CCAGCCCCTCCCGATGCAGCAACACCTGCTCCCCCCGATGCTGCTACCCCT
GCTCCGCCTGATGCTGCAACTCCAGCTCCGCCCGATGCCGCTACACCTGCC
CCCCCTGACGCCGCCACGCCCGCTCCTCCGGATGCTGCAACCCCAGCACC

CCCAGACGCCGCTACCCCAGCTCCACCAGATGCTGCTACACCCGCACCAC

CTGATGCCGCAACACCGGCGCCTCCTGATGCTGCTACTCCAGCCCCACCTG
ATGCAGCAACTCCTGCGCCACCAGACGCTGCCACACCTGCACCACCAGAT
GCAGCCACACCAGCACCGCCAGACGCAGCAACGCCGGCTCCGCCAGATG

CAGCGACACCAGCGCCACCTGACGCAGCGACTCCAGCACCACCGGATGCG
GCTACCCCCGCTCCGCCGGACGCGGCGACTCCTGCCCCTCCTGACGCGGC

AACTCCGGCCCCTCCAGATGCGGCGACCCCAGCCCCGCCGGATGCCGCGA
CTCCGGCTCCCCCGGACGCTGCAACACCCGCTCCACCTGATGCTGCCACTC
CCGCGCCTCCAGATGCTGCAACGCCAGCTCCCCCTGATGCTGCGACGCCT

GCTCCTCCAGATGCAGCTACACCGGCTCCTCCTGATGCAGCTACGCCTGCA
CCGCCTGACGCTGCTACGCCAGCACCTCCCGACGCAGCCACTCCTGCACC

TCCTGATGCGGCCACTCCAGCGCCCCCGGATGCAGCTACTCCTGCTCCACC
GGACGCCGCAACTCCCGCCCCTCCGGACGCAGCTACTCCCGCTCCCCCAG

ATGCAGCAACCCCTGCACCCCCCGACGCGGCCACCCCTGCCCCACCAGAT

GCCGCCACTCCGGCACCACCCGACGCTGCGACTCCCGCACCTCCAGACGC

GGCTACACCAGCTCCTCCCGCCTCAGG (SEQ ID NO:58)

Synthetic 2, DAATPAPP x80 (Syn2_80)

Amino acid sequence:
LYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWGQD
VTSV[DAATPAPP]30ASG (SEQ ID NO:30)[SEQ ID NO:3]s0ASG

c¢DNA sequence:
TGTACATGGACATGGTCGCTGTGAGTATGACCAGCAGCGTACTCTCCAGC
CACAGCCCCGGTTCAGGCTCCTCCACCACTCAGGGACAGGATGTCACTCT
GGCCCCGGCCACGGAACCAGCTTCAGGTTCAGCTGCCACCTGGGGACAGG
ATGTCACCTCGGTCGATGCAGCTACCCCGGCTCCACCCGATGCGGCAACA
CCAGCCCCTCCCGATGCAGCAACACCTGCTCCCCCCGATGCTGCTACCCCT
GCTCCGCCTGATGCTGCAACTCCAGCTCCGCCCGATGCCGCTACACCTGCC
CCCCCTGACGCCGCCACGCCCGCTCCTCCGGATGCTGCAACCCCAGCACC
CCCAGACGCCGCTACCCCAGCTCCACCAGATGCTGCTACACCCGCACCAC
CTGATGCCGCAACACCGGCGCCTCCTGATGCTGCTACTCCAGCCCCACCTG
ATGCAGCAACTCCTGCGCCACCAGACGCTGCCACACCTGCACCACCAGAT
GCAGCCACACCAGCACCGCCAGACGCAGCAACGCCGGCTCCGCCAGATG
CAGCGACACCAGCGCCACCTGACGCAGCGACTCCAGCACCACCGGATGCG
GCTACCCCCGCTCCGCCGGACGCGGCGACTCCTGCCCCTCCTGACGCGGC
AACTCCGGCCCCTCCAGATGCGGCGACCCCAGCCCCGCCGGATGCCGCGA
CTCCGGCTCCCCCGGACGCTGCAACACCCGCTCCACCTGATGCTGCCACTC
CCGCGCCTCCAGATGCTGCAACGCCAGCTCCCCCTGATGCTGCGACGCCT
GCTCCTCCAGATGCAGCTACACCGGCTCCTCCTGATGCAGCTACGCCTGCA
CCGCCTGACGCTGCTACGCCAGCACCTCCCGACGCAGCCACTCCTGCACC
TCCTGATGCGGCCACTCCAGCGCCCCCGGATGCAGCTACTCCTGCTCCACC
GGACGCCGCAACTCCCGCCCCTCCGGACGCAGCTACTCCCGCTCCCCCAG
ATGCAGCAACCCCTGCACCCCCCGACGCGGCCACCCCTGCCCCACCAGAT
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GCCGCCACTCCGGCACCACCCGACGCTGCGACTCCCGCACCTCCAGACGC
GGCTACACCAGCTCCTCCCGATGCAGCTACCCCGGCTCCACCCGATGCGG
CAACACCAGCCCCTCCCGATGCAGCAACACCTGCTCCCCCCGATGCTGCT

ACCCCTGCTCCGCCTGATGCTGCAACTCCAGCTCCGCCCGATGCCGCTACA
CCTGCCCCCCCTGACGCCGCCACGCCCGCTCCTCCGGATGCTGCAACCCCA
GCACCCCCAGACGCCGCTACCCCAGCTCCACCAGATGCTGCTACACCCGC
ACCACCTGATGCCGCAACACCGGCGCCTCCTGATGCTGCTACTCCAGCCC

CACCTGATGCAGCAACTCCTGCGCCACCAGACGCTGCCACACCTGCACCA
CCAGATGCAGCCACACCAGCACCGCCAGACGCAGCAACGCCGGCTCCGCC
AGATGCAGCGACACCAGCGCCACCTGACGCAGCGACTCCAGCACCACCG

GATGCGGCTACCCCCGCTCCGCCGGACGCGGCGACTCCTGCCCCTCCTGA

CGCGGCAACTCCGGCCCCTCCAGATGCGGCGACCCCAGCCCCGCCGGATG
CCGCGACTCCGGCTCCCCCGGACGCTGCAACACCCGCTCCACCTGATGCT

GCCACTCCCGCGCCTCCAGATGCTGCAACGCCAGCTCCCCCTGATGCTGC

GACGCCTGCTCCTCCAGATGCAGCTACACCGGCTCCTCCTGATGCAGCTAC
GCCTGCACCGCCTGACGCTGCTACGCCAGCACCTCCCGACGCAGCCACTC

CTGCACCTCCTGATGCGGCCACTCCAGCGCCCCCGGATGCAGCTACTCCTG
CTCCACCGGACGCCGCAACTCCCGCCCCTCCGGACGCAGCTACTCCCGCT

CCCCCAGATGCAGCAACCCCTGCACCCCCCGACGCGGCCACCCCTGCCCC
ACCAGATGCCGCCACTCCGGCACCACCCGACGCTGCGACTCCCGCACCTC
CAGACGCGGCTACACCAGCTCCTCCCGCCTCAGG (SEQ ID NO:59)

Synthetic 3, PPASTSAPG x40 (Syn3_40)

Amino acid sequence:
LYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWGQD
VTSV[PPASTSAPG]#ASG (SEQ ID NO:30)[SEQ ID NO:4]4%©ASG

c¢DNA sequence:
TGTACATGGACATGGTCGCTGTGAGTATGACCAGCAGCGTACTCTCCAGC
CACAGCCCCGGTTCAGGCTCCTCCACCACTCAGGGACAGGATGTCACTCT
GGCCCCGGCCACGGAACCAGCTTCAGGTTCAGCTGCCACCTGGGGACAGG
ATGTCACCTCGGTCCCACCTGCATCTACCAGTGCCCCGGGTCCACCTGCCT
CTACTAGCGCCCCAGGACCTCCGGCAAGTACATCAGCGCCAGGACCCCCT
GCTTCCACTAGTGCACCCGGTCCCCCGGCATCTACGTCTGCCCCTGGCCCA
CCTGCTTCAACTTCAGCACCAGGACCACCCGCAAGCACATCAGCCCCAGG
CCCTCCCGCCTCTACAAGCGCTCCGGGGCCTCCGGCCTCTACCTCAGCTCC
AGGCCCACCAGCCAGCACTTCAGCCCCTGGTCCACCCGCTTCAACCTCAG
CACCCGGACCTCCTGCCTCAACTTCCGCTCCCGGTCCACCAGCTAGTACCT
CTGCTCCGGGCCCTCCGGCGAGCACGTCAGCACCGGGACCACCTGCGAGT
ACAAGTGCACCTGGCCCGCCCGCTAGCACAAGTGCCCCCGGTCCTCCAGC
ATCCACTAGTGCACCAGGGCCTCCAGCCAGCACTAGTGCGCCGGGTCCCC
CCGCGAGTACGTCAGCTCCGGGACCTCCAGCTTCTACATCTGCTCCTGGGC
CCCCTGCATCAACTAGTGCCCCTGGACCACCGGCTAGTACGTCAGCTCCTG
GTCCCCCTGCCAGTACTAGCGCTCCAGGGCCACCAGCAAGTACGAGCGCA
CCAGGCCCCCCAGCCTCTACGAGTGCACCGGGTCCTCCTGCAAGTACCTC
CGCTCCAGGTCCTCCGGCTTCAACGTCCGCACCTGGACCTCCCGCGTCCAC
ATCAGCTCCCGGCCCTCCAGCGAGTACTTCTGCTCCCGGACCACCAGCGTC
CACATCTGCGCCTGGTCCTCCCGCTAGTACCTCTGCACCTGGTCCGCCGGC
CAGTACAAGTGCTCCCGGGCCTCCCGCATCAACATCTGCACCAGGTCCAC
CGGCGTCTACTAGTGCCCCAGGTCCCCCAGCTTCAACATCAGCACCTGGG
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CCGCCTGCTAGTACATCCGCTCCTGGACCCCCAGCAAGTACTTCCGCCCCT
GGGCCTCCTGCTTCTACTTCAGCTCCTGGCCCTCCTGCGTCAACTAGTGCT
CCAGGACCGCCAGCTAGTACTTCCGCGCCCGGTGCCTCAGG (SEQ ID
NO:60)

Optical Reporter

1. mOxGFP

Amino acid sequence:
SGSASGSAMVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLT
LKFISTTGKLPVPWPTLVTTLTYGVQSFSRYPDHMKRHDFFKSAMPEGYVQE
RTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSH
NVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHY
LSTQSKLSKDPNEKRDHMVLLEFVTAAGITHGMDELYKGSA (SEQ ID NO:31)

c¢DNA sequence:
CCTCAGGCTCTGCATCAGGCTCAGCTATGGTGTCCAAGGGCGAGGAGCTG
TTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGG
CCACAAGTTCTCCGTGCGGGGCGAGGGCGAGGGCGATGCCACCAACGGC
AAGCTGACCCTGAAGTTCATCAGCACCACCGGCAAGCTGCCCGTGCCCTG
GCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGAGCTTCTCCCGCTA
CCCCGACCACATGAAGCGCCACGACTTCTTCAAGAGCGCCATGCCCGAAG
GCTACGTCCAGGAGCGCACCATCTCCTTCAAGGACGACGGCACCTACAAG
ACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGA
GCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAG
CTGGAGTACAACTTCAACTCCCACAACGTCTATATCACCGCCGACAAGCA
GAAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACGTGGAGGAC
GGCTCCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGA
CGGCCCCGTGCTGCTGCCCGACAACCACTACCTGTCCACCCAGTCCAAGC
TGTCCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTTCTGGAATTC
GTGACCGCCGCCGGGATCACTCACGGCATGGACGAGCTGTATAAGGGCTC
AGC (SEQ ID NO:61)

Membrane Anchor

1. Native TM

Amino acid sequence:
SASTLVHNGTSARATTTPASKSTPFSIPSHHSDTPTTLASHSTKTDASSTHHSSV
PPLTSSNHSTSPQLSTGVSFFFLSFHISNLQFNSSLEDPSTDYYQELQRDISEMFL
QIYKQGGFLGLSNIKFRPGSVVVQLTLAFREGTINVHDVETQFNQYKTEAASR
YNLTISDVSVSDVPFPFSAQSGAGVPGWGIALLVLVCVLVALAIVYLIALAVC
QCRRK* (SEQ ID NO:32)

c¢DNA sequence:

GCTCAGCTTCTACTCTGGTGCACAACGGCACCTCTGCCAGGGCTACCACA
ACCCCAGCCAGCAAGAGCACTCCATTCTCAATTCCCAGCCACCACTCTGA
TACTCCTACCACCCTTGCCAGCCATAGCACCAAGACTGATGCCAGTAGCA
CTCACCATAGCTCGGTACCTCCTCTCACCTCCTCCAATCACAGCACTTCTC
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CCCAGTTGTCTACTGGGGTCTCTTTCTTTTTCCTGTCTTTTCACATTTCAAA

CCTCCAGTTTAATTCCTCTCTGGAAGATCCCAGCACCGACTACTACCAAGA
GCTGCAGAGAGACATTTCTGAAATGTTTTTGCAGATTTATAAACAAGGGG

GTTTTCTGGGCCTCTCCAATATTAAGTTCAGGCCAGGATCTGTGGTGGTAC
AATTGACTCTGGCCTTCCGAGAAGGTACCATCAATGTCCACGACGTGGAG

ACACAGTTCAATCAGTATAAAACGGAAGCAGCCTCTCGATATAACCTGAC

GATCTCAGACGTCAGCGTGAGTGATGTGCCATTTCCTTTCTCTGCCCAGTC

TGGGGCTGGGGTGCCAGGCTGGGGCATCGCGCTGCTGGTGCTGGTCTGTG

TTCTGGTTGCGCTGGCCATTGTCTATCTCATTGCCTTGGCTGTCTGTCAGTG
CCGCCGAAAGTAGGGAATTC (SEQ ID NO:62)

Synthetic TM TM21

Amino acid sequence:
ASGILYWRNPTESDSIVLAIIVPSLLLLLCLALLWYMRRRSM* (SEQ ID NO:49)

c¢DNA sequence:
CCTCAGGCATACTTTATTGGCGAAACCCAACGGAAAGTGATAGCATCGTT
TTGGCAATTATCGTCCCCAGTCTGCTCCTCTTGCTCTGCCTGGCTTTGTTGT
GGTACATGCGCCGACGAAGTATGTAGGAATTC (SEQ ID NO:63)

Cytoplasmic Motif

1.

Native CT

Amino acid sequence:
SRCQCRRKNYGQLDIFPARDTYHPMSEYPTYHTHGRY VPPSSTDRSPYEKVS
AGNGGSSLSYTNPAVAAASANL* (SEQ ID NO:33)

c¢DNA sequence:
TCTAGATGTCAGTGCCGCCGAAAGAACTACGGGCAGCTGGACATCTTTCC
AGCCCGGGATACCTACCATCCTATGAGCGAGTACCCCACCTACCACACCC
ATGGGCGCTATGTGCCCCCTAGCAGTACCGATCGTAGCCCCTATGAGAAG
GTTTCTGCAGGTAAtGGTGGCAGCAGCCTCTCTTACACAAACCCAGCAGTG
GCAGCCGCTTCTGCCAACTTGTAGGAATTC (SEQ ID NO:64)

CQC

Amino acid sequence:

SRCQCRRK* (SEQ ID NO:34)

c¢DNA sequence:
TCTAGATGTCAGTGCCGCCGAAAGTAGGAATTC (SEQ ID NO:65)

List of Constructs

A e

Membrane Associated Mucin
pcDNA3.1+ Mucl 0 TM21

pcDNA3.1+ Mucl 10 TM21
pcDNA3.1+ Mucl 21 TM21
pcDNA3.1+ Mucl 42 TM21
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41.
42.
43.
44.
45.

pcDNA3.1+ Mucl _21S_TM21
pcDNA3.1+ Mucl 21D TM21
pcDNA3.1+ Mucl 21T TM21
pcDNA3.1+ Mucl 10 TM21 CT
pcDNA3.1+ Mucl 10 TM21 CQC

.pcDNA3.1+ Mucl 10 dCT

. pcDNA3.1+ Mucl 10 FL

. pcDNA3.1+ Mucl Syn4 20 TM21

. pcDNA3.1+ Mucl Synl 40 TM21

. pcDNA3.1+ Mucl Syn2 40 TM21

. pcDNA3.1+ Mucl Syn3 40 TM21

. pcDNA3.1+ Mucl Synl 80 TM21

. pcDNA3.1+ Mucl Syn2 80 TM21

.pPB_Tet Mucl TM21 IRES2 copGFP rtTAsM2 IRES NeoR
.pPB_Tet Mucl 42 TM21 IRES2 copGFP_rtTAsM2 IRES NeoR
.pPB_Tet Mucl 21 TM21 IRES2 copGFP_rtTAsM2 IRES NeoR
.pPB_Tet Mucl 10 TM21 IRES2 copGFP_rtTAsM2 IRES NeoR
.pPB_Tet Mucl 0 TM21 IRES2 copGFP rtTAsM2 IRES NeoR
.pPB_Tet Mucl 21D TM21 IRES2 copGFP_rtTAsM2 IRES NeoR
.pPB_Tet Mucl 21T TM21 IRES2 copGFP rtTAsM2 IRES NeoR
.pLV puro teton Mucl 42 dCT

.pLV puro teton Mucl dCT

.pPB_Mucl mOxGFP _dCT Blpl

.pPB_Mucl 42 mOxGFP _dCT Blpl

.pPB_Mucl 21 mOxGFP dCT Blpl

.pPB_Mucl 10 mOxGFP _dCT Blpl

.pPB_Mucl 0 mOxGFP_dCT Blpl

.pPB_Mucl 21S mOxGFP_dCT Blpl

.pPB_Mucl 21D mOxGFP dCT Blpl

.pPB_Mucl 21T mOxGFP dCT Blpl

.pPB_Mucl Syn4 20 mOxGFP_dCT Blpl

.pPB_Mucl Synl 40 mOxGFP_dCT Blpl

.pPB_Mucl Syn2 40 mOxGFP_dCT Blpl

.pPB_Mucl Syn3 40 mOxGFP_dCT Blpl

.pPB_Mucl Synl 80 mOxGFP dCT Blpl

.pPB_Mucl Syn2 80 mOxGFP _dCT Blpl

Secreted Mucin

pPB Tet SumoStar Mucl 42 rtTAsM2 IRES NeoR
pPB Tet SumoStar Mucl 21T rtTAsM2 IRES NeoR
pPB Tet SumoStar Mucl 21D rtTAsM2 IRES NeoR
pPB Tet SumoStar Mucl 21S rtTAsM2 IRES NeoR
pPB Tet SumoStar Mucl 21 rtTAsM2 IRES NeoR
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46. pPB_Tet SumoStar Mucl 0 rtTAsM2 IRES NeoR

47. pPB_Tet SumoStar Mucl Synl 40 rtTAsM2 IRES NeoR
48. pPB_Tet SumoStar Mucl Syn2 40 rtTAsM2 IRES NeoR
49. pPB_Tet SumoStar Mucl Syn3 40 rtTAsM2 IRES NeoR
50. pPB_Tet SumoStar Mucl Synl 80 rtTAsM2 IRES NeoR
51. pPB_Tet SumoStar Mucl Syn2 80 rtTAsM2 IRES NeoR

The following sequence are representative amino acid sequences for mucin
and lubricin constructs, as further described herein, and for which the entire sequences,
including the N-terminal signal sequence, tandem repeat domain, fluorescent optical
reporter (GFP in these sequence), the transmembrane domain to the cytoplasmic tail domain.
It will be recognized that the GFP sequence may be, omitted or substituted by any other
amino acid sequence, including but not limited to the sequence of other detectable proteins,
or second polypeptides, as described above. The alphnuermic names given above each

sequence are names of the sequences, rather than sequences themselves.

1. PDTRPAPGSTAPPAHGVTSA 42
Mucl 42 mOxGFP dCT Bipl

MTPGTQSPFFLLLLLTVLTVVTGSGHASSTPGGEKETSATQRSSVPSSTEKNADYK
DDDDLYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWG
QDVTSVPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGS
TAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTS
APDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAH
GVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGST
APPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRP
APGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSA
PDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHG
VTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAP
PAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAP
GSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPD
TRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGV
TSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPP
AHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPG
STAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDT
RPAPGSTAPPAHGVTSAASGSASGSAMVSKGEELFTGVVPILVELDGDVNGHKFS
VRGEGEGDATNGKLTLKFISTTGKLPVPWPTLVTTLTYGVQSFSRYPDHMKRHD
FFKSAMPEGY VQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNIL
GHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHY QQNTPIGDG
PVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITHGMDELYKGSASTLV
HNGTSARATTTPASKSTPFSIPSHHSDTPTTLASHSTKTDASSTHHSSVPPLTSSNH
STSPQLSTGVSFFFLSFHISNLQFNSSLEDPSTDY YQELQRDISEMFLQIYKQGGFL
GLSNIKFRPGSVVVQLTLAFREGTINVHDVETQFNQYKTEAASRYNLTISDVSVS
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DVPFPFSAQSGAGVPGWGIALLVLVCVLVALAIVYLIALAVCQCRRK* (SEQ ID
NO:35)

. PDTRPAPGSTAPPAHGVTSA 21

Mucl 21 mOxGFP dCT Bipl

MTPGTQSPFFLLLLLTVLTVVTGSGHASSTPGGEKETSATQRSSVPSSTEKNADYK
DDDDLYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWG
QDVTSVPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGS
TAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTS
APDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAH
GVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGST
APPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRP
APGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSA
PDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAASGSASGSAMVSKGE
ELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFISTTGKLPVPWPTL
VTTLTYGVQSFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKF
EGDTLVNRIELK GIDFKEDGNILGHKLEYNFNSHNVYITADK QKNGIK ANFKIRH
NVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEF
VTAAGITHGMDELYKGSASTLVHNGTSARATTTPASKSTPFSIPSHHSDTPTTLAS
HSTKTDASSTHHSSVPPLTSSNHSTSPQLSTGVSFFFLSFHISNLQFNSSLEDPSTDY
YQELQRDISEMFLQIYKQGGFLGLSNIKFRPGSVVVQLTLAFREGTINVHDVETQF
NQYKTEAASRYNLTISDVSVSDVPFPFSAQSGAGVPGWGIALLVLVCVLVALAIV
YLIALAVCQCRRK* (SEQ ID NO:36)

. PDTRPAPGSTAPPAHGVTSA 10

Mucl 10 TM21 CT

MTPGTQSPFFLLLLLTVLTVVTGSGHASSTPGGEKETSATQRSSVPSSTEKNADYK
DDDDLYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWG
QDVTSVPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGS
TAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTS
APDTRPAPGSTAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAASGILYWRNPTESD
SIVLAIIVPSLLLLLCLALLWYSRCQCRRKNYGQLDIFPARDTYHPMSEYPTYHTH
GRYVPPSSTDRSPYEKVSAGNGGSSLSYTNPAVAAASANL*(SEQ ID NO:37)

. PDTRPAPGSTAPPAHGVTSA 0

Mucl 0 mOxGFP dCT Bipl

MTPGTQSPFFLLLLLTVLTVVTGSGHASSTPGGEKETSATQRSSVPSSTEKNADYK
DDDDLYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWG
QDVTSVGGGGGASGSASGSAMVSKGEELFTGVVPILVELDGDVNGHKFSVRGEG
EGDATNGKLTLKFISTTGKLPVPWPTLVTTLTYGVQSFSRYPDHMKRHDFFKSA
MPEGYVQERTISFKDDGTYKTRAEVKFEGDTL VNRIELKGIDFKEDGNILGHKLE
YNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLP
DNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITHGMDELYKGSASTLVHNGTS
ARATTTPASKSTPFSIPSHHSDTPTTLASHSTKTDASSTHHSSVPPLTSSNHSTSPQL
STGVSFFFLSFHISNLQFNSSLEDPSTDYYQELQRDISEMFLQIYKQGGFLGLSNIK
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FRPGSVVVQLTLAFREGTINVHDVETQFNQYKTEAASRYNLTISDVSVSDVPFPFS
AQSGAGVPGWGIALLVLVCVLVALAIVYLIALAVCQCRRK* * (SEQ ID NO:38)

. PDTRPAPGATAPPAHGVTSA 21

Mucl 21S mOxGFP dCT Bipl

MTPGTQSPFFLLLLLTVLTVVTGSGHASSTPGGEKETSATQRSSVPSSTEKNADYK
DDDDLYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWG
QDVTSVPDTRPAPGATAPPAHGVTSAPDTRPAPGATAPPAHGVTSAPDTRPAPGA
TAPPAHGVTSAPDTRPAPGATAPPAHGVTSAPDTRPAPGATAPPAHGVTSAPDTR
PAPGATAPPAHGVTSAPDTRPAPGATAPPAHGVTSAPDTRPAPGATAPPAHGVTS
APDTRPAPGATAPPAHGVTSAPDTRPAPGATAPPAHGVTSAPDTRPAPGATAPPA
HGVTSAPDTRPAPGATAPPAHGVTSAPDTRPAPGATAPPAHGVTSAPDTRPAPGA
TAPPAHGVTSAPDTRPAPGATAPPAHGVTSAPDTRPAPGATAPPAHGVTSAPDTR
PAPGATAPPAHGVTSAPDTRPAPGATAPPAHGVTSAPDTRPAPGATAPPAHGVTS
APDTRPAPGATAPPAHGVTSAPDTRPAPGATAPPAHGVTSAASGSASGSAMVSK
GEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFISTTGKLPVPWP
TLVTTLTYGVQSFSRYPDHMKRHDFFKSAMPEGY VQERTISFKDDGTYKTRAEV
KFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIK ANFKIR
HNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLE
FVTAAGITHGMDEL YKGSASTLVHNGTSARATTTPASKSTPFSIPSHHSDTPTTLA
SHSTKTDASSTHHSSVPPLTSSNHSTSPQLSTGVSFFFLSFHISNLQFNSSLEDPSTD
YYQELQRDISEMFLQIYKQGGFLGLSNIKFRPGSVVVQLTLAFREGTINVHDVET
QFNQYKTEAASRYNLTISDVSVSDVPFPFSAQSGAGVPGWGIALLVLVCVLVALA
IVYLIALAVCQCRRK* (SEQ ID NO:39)

. PDTRPAPGATAPPAHGVTAA 21

Mucl 21D mOxGFP dCT Bipl

MTPGTQSPFFLLLLLTVLTVVTGSGHASSTPGGEKETSATQRSSVPSSTEKNADYK
DDDDLYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWG
QDVTSVPDTRPAPGATAPPAHGVTAAPDTRPAPGATAPPAHGVTAAPDTRPAPG
ATAPPAHGVTAAPDTRPAPGATAPPAHGVTAAPDTRPAPGATAPPAHGVTAAPD
TRPAPGATAPPAHGVTAAPDTRPAPGATAPPAHGVTAAPDTRPAPGATAPPAHG
VTAAPDTRPAPGATAPPAHGVTAAPDTRPAPGATAPPAHGVTAAPDTRPAPGAT
APPAHGVTAAPDTRPAPGATAPPAHGVTAAPDTRPAPGATAPPAHGVTAAPDTR
PAPGATAPPAHGVTAAPDTRPAPGATAPPAHGVTAAPDTRPAPGATAPPAHGVT
AAPDTRPAPGATAPPAHGVTAAPDTRPAPGATAPPAHGVTAAPDTRPAPGATAP
PAHGVTAAPDTRPAPGATAPPAHGVTAAPDTRPAPGATAPPAHGVTAAASGSAS
GSAMVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFISTTG
KLPVPWPTLVTTLTYGVQSFSRYPDHMKRHDFFKSAMPEGY VQERTISFKDDGT
YKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNG
IKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKR
DHMVLLEFVTAAGITHGMDELYKGSASTLVHNGTSARATTTPASKSTPFSIPSHH
SDTPTTLASHSTKTDASSTHHSSVPPLTSSNHSTSPQLSTGV SFFFLSFHISNLQFNS
SLEDPSTDYYQELQRDISEMFLQIYKQGGFLGLSNIKFRPGSVVVQLTLAFREGTI
NVHDVETQFNQYKTEAASRYNLTISDVSVSDVPFPFSAQSGAGVPGWGIALLVL
VCVLVALAIVYLIALAVCQCRRK* (SEQ ID NO:40)

7. PDARPAPGATAPPAHGVTAA 21
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Mucl 21T mOxGFP dCT Bipl

MTPGTQSPFFLLLLLTVLTVVTGSGHASSTPGGEKETSATQRSSVPSSTEKNADYK
DDDDLYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWG
QDVTSVPDARPAPGATAPPAHGVTAAPDARPAPGATAPPAHGVTAAPDARPAPG
ATAPPAHGVTAAPDARPAPGATAPPAHGVTAAPDARPAPGATAPPAHGVTAAPD
ARPAPGATAPPAHGVTAAPDARPAPGATAPPAHGVTAAPDARPAPGATAPPAHG
VTAAPDARPAPGATAPPAHGVTAAPDARPAPGATAPPAHGVTAAPDARPAPGAT
APPAHGVTAAPDARPAPGATAPPAHGVTAAPDARPAPGATAPPAHGVTAAPDA
RPAPGATAPPAHGVTAAPDARPAPGATAPPAHGVTAAPDARPAPGATAPPAHGV
TAAPDARPAPGATAPPAHGVTAAPDARPAPGATAPPAHGVTAAPDARPAPGATA
PPAHGVTAAPDARPAPGATAPPAHGVTAAPDARPAPGATAPPAHGVTAAASGSA
SGSAMVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFISTT
GKLPVPWPTLVTTLTYGVQSFSRYPDHMKRHDFFKSAMPEGY VQERTISFKDDG
TYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKN
GIKANFKIRHNVEDGSVQLADHYQOQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEK
RDHMVLLEFVTAAGITHGMDELYKGSASTLVHNGTSARATTTPASKSTPFSIPSH
HSDTPTTLASHSTKTDASSTHHSSVPPLTSSNHSTSPQLSTGVSFFFLSFHISNLQFN
SSLEDPSTDY YQELQRDISEMFLQIYKQGGFLGLSNIKFRPGSVVVQLTLAFREGTI
NVHDVETQFNQYKTEAASRYNLTISDVSVSDVPFPFSAQSGAGVPGWGIALLVL
VCVLVALAIVYLIALAVCQCRRK*(SEQ ID NO:41)

. KEPAPTTP 20 (Syn4_20)

Mucl Syn4 20 mOxGFP dCT Bipl

MTPGTQSPFFLLLLLTVLTVVTGSGHASSTPGGEKETSATQRSSVPSSTEKNADYK
DDDDLYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWG
QDVTSVKEPAPTTPKEPAPTTPKEPAPTTPKEPAPTTPKEPAPTTPKEPAPTTPKEP
APTTPKEPAPTTPKEPAPTTPKEPAPTTPKEPAPTTPKEPAPTTPKEPAPTTPKEPAP
TTPKEPAPTTPKEPAPTTPKEPAPTTPKEPAPTTPKEPAPTTPKEPAPTTPASGSASG
SAMVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFISTTGK
LPVPWPTLVTTLTYGVQSFSRYPDHMKRHDFFKSAMPEGY VQERTISFKDDGTY
KTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGI
KANFKIRHNVEDGSVQLADHYQOQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKR
DHMVLLEFVTAAGITHGMDELYKGSASTLVHNGTSARATTTPASKSTPFSIPSHH
SDTPTTLASHSTKTDASSTHHSSVPPLTSSNHSTSPQLSTGV SFFFLSFHISNLQFNS
SLEDPSTDYYQELQRDISEMFLQIYKQGGFLGLSNIKFRPGSVVVQLTLAFREGTI
NVHDVETQFNQYKTEAASRYNLTISDVSVSDVPFPFSAQSGAGVPGWGIALLVL
VCVLVALAIVYLIALAVCQCRRK*(SEQ ID NO:42)

. DAATPAP_40 (Synl_40)

Mucl Synl 40 mOxGFP dCT Bipl

MTPGTQSPFFLLLLLTVLTVVTGSGHASSTPGGEKETSATQRSSVPSSTEKNADYK
DDDDLYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWG
QDVTSVDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPA
PDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAAT
PAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDA
ATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAP
DAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATP
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APDAATPAPDAATPAPASGSASGSAMVSKGEELFTGVVPILVELDGDVNGHKFS
VRGEGEGDATNGKLTLKFISTTGKLPVPWPTLVTTLTYGVQSFSRYPDHMKRHD
FFKSAMPEGY VQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNIL
GHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHY QQNTPIGDG
PVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITHGMDELYKGSASTLV
HNGTSARATTTPASKSTPFSIPSHHSDTPTTLASHSTKTDASSTHHSSVPPLTSSNH
STSPQLSTGVSFFFLSFHISNLQFNSSLEDPSTDY YQELQRDISEMFLQIYKQGGFL
GLSNIKFRPGSVVVQLTLAFREGTINVHDVETQFNQYKTEAASRYNLTISDVSVS
DVPFPFSAQSGAGVPGWGIALLVLVCVLVALAIVYLIALAVCQCRRK* (SEQ ID
NO:43)

DAATPAP_80 (Synl_80)
Mucl Synl 80 mOxGFP dCT Bipl

MTPGTQSPFFLLLLLTVLTVVTGSGHASSTPGGEKETSATQRSSVPSSTEKNADYK
DDDDLYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWG
QDVTSVDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPA
PDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAAT
PAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDA
ATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAP
DAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATP
APDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAA
TPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPD
AATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPA
PDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAAT
PAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDAATPAPDA
ATPAPDAATPAPDAATPAPDAATPAPASGSASGSAMVSKGEELFTGVVPILVELD
GDVNGHKFSVRGEGEGDATNGKLTLKFISTTGKLPVPWPTLVTTLTYGVQSFSR
YPDHMKRHDFFKSAMPEGY VQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKG
IDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIK ANFKIRHNVEDGSVQLADH
YQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITHGMDE
LYKGSASTLVHNGTSARATTTPASKSTPFSIPSHHSDTPTTLASHSTKTDASSTHHS
SVPPLTSSNHSTSPQLSTGVSFFFLSFHISNLQFNSSLEDPSTDY YQELQRDISEMFL
QIYKQGGFLGLSNIKFRPGSVVVQLTLAFREGTINVHDVETQFNQYKTEAASRYN
LTISDVSVSDVPFPFSAQSGAGVPGWGIALLVLVCVLVALAIVYLIALAVCQCRR
K* (SEQ ID NO:44)

DAATPAPP_40 (Syn2_40)
Mucl Synl 40 mOxGFP dCT Bipl

MTPGTQSPFFLLLLLTVLTVVTGSGHASSTPGGEKETSATQRSSVPSSTEKNADYK
DDDDLYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWG
QDVTSVDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPD
AATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPP
DAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAP
PDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPA
PPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATP
APPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPASGS
ASGSAMVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFIST
TGKLPVPWPTLVTTLTYGVQSFSRYPDHMKRHDFFKSAMPEGY VQERTISFKDD
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GTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQK
NGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNE
KRDHMVLLEFVTAAGITHGMDELYKGSASTLVHNGTSARATTTPASKSTPFSIPS
HHSDTPTTLASHSTKTDASSTHHSSVPPLTSSNHSTSPQLSTGVSFFFLSFHISNLQF
NSSLEDPSTDYYQELQRDISEMFLQIYKQGGFLGLSNIKFRPGSVVVQLTLAFREG
TINVHDVETQFNQYKTEAASRYNLTISDVSVSDVPFPFSAQSGAGVPGWGIALLV
LVCVLVALAIVYLIALAVCQCRRK* (SEQ ID NO:45)

DAATPAPP_80 (Syn2_80)
Mucl Synl 40 mOxGFP dCT Bipl

MTPGTQSPFFLLLLLTVLTVVTGSGHASSTPGGEKETSATQRSSVPSSTEKNADYK
DDDDLYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWG
QDVTSVDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPD
AATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPP
DAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAP
PDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPA
PPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATP
APPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAAT
PAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAA
TPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDA
ATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPD
AATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPP
DAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAP
PDAATPAPPDAATPAPPDAATPAPPDAATPAPPDAATPAPPASGSASGSAMVSKG
EELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFISTTGKLPVPWPT
LVTTLTYGVQSFSRYPDHMKRHDFFKSAMPEGY VQERTISFKDDGTYKTRAEVK
FEGDTLVNRIELK GIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIK ANFKIRH
NVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEF
VTAAGITHGMDELYKGSASTLVHNGTSARATTTPASKSTPFSIPSHHSDTPTTLAS
HSTKTDASSTHHSSVPPLTSSNHSTSPQLSTGVSFFFLSFHISNLQFNSSLEDPSTDY
YQELQRDISEMFLQIYKQGGFLGLSNIKFRPGSVVVQLTLAFREGTINVHDVETQF
NQYKTEAASRYNLTISDVSVSDVPFPFSAQSGAGVPGWGIALLVLVCVLVALAIV
YLIALAVCQCRRK* (SEQ ID NO:46)

PPASTSAPG_40 (Syn3_40)
Mucl Synl 40 mOxGFP dCT Bipl

MTPGTQSPFFLLLLLTVLTVVTGSGHASSTPGGEKETSATQRSSVPSSTEKNADYK
DDDDLYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWG
QDVTSVPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTS
APGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGP
PASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPAST
SAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPG
PPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPAS
TSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAP
GPPASTSAPGPPASTSAPGASGSASGSAMVSKGEELFTGVVPILVELDGDVNGHK
FSVRGEGEGDATNGKLTLKFISTTGKLPVPWPTLVTTLTYGVQSFSRYPDHMKRH
DFFKSAMPEGY VQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNI
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LGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGD
GPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITHGMDELYKGSASTL
VHNGTSARATTTPASKSTPFSIPSHHSDTPTTLASHSTKTDASSTHHSSVPPLTSSN
HSTSPQLSTGVSFFFLSFHISNLQFNSSLEDPSTDYYQELQRDISEMFLQIYKQGGF
LGLSNIKFRPGSVVVQLTLAFREGTINVHDVETQFNQYKTEAASRYNLTISDVSVS
DVPFPFSAQSGAGVPGWGIALLVLVCVLVALAIVYLIALAVCQCRRK* (SEQ ID
NO:47)

PPASTSAPG_80 (Syn3_80)
Mucl Synl 40 mOxGFP dCT Bipl

MTPGTQSPFFLLLLLTVLTVVTGSGHASSTPGGEKETSATQRSSVPSSTEKNADYK
DDDDLYMDMVAVSMTSSVLSSHSPGSGSSTTQGQDVTLAPATEPASGSAATWG
QDVTSVPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTS
APGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGP
PASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPAST
SAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPG
PPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPAS
TSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAP
GPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPA
STSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSA
PGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPP
ASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTS
APGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGP
PASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPASTSAPGPPAST
SAPGPPASTSAPGPPASTSAPGPPASTSAPGASGSASGSAMVSKGEELFTGVVPILV
ELDGDVNGHKFSVRGEGEGDATNGKLTLKFISTTGKLPVPWPTLVTTLTYGVQS
FSRYPDHMKRHDFFKSAMPEGY VQERTISFKDDGTYKTRAEVKFEGDTLVNRIE
LKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLA
DHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITHGM
DELYKGSASTLVHNGTSARATTTPASKSTPFSIPSHHSDTPTTLASHSTKTDASST
HHSSVPPLTSSNHSTSPQLSTGVSFFFLSFHISNLQFNSSLEDPSTDYYQELQRDISE
MFLQIYKQGGFLGLSNIKFRPGSVVVQLTLAFREGTINVHDVETQFNQYKTEAAS
RYNLTISDVSVSDVPFPFSAQSGAGVPGWGIALLVLVCVLVALAIVYLIALAVCQ
CRRK (SEQ ID NO:48)

List of Constructs used in Part 1

Membrane Associated Mucin
52. pcDNA3.1+ Mucl 0 TM21
53. pcDNA3.1+ Mucl 10 TM21
54. pcDNA3.1+ Mucl 21 TM21
55. pcDNA3.1+ Mucl 42 TM21
56. pcDNA3.1+ Mucl 21S TM21
57. pcDNA3.1+ Mucl 21D TM21
58. pcDNA3.1+ Mucl 21T TM21
59. pcDNA3.1+ Mucl 10 T™M21 CT
60. pcDNA3.1+ Mucl 10 TM21 CQC
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61.
62.
63.
64.

65

71

83

93

pcDNA3.1+ Mucl 10 dCT
pcDNA3.1+ Mucl 10 FL
pcDNA3.1+ Mucl Syn4 20 TM21
pcDNA3.1+ Mucl Synl 40 TM21

. pcDNA3.1+ Mucl Syn2 40 TM21
66.
67.
68.
69.
70.

pcDNA3.1+ Mucl Syn3 40 TM21
pcDNA3.1+ Mucl Synl 80 TM21
pcDNA3.1+ Mucl Syn2 80 TM21
pcDNA3.1+ Mucl Syn3 80 TM21
pPB Tet Mucl TM21 IRES2 copGFP_rtTAsM2 IRES NeoR

.pPB_Tet Mucl 42 TM21 IRES2 copGFP rtTAsM2 IRES NeoR
72.
73.
74,
75.
76.
77.
78.
79
80.
81.
82.

pPB _Tet Mucl 21 TM21 IRES2 copGFP rtTAsM2 IRES NeoR
pPB _Tet Mucl 10 TM21 IRES2 copGFP rtTAsM2 IRES NeoR
pPB Tet Mucl 0 TM21 IRES2 copGFP rtTAsM2 IRES NeoR
pPB _Tet Mucl 21D _TM21 IRES2 copGFP rtTAsM2 IRES NeoR
pPB Tet Mucl 21T TM21 IRES2 copGFP rtTAsM2 IRES NeoR
pLV puro teton Mucl 42 dCT

pLV puro teton Mucl dCT

pPB_Mucl mOxGFP dCT Blpl

pPB Mucl 42 mOxGFP_dCT Blpl

pPB Mucl 21 mOxGFP_dCT Blpl

pPB Mucl 10 mOxGFP_dCT Blpl

.pPB_Mucl 0 mOxGFP_dCT Blpl
84.
85.
86.
87.
88.
89.
90.
91.
92.

pPB Mucl 21S mOxGFP_dCT Blpl
pPB Mucl 21D mOxGFP_dCT Blpl
pPB Mucl 21T mOxGFP dCT Blpl
pPB Mucl Syn4 20 mOxGFP_dCT Blpl
pPB Mucl Synl 40 mOxGFP_dCT Blpl
pPB Mucl Syn2 40 mOxGFP_dCT Blpl
pPB Mucl Syn3 40 mOxGFP_dCT Blpl
pPB Mucl Synl 80 mOxGFP_dCT Blpl
pPB Mucl Syn2 80 mOxGFP_dCT Blpl

Secreted Mucin

.pPB_Tet SumoStar Mucl 42 rtTAsM2 IRES NeoR
94.
95.
96.

pPB Tet SumoStar Mucl 21T rtTAsM2 IRES NeoR
pPB Tet SumoStar Mucl 21D rtTAsM2 IRES NeoR
pPB Tet SumoStar Mucl 21S rtTAsM2 IRES NeoR

97. pPB_Tet SumoStar Mucl 21 rtTAsM2 IRES NeoR

98. pPB_Tet SumoStar Mucl 0 rtTAsM2 IRES NeoR

99. pPB_Tet SumoStar Mucl Synl 40 rtTAsM2 IRES NeoR

100. pPB Tet SumoStar Mucl Syn2 40 rtTAsM2 IRES NeoR
101. pPB Tet SumoStar Mucl Syn3 40 rtTAsM2 IRES NeoR
102. pPB Tet SumoStar Mucl Synl 80 rtTAsM2 IRES NeoR
103. pPB Tet SumoStar Mucl Syn2 80 rtTAsM2 IRES NeoR

References cited in Part I - references listed in any part of this disclosure is not an

indication that any of the references are material to patentability.
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Part 11

This Part II of the disclosure illustrates mucin-coating technologies for protection and
reduced aggregation of cellular production systems.

In connection with this Part II, optimization of host-cell production systems with
improved yield and production reliability is desired in order to meet the increasing demand

for biologics with complex post-translational modifications. Prior to the present disclosure,
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aggregation of suspension-adapted mammalian cells remained a significant problem that can
limit the cellular density and per volume yield of bio-reactors. This Part II provides a
genetically encoded technology that directs the synthesis of anti-adhesive and protective
coatings on the cellular surface. We genetically encode new cell-surface coatings through the
fusion of engineered mucin domains to synthetic transmembrane anchors. Combined with
appropriate expression systems, the mucin coating technology directs the assembly of thick,
highly hydrated barriers to strongly mitigate cell aggregation and protect cells in suspension
against fluid shear stresses. The coating technology is demonstrated on suspension adapted
human 293-F cells, which resist clumping even in media formulations that otherwise would
induce extreme cell aggregation and show improved performance over commercially
available anti-clumping agent. The stable biopolymer coatings do not show deleterious
effects on cell proliferation rate, efficiency of transient transfection with cDNAs, or
recombinant protein expression. Overall, the mucin coating technology and engineered cell
lines described herein exhibit the ability to improve the single-cell growth and viability of
suspended cells in bioreactors.

This Part I1, as well as other parts of this disclosure, pertain to biopolymers referred to
in the art as mucins, which are utilized to reduce adhesion and fouling at biological
interfaces. Mucins are characterized by amino acid sequences rich in serine and threonine
residues, which are post-translationally modified with O-linked pendant glycan structures
(Thornton, Rousseau, & McGuckin, 2008). The bottlebrush molecular structure of mucins
confers an anti-adhesive characteristic that is used by biological systems for diverse purposes,
including antifouling coatings, lubrication, and modulation of cellular interactions (Jay &
Waller, 2014; Kuo, Gandhi, Zia, & Paszek, 2018; Paszek et al., 2014). Of the mucin family
members, Mucin-1 (Mucl) is recognized as an anti-adhesive protein that can interfere with
integrin- and cadherin-mediated cell interactions (Klinken, Dekker, Buller, & Einerhand,
1995; Wesseling, Valk, & Hilkens, 1996; Wesseling, van der Valk, Vos, Sonnenberg, &
Hilkens, 1995). The anti-adhesive properties of Mucl are conferred by its large ectodomain,
which is heavily O-glycosylated during trafficking to the cell surface. Neutral and anionic
sugar residues of the glycans can coordinate with water to form a highly hydrated barrier on
the cell surface (Gendler & Spicer, 1995).

In this Part II, novel mucin cDNAs and mucins encoded by them are described and
used to create a genetically-encoded technology for reduction of aggregation of human-cell
host production systems. In particular, the presently described mucin technology is improved,

tested, and refined for use, for example, as an anti-adhesive coating on host-cell production
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systems. As a non-limiting demonstration, we develop new 293-F cell lines with stable anti-
adhesive coatings and evaluate their performance in regards to proliferation rate, cell

aggregation, resistance to shear stress, and efficiency of transfection with plasmid DNA.

Materials and Methods
Antibodies and Reagents

The following antibodies were used: Human CD227 (555925, BD Biosciences)
(Mucl), B-Actin (sc-4778, Santa Cruz), Goat anti-Mouse IgG-HRP (sc-2005, Santa Cruz).
Lectins used were: Biotinylated Peanut Agglutinin (PNA; B-1075, Vector Laboratories),
CF568 PNA (29061, Biotium), CF640R PNA (29063, Biotium), CF633 Wheat Germ
Agglutinin (WGA,; 29024, Biotium). Biotinylated lectins were detected using ExtrAvidin-
Peroxidase (E2886, Sigma). To induce transactivator cell lines, doxycycline was used (sc-

204734, Santa Cruz). For gentamycin selection, G418 was used (10131035, Thermo Fisher).

Constructs

A tetracycline-inducible, transposon based Piggybac expression vector with an
integrated, co-expressed reverse tetracycline transactivator gene (pPB tet tTA NeoR) was
used for stable line generation. The pPB tet tTA NeoR plasmid was modified by the
insertion of the internal ribosome entry site (IRES) of the encephalomyocarditis virus
followed by the fluorescent protein copGFP into the Notl and Xbal sites (pPB tet IRES GFP
rtTA NeoR). Synthetic cDNAs containing either 21 or 42 tandem repeats (TR) of the amino
acid sequence PDTRPAPGSTAPPAHGVTSA (SEQ ID NO:8) were codon optimized with
codon scrambler (Tang & Chilkoti, 2016), generated through custom gene synthesis (General
Biosystems), and cloned in place of the native tandem repeats in pcDNA3.1 Mucl TM21 -
previously described in (Paszek et al., 2014; Shurer et al., 2017) — using the BamHI and
Bsu36lI restriction sites. The Mucl gene containing the engineered 21 or 42 tandem repeats
was then cloned into the pPB tet IRES GFP rtTA NeoR plasmid using the BamHI and EcoRI
sites to generate Muc1 42TR TM21 pPB tet IRES GFP rtTA NeoR and Mucl 21TR TM21
pPB tet IRES GFP rtTA NeoR plasmids used to make the Mucin-270 and Mucin-135
biopolymer cell lines, respectively. To produce the Mucin-0 cell line, the native Mucl
tandem repeats were deleted from the pcDNA3.1 Mucl TM21 through QS5 site directed
mutagenesis with 5’-TGGAGGAGCCTCAGGCATACTTTATTG-3’ ((SEQ ID NO:14)
forward) and 5’-CCACCGCCGACCGAGGTGACATCCTG-3’ ((SEQ ID NO:15) reverse)
primers. The Mucl gene with OTR was then cut from the pcDNA3.1 Mucl OTR TM21 and
cloned into the pPB tet IRES GFP rtTA NeoR plasmid via the BamHI and EcoRI sites. The
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plasmid pLV puro mRuby2 was used for transient transfection experiments with cytoplasmic
red fluorescent protein (RFP). For secreted RFP experiments, SS-mScarlet-1 pPB tet IRES
GFP rtTA NeoR plasmid was used. To construct this plasmid, the backbone was linearized
using BamHI-HF and EcoRI-HF. A dsDNA oligo encoding the Mucl signal sequence
(MTPGTQSPFFLLLLLTVLTVVTGS (SEQ ID NO:26)) fused by a linker (four Glycines
followed by a Serine) to mScarlet-I was ordered from Integrated DNA Technologies. This

fragment was inserted into the linearized backbone via NEB HiFi Assembly.

Cell Lines and Culture

FreeStyle 293-F Cells were obtained from Thermo Fisher Scientific. Cells were
cultured and maintained according to the manufacturer’s guidelines in an Eppendorf New
Brunswick s41i incubator in Erlenmeyer flasks. Cells were maintained between 0.5 x 10° and
3 x 10 cells/mL at 120 rpm, 37°C, and 8% CO: in FreeStyle 293 Expression Medium
(Thermo). Transfections were performed using polyethyleneimine (PEI) as previously
reported (Durocher et al., 2002). Genetically-encoded stable cell lines were created by co-
transfection of the pPB tet IRES GFP rtTA NeoR plasmids described above with a
hyperactive transposase plasmid (Shurer et al., 2017) and subsequently selected with 750
ug/mL of gentamycin for two weeks. Cell proliferation was quantified by cell counting on a

hemocytometer with trypan blue exclusion.

Confocal Microscopy

Samples were collected, pelleted at 200 rcf for S min, and fixed in 4%
paraformaldehyde for 10 minutes at room temperature. Samples were washed three times
with PBS. Cells were labeled with 1:1000 CF568 PNA for O-glycans and 1:1000 CF633
WGA for the cell membrane in PBS for 30 minutes at room temperature. Samples were
washed three times with PBS and imaged on a Zeiss LSM800 with a 63x water immersion

objective.

Flow Cytometry Analysis

All samples were measured using live cells, unless otherwise indicated. Cells were
harvested from suspension culture, pelleted at 200 rcf for 5 min, and resuspended in 0.5%
BSA PBS. Samples were filtered through a 0.22 um filter cap and analyzed on a BD FACS
Aria Fusion. For the doxycycline time-course, cells were induced with 1 ug/mL of
doxycycline. Cellular samples from the cultures were taken at the indicated time points,
pelleted at 200 rcf for 5 min, and fixed with 4% paraformaldehyde for 10 min at room

temperature. Samples were rinsed three times with PBS and stored at 4°C until flow
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cytometry analysis. Analysis of all flow cytometry data was performed using FlowJo

software.

Immuno- and Lectin Blot Analysis

Cells are inoculated at 0.5 x 10° cells/mL and grown overnight, 16-18 hr. Biopolymer
expression was then induced with 1 ug/mL doxycycline, and cells were grown with
doxycycline for an additional 48 hr. After 48 hr, a sample was taken for each cell line,
pelleted at 200 rcf for 5 min before the supernatant was separated, and the cell pellet was
lysed by resuspending in RIPA lysis buffer (Abcam), vortexing the sample for 30 seconds,
and heating to 98°C for 10 min. Lysates were frozen on liquid nitrogen and stored at -80°C.
Lysates were separated on Nupage 3-8% Tris-Acetate gels (Invitrogen) and transferred to
PVDF membranes. Membranes were blocked with 3% BSA TBST for 2 hr. Primary
antibodies were diluted 1:1000 and lectins were diluted to 1 pg/mL in 3% BSA TBST and
incubated on membranes overnight at 4°C. Secondary antibodies or ExtrAvidin were diluted
1:2000 in 3% BSA TBST and incubated for 2 hr at room temperature. Blots were developed
in Clarity ECL (BioRad) substrate and imaged on a ChemiDoc (BioRad) documentation

system.

PCR amplification of Mucin-270 transgene in the transfected 293F cells

To test for amplification or deletion of stably integrated Mucin-270 cDNAs in 293F
genomes, PCR amplification was performed with Q5 Hot start high-fidelity DNA polymerase
(New England Biolabs Inc., Ipswich, MA) using extracted genomic DNA as the template.
Genomic DNA was extracted with GeneJET genomic DNA purification kit (Thermo
Scientific., Waltham, MA). A total of 60 ng of genomic DNA was used for PCR
amplification. Primers: Mucin-270 FWD 5’-ATGACACCGGGCACCCAGTC-3’ (SEQ
NO:85) and Mucin-270 REV 5’-CTACATACTTCGTCGGCGCATGTAC-3’ (SEQ NO:86).
Size of amplicon is 2994 bp.

Cell Clumping Analysis

Cells were inoculated at 0.75 x 10° cells/mL and induced with 1 ug/mL doxycycline
after overnight growth (16-18 hr). Cells were then grown to a high cell density for an
additional 48 or 72 hr in the presence of 1 W/mL doxycycline. Cell density was quantified by
collecting sample of the culture, mixing thoroughly to dissociate large clumps, and counting
viable cells with a hemocytometer and trypan blue exclusion. For imaging, samples were
drawn with wide-bore pipette tips to reduce dissociation of large clumps and diluted in PBS

to approximately 6.75 x 10* cells/cm? for imaging in 2D. Phase contrast images were
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acquired on an Olympus IX81 microscope with a 10x objective. Fiji was used for image
processing (Schindelin et al., 2012). Two independent samples were collected and prepared
as technical replicates for imaging with three regions of interest imaged per technical
replicate. Three biological replicates were performed. Automated image analysis was
performed using custom analysis software adapted from a previous publication (Shurer et al.,
2017). Briefly, the analysis software located the center of each circular object. The
coordinates of each cell’s center were then used to calculate the Ripley’s K function in
MATLAB. The percent of single cells was calculated by counting the total number of cells
which do not have any neighboring cells within 19 pm and dividing by the total number of
cells in the image. Similarly, the percent of cells in various cluster sizes was calculated by
binning the cells into clusters based on the number of neighboring cells within 19 um.

To evaluate resistance to calcium induced cell aggregation, cultures were inoculated
at 0.5 x 10° cells/mL and induced with 1 ug/mL doxycycline after overnight growth (16-18
hr). After 48 hr, cells were resuspended at 4 x 10° cells/mL. The culture media was then
supplemented with 2 mM CaCla, 1:300 anti-clumping agent (Thermo Fisher, 0010057AE), or
both. Still images and videos of the cell suspension were acquired after 24 hr of treatment by
transferring the culture to a glass test tube. The concentration of cells in suspension was
determined by collecting duplicate samples from each culture after allowing the largest
aggregates to settle out of suspension for 20 seconds. Cell concentration was measured using

a hemocytometer and Trypan blue.

Shear Stress Experiments

Cells were inoculated at 0.5 x 10° cells/mL, grown overnight (16-18 hr), and induced
with 1 pg/mL doxycycline for 48 hr. Using a 5 mL syringe with a 16-gauge needle connected
to 6.5 in of 1.02 mm silicon tubing, cell suspensions were sheared by flowing through a 500
um constriction (Teflon tubing) at a constant force generated by a 1 kg mass applied to a
syringe with gravity. Samples were passed through the constriction five times. Cells were
then stained with 1 ug/mL CF640R PNA for 15 min at 4°C. Cells were washed with 0.5%
BSA PBS three times and then stained with Ethidium homodimer-1 (dead cell stain, Thermo
Fisher, L3224). Three biological replicates were performed, with two technical replicates for
each biological replicate. Percent dead cells was determined by measuring the fraction of
cells that had taken up the dead cell stain on a BD FACS Aria Fusion. A control sample

without shear was used to subtract background cell death for each cell line. For Mucin-135
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and Mucin-270 cell lines, only PNA positive cells were considered for analysis. Data analysis

was performed using FlowJo software.

Transfection Experiments

Cells were inoculated at 0.5 x 10° cells/mL, grown overnight (16-18 hr), and induced
with 1 ng/mL doxycycline for 48 hr. Cells were then diluted to 2 x 10° cells/mL in fresh
medium containing 1 pg/mL doxycycline and transfected with 1 pg DNA per 10° cells. The
next day (16-18 hr post-transfection), cells were diluted 1:1 with fresh medium containing 1
ug/mL doxycycline. To measure transfection efficiency, cells were transfected with the pLV
puro mRuby?2 plasmid and transfection efficiency was calculated by flow cytometry as the
fraction of cells expressing RFP 72 hr post transfection. For production and secretion of
recombinant RFP, cells were transfected with SS-mScarlet-I pPB tet IRES GFP rtTA NeoR.
After 24 hr, secreted RFP fluorescence in the media supernatant was quantified using a Tecan

M1000 Pro plate reader.

Statistical Analysis

Statistical significance was determined by ordinary one-way ANOVA or Student’s 7
test (two-tailed) as appropriate using Prism (GraphPad). All graphs were generated in Prism
(Graphpad) except for boxplot which were generated in R.

Results
Genetically-Encoded Biopolymers Expressed on the Surface of 293-F Cell Lines

This Part IT demonstrates creation of cDNAs that encode Muc1-like biopolymers with
transmembrane domains for anchorage to the cell surface. The biopolymer domains consisted
of an unstructured protein backbone with 0 — 42 perfect repeats of
PDTRPAPGSTAPPAHGVTSA (SEQ ID NO:8), which is recognized by the O-glycosylation
machinery of the endoplasmic reticulum and Golgi apparatus and heavily glycosylated while
trafficked to the cell surface. Each biopolymer was targeted to the extracellular space by the
native Mucl1 signal sequence. The biopolymers were anchored to the cell membrane with a
21-amino acid transmembrane domain (Mercanti et al., 2010; C. R. Shurer et al., 2017). By
replacing the native autocatalytic domain of Mucl (Levitin et al., 2005) with the engineered
21-amino acid transmembrane domain, we mitigated the risk of ectodomain shedding from
the cell surface. The described engineered constructs also lacked a cytoplasmic tail to avoid
inadvertent transduction of biochemical or physical stimuli by the mucins.

The genetic modification of the 293-F cell line was performed non-virally with an

“all-in-one plasmid” that contained all necessary elements for selection and tetracycline-
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inducible expression (Fig. 12A). The vector included a tetracycline-responsive promoter for
expression of the biopolymer coating and an additional cassette for constitutive expression of
the reverse tetracycline transactivator (rtTA-M2) and neomycin-resistance gene (Gossen,
Bender, Muller, al, & Freundlieb, 1995). A bicistronic green fluorescent protein (GFP)
reporter was also included for visual confirmation of transcription of the mucin cDNA. The
cDNA for the biopolymers was stably incorporated into the genome at random locations by
transposon mediated integration (X. Li et al., 2013; Wilson, Coates, & George, 2007;
Woodard & Wilson, 2015). This approach avoided the use of any viral technology, which
poses a serious safety concern in bio-manufacturing (Dumont et al., 2016). We predicted that
the modified cells would be coated with a dense, inducible layer of mucin biopolymers on
their surface (Fig. 12B).

We tested three different representative biopolymers size for their effects on 293-F
cell aggregation. Mucin-like genes with 0, 21, and 42 tandem repeats were constructed. The
contour lengths of the polymers with 21 and 42 repeats were predicted to be 135 nm and 270
nm, respectively. We therefore designated the biopolymers Mucin-0, Mucin-135, and Mucin-
270 based on the relative length of the biopolymer (Fig. 12C). Because it lacks the large,
glycosylated biopolymer domain, the Mucin-0 construct served as a control for any effects
related to expression of the transmembrane anchor of the biopolymer.

We confirmed the expression and localization of the biopolymers to the cell surface.
Fluorescent microscopy showed expression of the cDNA, reported by the bicistronic GFP
signal, and the presence of OJ-glycans on the membrane of cells expressing the Mucin-135
and Mucin-270 semi-synthetic genes (Fig. 13A). We observed a large distribution of
biopolymer expression levels, which without intended to be constrained by any particular
theory is attributed to the randomized transposition of the cDNAs into the genome (Fig. 2B).
Despite the broad distribution, a large portion of the cell populations had stably integrated the
cDNA, as shown by the GFP reporter (Fig. 13A-C). The expression and size of the
biopolymers was further validated by Western blot (Fig. 13D). Both the Mucin-135 and
Mucin-270 could be probed with antibodies against the native Mucl tandem repeats (Fig.
13D, left). Wild-type (w.t.) cells had no detectable level of endogenous Mucl expression and
no significant O-linked mucin-like glycosylation (Fig. 13D). The Mucin-135 and Mucin-270
were heavily glycosylated when expressed. This is shown by the protein bands which are
detected above the protein sequence molecular weight when probing with anti-Mucl
antibodies (Fig. 13D, left; predicted molecular weights 81 kDa and 120 kDa for Mucin-135
and Mucin-270, respectively). O-glycosylation is further demonstrated by the detection of the
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biopolymer with PNA which binds specifically to O-linked glycans such as those found on
Mucl (Fig. 13D, right).

No significant difference in cell proliferation rate was observed for any of our
biopolymer-coated cell lines (Fig. 13E). We concluded that the additional protein load of our
biopolymers did not adversely affect the rapid growth rate of parental 293-F cells. For a
stable cell line, we used the well characterized reverse-tetracycline inducible promoter
(Gossen et al., 1995) which initiates gene transcription upon addition of doxycycline and
halts transcription on withdrawal of doxycycline. This cell line responded as predicted to
induction by doxycycline, demonstrating temporal control over expression of the mucin
coating (Fig. 13F).

Highly repetitive cDNAs, such as mucins, are reported to have higher frequencies of
amplification and deletion in the cellular genome (Gemayel, Vinces, Legendre, & Verstrepen,
2010; Oren et al., 2016). The cDNAs for our Mucin-135 and Mucin-270 constructs were
codon optimized to minimize their repetitiveness. We found that the optimized cDNAs were
stable when integrated in the host cell genome. Notably, no noticeable amplification or
deletion of stably integrated Mucin-270, the largest and most repetitive of our biopolymer

cDNAs, was observed after 2 months of cell culture (Fig. 13G).

Biopolymer Coatings Reduced Cell Aggregation

After establishing stable populations, we analyzed whether the biopolymer coatings
could reduce cell aggregation in suspension cell cultures. Phase contrast images of the cell
lines qualitatively showed more cell aggregates in the w.t. and Mucin-0 cell lines than in the
Mucin-135 and Mucin-270 lines (Fig. 14A). Quantification of the fraction of single cells in
the sample showed an increase in the percent of single cells for the Mucin-135 and Mucin-
270 coatings compared to the w.t. cells, while the Mucin-0 line showed no difference
compared to w.t. cells (Fig. 12B, Fig. 19A). Correspondingly, w.t. and Mucin-0 coated cell
lines were much more likely to form clusters of two or more cells than Mucin-135 or Mucin-
270 cell lines (Fig. 14C, Fig. 19B).

Inspection of phase contrast images of our 293-F lines engineered with Mucin-135 or
Mucin-270 revealed that the majority of cells were singlets or doublets with few detectable
higher order aggregates (Fig. 14B). Because of the absence of higher order aggregates, we
reasoned that the doublets in the Mcuin-135 and Mucin-270 samples may be actively
dividing cells or cells that have yet to full disassociate following cytokinesis. The appearance

of doublets can also result from single cells randomly settling out of suspension too near each
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other to resolve in the 2D plane of the image formed on our microscope. To approximate the
frequency of single cells which could randomly settle out of suspension in such a way, we
created a simulated dataset of randomly placed centroids and conducted our clustering
analysis. On average, the simulated centroids would be counted as singlets 66% of the time.
By comparison, 57% of the Mucin-270 cells were singlets (Fig. 14B).

To quantify the extent of cell clustering, we analyzed the spatial distribution of cells
in the image using the Ripley’s K function, a spatial distribution statistic that counts the
frequency at which neighboring particles are found within a given distance of any given
particle. Using this statistical tool, we observed that the Mucin-135 and Mucin-270
biopolymers show decreased clustering compared to the w.t. and Mucin-0 cell lines (Fig.

14D, Fig. 19C).

Mucin-270 Coatings Outperformed Commercially Available Anti-Clumping Agent

We found that the Mucin-270 biopolymer coating could reduce cell aggregation even
in extreme pro-clumping conditions. Suspension adapted cell lines have previously been
shown to significantly aggregate under specific media conditions, such as high calcium
concentrations that are known to promote engagement of cadherins (Dee et al., 1997; Han et
al., 2006b; Kim, Tai, Mok, Mosser, & Schuman, 2011; Meissner et al., 2001; Peshwa et al.,
1993; Sjaastad & Nelson, 1997; Tolbert et al., 1980; Yamamoto et al., 2000; Zanghi et al.,
2000). When cultured in high calcium conditions (2 mM CaClz), the Mucin-270 biopolymer
coated cells showed qualitatively less aggregation than w.t. cells (Fig. 15A). Notably,
cultures with Mucin-270 biopolymer coatings retained their turbidity in the pro-clumping
conditions, whereas unmodified cells assembled into large clusters easily visible to the naked
eye (Fig. 15A). Mucin-270-coated cells show a slight decrease in concentration of cells in
suspension upon calcium treatment while w.t. cells have essentially no cells remaining in
suspension (Fig. 15B).

Further, the Mucin-270 coating outperforms a commercially available anti-clumping
agent in highly aggregating conditions. Under high calcium conditions, anti-clumping agent
had no discernable efficacy in mitigating cell clumping (Fig. 15A). Addition of commercial
anti-clumping agent to Mucin-270 coated cells did not further enhance their resistance to
clumping in our assays (Fig. 15B). Together, these results demonstrated the ability of the
presently provided genetically-encoded biopolymer coatings to reduce cell aggregation in

suspension.

Biopolymer Coatings Provided Resistance to Shear Stress
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The sensitivity of suspension-adapted mammalian cells to shear stresses imposes a
limit on the rate of mixing and mass transfer in typical bioreactors (Hu, Berdugo, &
Chalmers, 2011). Large volume bioreactors operated at high-cell densities require increased
mixing to overcome mass transfer limitations (Hu et al., 2011). Thus, cellular sensitivity to
shear places another limit on bioreactor productivity. Because protection of ductal epithelial
cells to shear stress is a physiological function of mucins, we considered whether, as an
added benefit, our biopolymer coatings protect cells from shear stresses. To test this,
suspended cells were sheared by passage through a narrow constriction and then analyzed for
viability after reintroduction into culture (Fig. 16A). A 1 kg mass was applied to a vertically-
oriented syringe to generate a constant and controlled pressure that drove the flow of
suspended cells through a 7.6 cm length of 500 um diameter Teflon tubing. Cell death was
analyzed by flow cytometry using a live/dead cell stain. We found that the Mucin-135 and
Mucin-270 biopolymer-coated cell lines had significantly greater viability after shearing
compared to both w.t. and Mucin-0 cell lines (Fig. 16B), suggesting that the mucin coatings

could allow for higher mixing rates in the bioreactor.

Biopolymer Coated Cell Lines can be Transiently Transfected and Produced
Comparable Levels of Recombinant Protein

The use of transient transfection of cells for recombinant protein production has
recently become of interest to avoid the long development times associated with selection and
isolation of stable cell lines for production of new pharmaceuticals (Derouazi et al., 2004;
Durocher et al., 2002; Swiech et al., 2011). Given the potential barrier effect of a
mucopolysaccharide coating on the cell surface, we tested whether expression of the
presently provided biopolymers would affect transfection efficiency of the cell lines. To test,
we transiently transfected cell lines with a plasmid for expression of cytoplasmic red-
fluorescent protein. We observed no statistically significant difference in the transfection
efficiency of the Mucin-0, Mucin-135, or Mucin-270 cell lines compared to the w.t. cells
(Fig. 17A). Single-cell analysis revealed similar distributions of recombinant protein
production across the engineered and parental cell populations (Fig. 17B). Further, there is no
significant difference in the RFP signal of transfected cells, indicating comparable expression
of transiently transfected proteins in the different cell lines (Fig. 17C). We also tested the
performance of the engineered cells for production of secreted recombinant proteins. As non-
limiting example, we fused a signal peptide to the fluorescent protein, mScarlet-I, and

measured production of the secreted protein in medium supernatant from transiently
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transfected cultures. Mucin-270 coated cells produced the same quantities of secreted
recombinant protein as w.t. cells (Fig. 18). Thus, the described biopolymer coatings did not
adversely affect transfection efficiency and high protein production rate of the 293-F cell

system.

Discussion of Part I1

This Part IT demonstrates, among other features, that established cell lines can be
genetically modified to express engineered mucin biopolymers for anti-adhesion. Expression
of these biopolymers does not negatively impact the desirable characteristics of 293-F cells,
including their fast proliferation rates (Fig. 12E) and high transfection efficiencies (Fig. 15A,
B). Moreover, the expression of the biopolymers significantly reduces undesirable cell
clumping (Fig. 14, Fig. 15, Fig. 19) and enhances resistance of the cells to shear forces (Fig.
6). Mucin-135 coating and thicker Mucin-270 coatings performed similarly in head-to-head
tests and are expected to be equally well-suited for the applications described herein.

The described biopolymer coatings provide a significant reduction of cell aggregation
in serum-free media formulations that are typically used for production in bioreactor
formulations. Notably, the coatings could reduce aggregation further even in media
formulations that were designed to minimize cell clumping (eg. Invitrogen Freestyle 293-F
media). The disclosure includes biopolymer expression on cell aggregation in media
formulations that have historically been avoided due to issues of cell aggregation. For
example, highly efficient transient transfections have long been performed with DNA-
calcium phosphate precipitates (Jordan & Wurm, 2004). However, at the high calcium
concentrations required, 293-F cells are known to form large cell aggregates (Meissner et al.,
2001; Peshwa et al., 1993). Based on results of this Part II results (Fig. 15), use of the Mucin-
135 or Mucin-270 coatings significantly reduce cell aggregation in such conditions for
improved protein production from transiently transfected cultures.

The disclosure includes further improvements of the described mucin coating can be
achieved through additional optimization of the engineered mucins and their regulated
expression. Notably, excessive over-production of highly glycosylated mucin-like proteins
could possibly compete with recombinant glycoproteins for the cellular glycosylation
machinery and the nucleotide sugar building blocks of glycans. Shedding of the engineered
mucins from the cell surface is mitigated by the described selection of a membrane anchor,

which lacks a proteolytic cleavage site.
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The mucin approached described herein can be employed as a solution for
suspension-adapted suspension systems that tend to aggregate in the bio-reactor. But it will
be recognized that the ability of these compositions to protect cells and strongly resist
clumping could also benefit current bio-manufacturing platforms, like CHO cells, which can
still aggregate under non-ideal reactor conditions or in non-optimal media formulations. As
bio-manufacturing looks beyond CHO systems for next-generation production platforms that
mitigate the risk of non-human glyco-conjugates and other antigenic epitopes, adaptation to
growth in suspension remains a significant and time-consuming challenge for human,
primate, and many other mammalian cell lines (Amaral et al., 2016; Rodrigues et al., 2013).
By promoting cell viability and minimizing aggregation, the presently provided compositions
can be expected to help overcome some of the significant barriers to suspension adaptation.

Taken together, this Part II presents a mucin coating technology for improved single-
cell growth of cells in suspension. The system was largely successful in mitigating cell

aggregation.
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Part 111

This Part III provides representative and non-limiting approaches to stable
recombinant production of codon-scrambled lubricin and mucin in human cells. In
connection with this, it is known that widespread therapeutic and commercial interest in
recombinant mucin technology has emerged due to the unique ability of mucin glycoproteins
to hydrate, protect, and lubricate biological surfaces. However, prior to the present disclosure,
recombinant production of the large, highly repetitive domains that are characteristic of
mucins remained a challenge in bio-manufacturing likely due, at least in part, to the inherent
instability of DNA repeats in the cellular genome. To overcome this challenge, this Part 11
demonstrates exploitation of codon redundancy to encode desired mucin polypeptides with
minimal nucleotide repetition. The codon-scrambling strategy was applied to generate
synonymous genes, or “synDNAs,” for two representative mucins of commercial interest:
lubricin and Mucl. Stable, long-term recombinant production in suspension-adapted human
293-F cells was demonstrated for the synonymous lubricin cDNA, which is referred to herein
from time to time as “SynLubricin.” Under optimal conditions, a 293-F sub-population
produced recombinant SynLubricin at more than 200 mg/L of media and was stable

throughout two months of continuous culture. Functionality tests confirmed that the
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recombinant lubricin could effectively inhibit cell adhesion and lubricate cartilage explants.
Together, this Part III provides, among other apsects, a viable workflow for cDNA design

and stable mucin production in mammalian host production systems.

Part I1I Introduction

As will be recognized from the foregoing description, mucins are membrane-bound or
secreted glycoproteins containing a variable number of tandem repeats that are defined by
their densely clustered sites for O-glycosylation (Hang & Bertozzi, 2005). This extensive
glycosylation gives rise to a bottlebrush molecular structure that confers mucins with
remarkable physical properties (Kuo, Gandhi, Zia, & Paszek, 2018). Mucins at biological
interfaces can coordinate with water molecules to form hydrated layers that protect delicate
cellular or tissue structures, deter biofouling, and resist pathological cellular deposition
(Hattrup & Gendler, 2008). For instance, transmembrane mucins such as Mucl and Muc16
are densely grafted on the ocular surface, where they maintain hydration, resist abrasion, and
provide a selective barrier to macromolecules (Gipson, Spurr-Michaud, Tisdale, & Menon,
2014; Mauris & Argiieso, 2012) Similarly, the secreted mucin-like glycoprotein called
proteoglycan 4 (PRG4), or lubricin, can bind to cells and tissue interfaces, including the
articular cartilage and ocular surfaces, enabling low friction lubrication and protection from
pathological cellular deposition and biofouling (Rhee et al., 2005; Schmidt, Sullivan, Knop,
& etal., 2013).

Alterations in mucin expression and glycosylation are observed in various
pathological conditions, ranging from cancer and inflammatory bowel disease to ocular
disease (Dhanisha, Guruvayoorappan, Drishya, & Abeesh, 2018). Patients with genetic
mutations that preclude functional lubricin synthesis demonstrate symptoms of
Camptodactyly-Arthropathy-Coxa Vara-Pericarditis (CACP) syndrome, including early-onset
polyarthropathy as a result of pannus formation and impaired joint lubrication (Bahabri et al
1998; Marcelino et al., 1999). Decreased synovial fluid lubricin concentrations have also
been observed in patients with anterior cruciate ligament injury, osteoarthritis, and
rheumatoid arthritis (Elsaid et al., 2008; Kosinska et al., 2015). As such, there has been
significant interest in the development of recombinant lubricin and other mucins as injectable
therapeutics for osteoarthritis and rheumatic diseases (Le Graverand-Gastineau, 2010)and as
topical treatments for chronic dry eye and other conditions that require application of

exogenous lubricants (Schmidt et al., 2013).

-05 .



10

15

20

25

30

WO 2020/150390 PCT/US2020/013743

Despite this commercial interest, recombinant production has proven challenging for
Mucl, lubricin, and other mucins that contain a high number of tandem repeats. Although
highly productive clones of Chinese Hamster Ovary (CHO) cells have been isolated for a
truncated Mucl with approximately 1/3 of its native tandem repeats, similar attempts to
isolate clones for full-length recombinant Muc1 have failed (Backstrom et al., 2003).
Likewise, stable clones for recombinant lubricin with the complete 76-78 native tandem
repeats produced the glycoprotein at low levels (Jones et al., 2007), but a modified
recombinant lubricin protein construct (LUB:1), which contained only 1/3 of the tandem
repeats, was more amenable to large scale production (Flannery et al., 2009). More recently,
the production of full-length recombinant human lubricin expressed in suspension-adapted
CHO cells has been reported and has demonstrated potential as an ocular lubricant for
treating dry eye disease or hydrating contact lenses (Samsom et al., 2014). The precise details
of how recombinant production was achieved for the full-length lubricin remain proprietary,
and at the time of filing of this application or patent, it is believed no published strategy for
large-scale lubricin production is available.

The exact biology that underlies the difficulty of producing mucins at high levels
remains unclear. However, long, repetitive DNA sequences, such as those common in the
cDNAs of mucin tandem repeats, are relatively unstable in the cellular genome (Pearson,
Edamura, & Cleary, 2005). The fidelity of nearly all DNA processing steps can be
compromised by slippage and other errors linked to repetitive sequences (Lopez Castel,
Cleary, & Pearson, 2010). Consequently, repeats can mutate by addition or loss of their unit
nucleotide sequence up to 100,000 times more frequently than point mutations in non-
repetitive regions (Oren et al., 2016). The variation in tandem repeat numbers for Mucl and
other mucins in humans and mammals provides an evolutionary argument that these genomic
cDNAs are mutational hotspots (Gemayel, Vinces, Legendre, & Verstrepen, 2010).
Recombination and truncation of exogenous Mucl cDNAs in bacteria have also been
reported, suggesting a high level of instability for these repetitive sequences in host microbial
cells, as well (Backstrom et al., 2003).

Now that advances in custom gene synthesis (CGS) enable fast and cost-effective
synthesis of long cDNAs (Kosuri & Church, 2014), a new approach to providing improved
genomic stability of mucins is provided herein, and in certain embodiments exploits codon
redundancy to identify and use synonymous gene sequences that are less repetitive but
encode the same desired polypeptide. Such codon optimization algorithms have been

developed and successfully applied for elastin-like proteins and some other repetitive protein
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domains (Tang & Chilkoti, 2016). However, it is believed that, prior to the present disclosure,
optimized synthetic cDNAs had not been designed, synthesized and tested for bio-
manufacturing of large mucins of commercial interest.

Also, prior to the present disclosure, most biologics, including mucins, have been
produced in CHO cells due to their fast growth, adaptability to suspension culture, and
capacity for glycosylation and other important post-translational modifications. However,
CHO cells can generate glycan epitopes that are now suspected to elicit adverse
immunological responses in humans (Butler & Spearman, 2014). Namely, the al,3-
galactosyltransferases of CHO and other non-primate cells produce glycans with Gala1,3-Gal
residues that can be immunogenic to humans, apes, and other old-world monkeys that have
lost a1,3-galactosyltransferase activity (Bosques et al., 2010; Brooks, 2004). CHO cells also
can generate NeuSGc, a terminal sialic acid that is common in most mammalian cells but has
been lost in humans and primates (Ghaderi, Zhang, Hurtado-Ziola, & Varki, 2012). These
glycans are of particular concern for recombinant mucins, which can consist of 75% or more
carbohydrate by mass and are often highly sialylated (Estrella, Whitelock, Packer, &
Karlsson, 2010). Recombinant production of the glycoproteins in human cells would avoid
the risk of Gala1,3-Gal and NeuSGec residues; but, it is beleieved that prior to the present
disclosure, no successful attempts at large-scale mucin production in a human cell host
production system has been reported.

Thus, the present disclosure demonstrates, in addition to other aspects, that cDNA
optimization through codon scrambling is an effective strategy to achieve stable recombinant
production of mucins and mucin-like glycoproteins, and that this strategy is viable in
suspension-adapted human 293-F cells. Notably, the United States Food and Drug
Administration (FDA) has recently approved several biologics produced in 293-F cells,
establishing the cell platform as a viable alternative to CHO and other non-human systems for
manufacturing specialized therapeutics (Dumont, Euwart, Mei, Estes, & Kshirsagar, 2016). In
this disclosure, the codon-scrambling approach is demonstrated for Muc1 and lubricin, and
the production strategy is further developed to achieve stable production of a functional, full-
length recombinant lubricin. It will be recognized by those skilled in the art, when given the
benefit of the present disclosure, the presently described approaches can be used for stable

and robust expression of other mucins and mucin-like proteins.

Part II Results

Design and synthesis of cDNA for synonymous lubricin
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As an approach for recombinant mucin production, we applied a codon-scrambling
and optimization strategy to design synthetic mucin cDNAs within minimal codon repetition
(Fig. 20A). A global codon optimization algorithm was applied to find the least repetitive
gene sequence that encoded the desired mucin tandem repeats (Tang & Chilkoti, 2016). To
tailor the sequences for production in a human host system, such as 293-F, a subsequent
optimization was conducted to replace any codons with less than 10% usage frequency in
humans (Fig. 20A). We envisioned that the optimized mucin cDNAs could be synthesized
through rapid and low-cost services for CGS (Kosuri & Church, 2014; Tang & Chilkoti,
2016). We first tested the strategy for human lubricin, which has approximately 59 tandem
repeats with a consensus sequence of KXPXPTTX (SEQ ID NO:87), with KEPAPTTP (SEQ
ID NO:1) being the most frequent repeat. For our synthetic lubricin, we optimized the codons
for 59 perfect repeats of the KEPAPTTP (SEQ ID NO:1) consensus sequence (Fig. 20B). The
protein sequence for the perfect repeats had approximately 88% similarity to the native
human PRG4 repeats (Fig. 20C). The synthetic tandem repeats were flanked by additional
sequences encoding the native N- and C- termini of human PRG4. These sequences included
the native somatomedin and hemopexin domains of lubricin. We also included an IgK leader
sequence, 6x histidine tag, and N-terminal SumoStar tag to aid in protein secretion and
purification (Fig. 20B). We named the new semi-synthetic gene encoded by the codon-
optimized cDNA “synonymous lubricin” or “SynLubricin.”

The nucleotides encoding SynLubricin were significantly less repetitive than native
PRG4. We analyzed the nucleotide sequences with an alignment algorithm that detects
tandem repeats and scores their degree of repetitiveness based on how frequently they repeat
and how closely the identified consensus matches the nucleotides of the queried sequence
(Benson, 1999). The detected repeats were aligned with the queried sequence through a
Smith-Waterman style local alignment, and the overall repetitiveness was scored by assigning
+2 for each nucleotide match and -7 for each mismatch or indel (Benson, 1999). Thus, a
higher score was indicative of more nucleotide repetition. The tandem repeats of SynLubricin
had a modest score of 168, whereas the native PRG4 repeats had a much higher repetition
score of 1001. The present disclosure encompasses such sequences, wherein the overall
repetitiveness score of a polynucleotide is compared to a suitable control.

We also aligned the amino acids of the SynLubricin tandem repeats to the 59 tandem
repeats of human PRG4 isoform A (Fig. 20D). We noted that the perfect repeats of
SynLubricin and the native repeats of human PRG4-A have similar compositions of alanine,

glutamic acid, lysine, and threonine, while proline content is slightly higher in the
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SynLubricin repeats (37% vs 30.5%; Part III Supplemental Table 1). The native repeats
contain small amounts of asparagine (0.2%), aspartic acid (0.4%), glycine (0.8%), isoleucine
(0.2%), leucine (1.4%) and serine (2.6%), which are not contained in SynLubricin (Part III
Supplemental Table 1). Thus, in addition to a distinct coding sequence, the amino acid
sequence of SynLubricin is distinct from that of human PRG4.

The low-repetition of nucleotides in the SynLubricin gene enabled synthesis of the
desired cDNA using available techniques. We also had a cDNA for the native human
lubricin/PRG4 sequence through a commercial venodr. However, our attempts to
subsequently clone the native PRG4 cDNA sequence into a mammalian expression vector
and recombinantly express the product in mammalian cells failed. Consequently, we
discontinued further efforts at recombinant production of lubricin with the full-length, native
cDNA.

Efforts to produce SynLubricin in transiently transfected mammalian cells were
successful. The SynLubricin cDNA was fused to a bicistronic copGFP reporter and
transiently transfected into adherent human embryonic kidney 293-T cells. The protein
product of the SynLubricin gene was highly glycosylated, as desired, and exhibited the anti-
adhesive properties that we predicted. Transfected cells maintained large gaps between cells
in the monolayer, particularly at locations where visible copGFP fluorescence reported high
expression levels of the bicistronic mRNA (Fig. 26A). We noted that these observations were
consistent with the known anti-adhesive functionality of native lubricin (Rhee et al., 2005). In
contrast, mock transfected cells grew to a highly confluent monolayer in culture (Fig. 26A).
A western blot of the media supernatant from the SynLubricin-transfected cultures revealed a
high molecular weight protein of approximately 460 kDa, which was similar in size to the
native lubricin that we detected in equine synovial fluid (Fig. 26B). The expected molecular
weight of the peptide backbone of SynLubricin was 145 kDa, indicating that SynLubricin
was extensively glycosylated.

We next developed strategies for stable production of the synthetic mucins in 293-F
suspension cultures. In one embodiment, we created a non-viral transposon vector for “all-in-
one” inducible expression of mucins. The vector contained a tetracycline-responsive
promoter for inducible expression of the desired gene and a bicistronic copGFP reporter. The
vector also contained a second cassette under control of an EFlalpha promoter for expression
of the rtTA-M2 tetracycline transactivator and a bicistronic neomycin resistance gene for
selection (Fig. 20E). To test the performance of the expression system, we cloned mCherry2

into the vector and transfected 293-F cells with cationic polyethylenimine (PEI) condensates
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following standard protocols (Boussif et al., 1995; de los Milagros Bassani Molinas, Beer,
Hesse, Wirth, & Wagner, 2014; Sonawane, Szoka Jr., & Verkman, 2003). Stable cell
populations were isolated after two weeks of selection, and mCherry2 production was
validated by flow cytometry. Based on the flow cytometric analysis, we found that stable
cells produced high levels of mCherry2, and that the fluorescence readout of the copGFP

reporter was generally a good indicator of recombinant protein production (Fig. 27).

Design and synthesis of cDNA for synonymous Mucl

We tested whether the described strategy for mucin-type cDNAs was generalizable
and could be applied to other mucins. We chose the mucin Muc1, which is important in the
hydration and protection of the cornea and other epithelial surfaces (Mantelli & Argiieso,
2008). We noted that the native tandem repeats of Mucl are polymorphic, with 42 perfect
repeats being most frequent in humans (Nath & Mukherjee, 2014). We applied the codon
optimization strategy to design a cDNA for 42-perfect Mucl repeats,
PDTRPAPGSTAPPAHGVTSA (SEQ ID NO:8). The optimized sequence was fused to the
codons for the native N-terminus of human Mucl. We also added the IgK leader sequence,
6x histidine tag, and SumoStar tag, similarly to SynLubricin (Fig. 28A). We calculated a very
high repetition score of 4997 for the nucleotide coding sequence of the native human Mucl
tandem repeats. The repetition score was reduced to 220 in our synthetic cDNA, which we
referred to as SynMucl1 (Fig. 28B).

The optimized coding sequence for SynMucl was synthesized through standard CGS
services, whereas efforts to synthesize the extremely repetitious sequence of the native Mucl
cDNA were not able to be carried out by commercial vendors. The custom synthesized
SynMucl cDNA was transfected into 293-F cells. The recombinant protein was purified from
the media supernatant via immobilized metal affinity chromatography (IMAC) and detected
by Western blot with an antibody against the native human tandem repeats (Fig. 28C). The
recombinant mucin was extensively O-glycosylated, as indicated by the strong signal when
probed with peanut agglutinin (PNA), a lectin that is specific for a core-1, mucin-type
disaccharide (Fig. 28D).

During purification, we noticed that a significant percentage of the mucin failed to
bind to the IMAC resin and was detected in the flow through (Fig. 28C, D). Western blotting
confirmed the presence of the 6x-histidine SumoStar purification tag on the recombinant
protein in the flow through and eluted fractions, suggesting that the N-terminus and

purification tag were present but inaccessible to the immobilized IMAC cations as would be
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the case, for example, if the tag was buried in the random coil of the mucin biopolymer (Fig.
28E). Since an objective was to demonstrate the production of the recombinant SynMucl and

not optimize its purification, alternative chromatography approaches were not explored.

Stable host production of recombinant SynLubricin

Using a transposon system, we tested its application for SynLubricin production (Fig.
21A). Unexpectedly, we found that after selection with G418, comparatively few cells
exhibited high copGFP reporter levels following doxycycline induction (Fig. 21B). To
overcome the issue, we applied a two-round sorting strategy using the copGFP reporter to
isolate a sub-population of cells that expressed SynLubricin at high levels. Stable cells were
expanded and sorted for the top 5% copGFP expressers, which were then expanded and
sorted a second time for the top 10% expressers. We found that the sorting strategy improved
SynLubricin production 15-fold and did not impact the molecular weight of the glycosylated
protein product (Fig. 21B, C). The sorted cell populations displayed noticeably higher levels
of the copGFP reporter after induction with doxycycline, indicating successful isolation of a
polyclonal population with higher gene expression levels.

To confirm the cDNA stability of the integrated SynLubricin gene in our stable 293-F
cells, genomic DNA was extracted from modified 293-F cells after two months of continuous
culture. The SynLubricin cDNA was then amplified by polymerase chain reaction (PCR)
using primers that were specific to SynLubricin (Fig. 22). The amplified gene was
approximately 4 kb in length, as expected for full-length lubricin, and indistinguishable in
size from similarly amplified genes obtained using the original SynLubricin plasmid as the
template or DNA extracted from transiently transfected cells (Fig. 22). Even after culture for
2 months, the polyclonal cell population exhibited no indications of SynLubricin gene

application or deletion, indicating a high level of genomic stability (Fig. 22).

Optimization of SynLubricin production

We analyzed whether SynLubricin productivity could be improved through addition
of the histone deacetylase inhibitor, valproic acid (VPA), which has previously been shown
to drastically increase production of some recombinant proteins in 293-F cells (Backliwal et
al., 2008). Our sorted cell population was induced with doxycycline in the presence or
absence of 3.5 mM VPA, and media supernatants were sampled each subsequent day from
batch cultures. The molecular weights of the protein products were similar, suggesting that
VPA did not appreciably affect the total extent of glycosylation of the protein product (Fig.
23A). Interestingly, the recombinant protein levels peaked at approximately 2-3 days post-
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induction in cultures without VPA and declined rapidly thereafter (Fig. 23B). In VPA treated
cultures, SynLubricin levels in the media did not decline as significantly over time. We ruled
out protein degradation as a likely explanation for the decline of recombinant protein in
cultures without VPA, since we saw no prominent degradation products for lubricin on
Western blots (Fig. 23A). We instead considered the possibility that the 293-F culture might
consume the recombinant protein in conditions of reduced nutrient availability. Consistent
with this possibility, we observed that the decline in recombinant protein levels coincided
with the depletion of glucose in the cultures without VPA (Fig. 23C). Metabolic activity
largely ceased in VPA treated cultures after 3 days, as indicated by a sharp decline in glucose
consumption (Fig. 23C). Thus, VPA may prevent the loss of recombinant protein in batch
cultures through slowing 293-F cellular metabolism.

We next scaled up production to 1-liter bioreactors operated in batch mode and
conducted two independent production runs with VPA added. Each production run yielded
plentiful recombinant protein that was comparable in molecular weight to both recombinant
protein isolated from transiently transfected cultures and native lubricin detected in equine
synovial fluid (Fig. 23D). An ELISA using purified bovine lubricin as a standard reported
approximately 200 mg/L of SynLubricin in the batch runs with our stable 293-F lines. Less
than 50% of the stable cell population showed strong expression of the copGFP reporter in
the batch bioreactors, suggesting that increases in productivity could likely be achieved with
clonal expansion of the production cell line (Fig. 21D). It is possible that ELISA-based
quantification with bovine standard may over- or under-estimate SynLubricin levels.

We tested whether stable protein production could be achieved with periodic media
changes to avoid nutrient depletion. Conditioned media was harvested from doxycycline-
induced cultures that were maintained for 10 consecutive days in the absence of VPA. Media
in the batch cultures was exchanged every 48 hrs to replenish nutrients and remove metabolic
waste products. Viable cell concentration was also reduced to 1 x 10° cells/mL every 48 hrs.
SynLubricin production levels were stable over the 10 days of culture, and the SynLubricin
molecular weight was constant, indicating that glycosylation was also stable (Fig. 23E).
While there appears to potentially be a slight decrease in SynLubricin production with time,

there is no significant difference in protein yield (Fig. 23F).

SynLubricin is a functional biolubricant
Recombinant SynLubricin was effectively purified with anion-exchange

chromatography following our previously reported strategy for isolation of native lubricin
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from equine synovial fluid, with slight modification from using DEAE-Sepharose® to using
Q Sepharose® (Reesink et al., 2016). We also attempted IMAC to purify the native lubricin,
but the recombinant SynLubricin had poor affinity to IMAC resins (Fig. 29). As for
SynMucl, we reasoned that the N-terminal histidine-tag could be buried in the large, random
coil of the SynLubricin tandem repeats and abandoned the IMAC approach. In contrast,
SynLubricin bound to the anion-exchange resin strongly and eluted continuously over high
salt concentrations ranging from approximately 350 mM to 1.5 M (Fig. 24A, B). The
continuous elution of SynLubricin was likely explained by a varying frequency of anionic
sialic acids in the O-glycans of the recombinant SynLubricin (Estrella et al., 2010). We found
that a stringent wash step of approximately 500 mM NaCl could remove most protein
contaminants detectable by silver stain, although some SynLubricin was inevitably lost to this
high-salt wash (Fig. 24C, D).

To ensure functionality of our recombinant SynLubricin, we tested its ability to
lubricate cartilage and reduce friction. Recombinant SynLubricin was purified via anion
exchange chromatography using the stringent 500 mM NaCl wash step to eliminate most
protein contaminants (Fig. 24D). Following purification, SynLubricin was dialyzed in saline
and diluted to physiological concentrations. Lubrication was tested on bovine articular
cartilage explants where the native lubricin boundary layer had been extracted using a custom
linear reciprocating tribometer (Jones et al., 2007). Compared to a saline control, we found
that SynLubricin-containing solutions, as well as control synovial fluid, significantly reduced
the boundary friction of cartilage explants (Fig. 25; p <0.001 and 0.0001, respectively).

We also tested a small quantity of a second SynLubricin sample that was purified
without the stringent wash of the anion exchange column with S00 mM NaCl. Notably,
cartilage friction coefficients were markedly lower for this SynLubricin preparation than any
of the measured friction coefficients for the more stringently washed SynLubricin
preparations (Fig. 25). Low sample volume for the unwashed SynLubricin preparation
hindered obtaining enough independent measurements for meaningful statistical comparisons
(Fig. 25). However, further optimization of purification conditions using techniques that will
be apparent to those skilled in the art, given the benefit of this disclsoure, are expected to
produce recombinant lubricin fractions with improved performance in biolubrication. For
instance, less negatively charged lubricin fractions that elute at lower salt concentrations
(350-500 mM NacCl) are important for cartilage biolubriction either by acting independently

or in synergy with more negatively charged lubricin fractions. Alternatively, contaminants
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that are eliminated with the 500 mM NaCl wash might act synergistically with lubricin in

cartilage lubrication.

This Part III exmaple provides an approach to larger-scale, mucin bio-manufacturing.
Success in the design and synthesis of new semi-synthetic genes for both Mucl and lubricin,
combined with our success in isolating highly stable, lubricin-expressing cell populations,
indicates that this approach may be broadly applicable for recombinant mucins with long,
repetitive domains. The successful demonstration of recombinant production in a human cell
system that avoids the risk of immunogenic Galal,3-Gal and Neu5Gc epitopes. We find that
the recombinant product of our SynLubricin gene is functional in its ability to resist cellular
adhesion (Fig. 26A) and lubricate biological surfaces, such as cartilage (Fig. 25). Thus,
SynLubricin can be expected to be suitable for diverse applications ranging from injectables
for osteoarthritis to topical treatments for chronic dry eye. Moreover, given the speed and low
cost of CGS, the approach described herein can be expected to be applied to rapidly prototype

designer mucins with new or modified functional domains.

MATERIALS AND METHODS
Antibodies and Reagents

The following antibodies were used: mouse anti-human CD227 (555925, BD
Biosciences) (Mucl), mouse anti-human lubricin (MABT401, EMD Millipore), goat anti-
mouse I[gG-HRP (sc-2005, Santa Cruz), mouse anti-SUMO (4G11E9, GenScript). Lectins
used were biotinylated Peanut Agglutinin (PNA; B-1075, Vector Laboratories). Biotinylated
lectins were detected using ExtrAvidin-Peroxidase (E2886, Sigma). To induce transactivator
cell lines, doxycycline was used (sc-204734, Santa Cruz). For neomycin selection, G418 was
used (10131035, Thermo Fisher). Valproic acid (VPA) was used as a histone deacetylase
inhibitor (Sigma P4543-100G).

Constructs

A tetracycline-inducible, transposon based Piggybac expression vector with an
integrated, co-expressed reverse tetracycline transactivator gene (pPB tet tTA NeoR) was
used for stable line generation. The pPB tet rtTA NeoR plasmid was modified by the
insertion of the internal ribosome entry site (IRES) of the encephalomyocarditis virus
followed by the fluorescent protein copGFP into the Notl and Xbal sites of the plasmid (pPB
tet IRES copGFP rtTA NeoR). Synthetic cDNA for a lubricin analog with 78 perfect repeats
of KEPAPTTP (SEQ ID NO:1), native N-and C-terminal domains, and an N-terminal
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SumoStar tag (lifesensors) were generated through custom gene synthesis (General
Biosystems) and cloned into the multiple cloning site of pPB tet IRES copGFP rtTA NeoR
using BamHI and EcoRI restriction sites. Similarly, cDNA for a soluble, codon-scrambled
Muc1 having 42 perfect repeats of PDTRPAPGSTAPPAHGVTSA (SEQ ID NO:8) and a
native human Mucl N-terminus with SumoStar tag was generated by custom gene synthesis
in the pcDNA3 plasmid. For construction of an mCherry2 IRES2 copGFP expression
plasmid, an mCherry2 cDNA was isolated by EcoRI and Notl digestion of pmCherry2 N1
and cloned into the EcoRI and Notl digested pPB tet IRES copGFP rtTA NeoR vector to
create pPB tet mCherry2 IRES copGFP rtTA NeoR.

Cell Lines and Culture

FreeStyle 293-F (293-F) cells were obtained from Thermo Fisher Scientific. Cells
were cultured and maintained according to the manufacturer’s guidelines in 100-ml Wheaton
Celstir glass spinner flasks. Cells were maintained between 0.5 x 10° and 3 x 10° cells/mL at
120 rpm, 37°C, and 8% COz in FreeStyle 293 Expression Medium (Thermo). 293-F
transfections were performed using polyethyleneimine (PEI) as previously reported
(Durocher, Perret, & Kamen, 2002). Stable cell lines were created by co-transfection of the
pPB tet IRES copGFP rtTA NeoR plasmids described above with a hyperactive transposase
plasmid (Shurer et al., 2018) and subsequently selected with 750 pg/mL of G418 for two
weeks. Human embryonic kidney cells transformed with the SV40 large T antigen (293-T,
ATCC) were maintained in high-glucose DMEM supplemented with 10% fetal bovine serum
and penicillin/streptomycin. 293-T cells were transfected through a standard calcium
phosphate transfection protocol. Cell proliferation was quantified by cell counting on a

hemocytometer with trypan blue exclusion.

Cell Sorting and SynLubricin Production

293-F cells with stable incorporation of PRG4 IRES copGFP were expanded and
induced at 1 x 10° cells/mL with 1 ug/mL doxycycline for 24 hours. The top 5% of copGFP-
expressing cells were collected through Fluorescence Activated Cell Sorting (FACS) on a
FACSAria Fusion (BD Biosciences). Cells were subsequently expanded in the absence of
doxycycline to 1 x 10° cells/mL. Cells were induced with 1 pg/mL doxycycline for 24 hours
and sorted a second time, collecting the top 10% of copGFP-expressing cells. For PRG4
production, cells were transferred to a 1 L ProCulture glass spinner flask (Corning) and
induced at 2 x 10° cells/mL with 1 ug/mL doxycycline and 3.5 mM VPA. Smaller scale

production of lubricin was also conducted in 100-ml Wheaton Celstir glass spinner flasks for
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measurement of lubricin production rates and glucose consumption rates in the presence or
absence of VPA. Glucose levels were recorded with a GlucCell glucose monitoring system

(CESCO BioProducts).

Immuno- and Lectin Blot Analysis

Protein in culture supernatants or purified samples were separated on NuPAGE 3-8%
Tris-Acetate gels (Invitrogen) and transferred to PVDF membranes. Membranes were
blocked with 3% BSA TBST for 2 hours. Primary antibodies were diluted 1:1000 and lectins
were diluted to 1 pg/mL in 3% BSA TBST and incubated on membranes overnight at 4°C.
Secondary antibodies or ExtrAvidin were diluted 1:2000 in 3% BSA TBST and incubated for
2 hours at room temperature. Blots were developed in Clarity ECL (BioRad) substrate and
imaged on a ChemiDoc (BioRad) documentation system. Fiji was used for image processing

(Schindelin et al., 2012).

Enzyme-linked immunosorbent Assay (ELISA)

A custom sandwich ELISA was used to assess the concentration of SynLubricin,
similarly to previous descriptions. A 96-well plate (Costar) was incubated overnight at 4°C
with 10 pg/mL peanut agglutinin (Sigma) in 50mM sodium bicarbonate buftfer, pH 9.5. Plates
were blocked with 3% BSA PBS for 1 hour at room temperature. Serial dilutions of FPLC-
purified bovine synovial fluid lubricin were used as standards. Samples were loaded at 1:200
dilution in DPBS for 1 hour at room temperature, followed by three washes in PBS +0.1%
Tween20. The primary antibody used (Millipore MABT401) binds to the native PRG4
tandem repeats of human and bovine lubricin, which have approximately 90% sequence
similarity to the repeats of SynLubricin. Primary antibody and secondary antibody (Millipore
AP126P) were diluted 1:5000 and 1:2000, respectively, and each incubated for 1 hour at
room temperature, with three washes with PBS-T in between antibody incubations and
following the secondary antibody incubation. The ELISA was developed at room temperature
with 1-Step Ultra TMB (ThermoFisher) for 9-12 minutes or until a royal blue color appeared,
at which point the reaction was stopped with 2N H2SO4. Absorbance was measured at 450
nm with 540 nm background subtraction on a Tecan Spark® 3M microplate reader, and

concentrations were calculated using Magellan software with a four parameter Marquardt fit.

Purification of recombinant SynMucl
293-F cells were transiently transfected using the PEI protocol previously described.
After 24 hours, the media supernatant was collected. The media supernatant was diluted 1:4

in 20 mM sodium phosphate, 0.5 M NaCl, pH 7.4 and incubated with 100 uL. Ni Sepharose
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excel resin (17371201, GE) overnight at 4°C. Sample flow through was collected using a
gravity column (29922, Thermo). The resin was washed with 5 mL 20 mM sodium
phosphate, 0.5 M NaCl, 5 mM imidazole, pH 7.4. SynMuc] was eluted with 5 mL of 20 mM
sodium phosphate, 0.5 M NaCl, 500 mM imidazole, pH 7.4. SynMucl was desalted into PBS
using a Zeba Spin Desalting Column (87766, Thermo).

Purification of recombinant SynLubricin

SynLubricin was purified from PRG4 IRES copGFP positive 293-F cell culture
supernatant by fast protein liquid chromatography (FPLC) with Q Sepharose® resin (GE).
The supernatant was diluted 1:10 with SOmM Tri-HCI buffer, pH 7.5, and loaded onto the
column. The column was washed with SOmM Tris-HCI, 525mM NaCl, pH7.5. Purified
SynLubricin was collected by eluting with SOmM Tris-HCI, 1M NaCl, pH 7.5. The purified
SynLubricin was dialyzed into PBS using a Tube-O-Dialyzer (G-Biosciences) overnight at
4°C. The final purified product was obtained by concentrating with a SpeedVac on the low

setting.

Tribology

The performance of SynLubricin as a boundary lubricant was assessed using a custom
linear reciprocating tribometer as previously described (Gleghorn & Bonassar, 2008). Briefly,
cylindrical cartilage explants (6mm diameter x 2mm thickness) were harvested from the
femoral condyles of neonatal bovine stifles. Endogenous cartilage-bound lubricin was
extracted using a 30 min incubation in 1.5M NaCl, followed by a 1-hour equilibration step in
PBS. Explants were incubated in either PBS, SynLubricin, or bovine synovial fluid for 15-20
min prior to loading onto a tribometer in a 1 mL bath of the respective fluid. Explants were
compressed to approximately 30% strain against a glass counter-face and permitted to
depressurize over the course of one hour. After reaching an equilibrium normal load, the
counter-face was linearly reciprocated at a speed of 0.3 mm/s for three cycles.
Simultaneously, a biaxial load recorded the normal and shear loads. For both the forward and
reverse directions and at each speed, the friction coefficient was calculated as the mean shear

force while sliding divided by the equilibrium normal load.

Statistical Analysis

Statistical significance was determined by one-way ANOVA or Student’s 7 test (two-
tailed) as appropriate using Prism (GraphPad). For the lubrication data, a one-way ANOVA
with Tukey’s post-hoc tests were performed to compare mean friction coefficients across all

lubricants. All graphs were generated in Prism (GraphPad, La Jolla, CA).
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Part I1I Supplemental Table 1: Amino acid compositions in the tandem repeats of

human PRG4 isoform A and SynLubricin.

Human PRG4A Repeats SynLubricin Repeats
Amino acid composition Aminoc acid composition
Ala {A) 58 11.4% Ala(A) 59 12.5%
Arg (R) 0 0.0% Arg (R} Y 0.0%
Asn (N} 1 D.2% Asn (N) 0 0.0%
Asp (D} 2 0.4% Asp (D) 0 0.0%
Cys (C) 0 0.0% Cys(C) O 0.0%
Gin () a 0.0% Gln {Q) 0 0.0%
Ghi (E} 48 8.4% Glu(E) 59 12.5%
Gly (G) 4 0.8% Gy (G) 0 0.0%
His (H) 0 0.0% His (H) 0 0.0%
fle () 1 0.2% fle (H 0 0.0%
Leu (L) 7 14% Leu (L} 0 0.0%
Lys {(K) 69 13.6% Lys{K} 58 12.5%
Met (M) o 0.0% Met(M) O 0.0%
Phe (F) 0 0.0% Phe (F) ¢ 0.0%
Pro(P) 155 305% Pra () 177 37 5%
Ser (8) 13 2.6% Ser (S} 0 0.0%
Thr{T} 150 20.5% The(T} 118 25.0%
Trp (W) o 0.0% Trp (W) 0 0.0%
Tyr (Y) 0 0.0% Tyr (Y) 0 0.0%
Val (V) 0 0.0% Val (V) 0 0.0%
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Part IV

This Part IV provides, among other aspects, a description of the physical principles of
membrane shape regulation by the glycocalyx.

In connection with this Part IV, it is known that cells bend their plasma membranes
into highly curved forms to interact with the local environment, but how shape generation is
regulated is not fully resolved. This Part IV describes a broad synergy between shape-
generating processes in the cell interior and the external organization and composition of the
cell-surface glycocalyx. Mucin biopolymers and long-chain polysaccharides within the
glycocalyx can generate entropic forces that favor or disfavor the projection of spherical and
finger-like extensions from the cell surface. A polymer brush model of the glycocalyx

successfully predicts the effects of polymer size and cell-surface density on membrane
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morphologies. Specific glycocalyx compositions can also induce plasma membrane
instabilities to generate more exotic undulating and pearled membrane structures and drive
secretion of extracellular vesicles. Together, results presented in this Part IV suggest a
fundamental role for the glycocalyx in regulating curved membrane features that serve in

diverse modes of communication between cells and with the extracellular matrix.

Introduction to Part IV

Tubular and spherical extensions of the plasma membrane play vital roles in human
development and everyday cellular functions. While curved membrane protrusions have long
been recognized to increase cell-surface area for secretion, absorption, and receptor-mediated
communication, modern research has provided compelling examples of much more diverse
and sophisticated functionalities (Marshall, 2012). For instance, T-cells of the adaptive
immune system generate a high density of tubular microvilli to engage antigen presenting
cells, and such structures may be similarly important for the recognition of tumor cells by
engineered immune cell therapies (D’ Aloia et al., 2018; Jung et al., 2016). Membrane
projections also enable cell-to-cell communication over long ranges and at precise three-
dimensional locations in tissues. During development, long and thin membrane projections
called cytonemes pinpoint delivery of morphogens from ‘sender’ cells to specific ‘receiver’
cells up to 40-microns away (Bischoff et al., 2013; Kornberg and Roy, 2014). Stem cells,
immune cells, and many other cell types are also known to bend their plasma membranes into
spherical microvesicles that are directly shed and can deliver macromolecular cargoes over
long distances (Tricarico et al., 2017). Moreover, curved membrane features are ubiquitous in
physical cell behaviors, including migration and mechanotransduction. For example,
spherical membrane expansions called blebs are generated by primordial germ cells, tumor
cells, and other cell types for protrusion and frictional coupling with the tissue matrix during
migration (Paluch and Raz, 2013).

Deregulation of membrane-shape generating processes can contribute directly to
disease progression. As a notable example, aggressive tumor cells frequently extend
numerous microvilli for adhesion and rolling in the vasculature (Kramer and Nicolson, 1979;
Liu et al., 2018). Aggressive tumor cells can also project blebs for amoeboid migration
(Bergert et al ., 2015; Friedl and Wolf, 2010). Microvesicles often bud from the plasma
membrane of tumor cells at abnormally high rates (Antonyak et al., 2011; Becker et al .,

2016). Cargoes carried by these particles are now recognized to have diverse modulatory
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roles, including reprogramming of other cell types in the stroma and the preparation of distant
metastatic niches for colonization (Becker et al., 2016).

Forces originating from cytoskeletal dynamics are posited to generate membrane
curvature for the diverse spherical and tubular structures on the cell surface. Polymerizing
cytoskeletal filaments are envisioned to push out at discrete points along the plasma
membrane for extension of microvilli, cilia, filapodia and other finger-like projections
(Footer et al., 2007, Gupton and Gertler, 2007; Peskin et al., 1993). Contraction of the
cytoskeleton generates the hydrostatic pressure for spherical expansion of the membrane
during bleb formation (Charras et al., 2005). The physical dynamics that bend sub-regions of
the plasma membrane into microvesicles remain poorly understood; however, reports have
implicated the actin cytoskeleton in their biogenesis (Tricarico et al., 2017).

While the cell-surface glycocalyx is not featured in canonical models of membrane
shape regulation, correlations abound between glycocalyx composition and cell-surface
morphology in both normal and disease states. In normal cell physiology, polypeptide and
sugar co-polymers called mucins are frequently anchored at high densities on the surfaces of
epithelial microvilli (Hattrup and Gendler, 2008; Kesavan et al., 2009; Kesimer et al., 2013),
cilia (Button et al., 2012), and filapodia (Bennett et al., 2001); while hyaluronan polymers
densely coat the microvilli of oocytes and mesothelium (Evanko et al., 2007; Makabe Sayoko
et al., 2000); and long chains of sialic acid and hyaluronan decorate the highly curved
surfaces of neuronal axons (Fowke et al., 2017; van den Pol and Kim, 1993; Zhang et al.,
1992). T-cells and dendritic cells express cell-surface mucins upon activation or maturation,
which coincides often with the dramatic changes in membrane tubularization and microvilli
generation (Agrawal et al., 1998; Cloosen et al., 2004; Jung et al., 2016; Pilon et al., 2009).
Aggressive tumor cells frequently produce an abundance of mucins and hyaluronan on their
cell surface (Kufe, 2009; Turley et al., 2016), and the expression of these polymers has been
anecdotally linked to their unique membrane features, such as extensive microvilli (Polefka et
al., 1984). Mucins and hyaluronan polymers are also densely arrayed on the surfaces of
enterocytes, reactive astrocytes, dendritic cells, and tumor cells that are known to secrete high
levels of microvesicles (Cloosen et al., 2004, 2004; Gangoda et al.; McConnell et al., 2009;
Paszek et al., 2014; Pelaseyed et al.; Tricarico et al., 2017). While the ubiquity of these
correlations suggests a possible causal relationship between glycocalyx polymer composition
and plasma membrane morphologies, a specific mechanism of action has not been delineated.

The present disclosure contributes to an understanding of this mechanism of action.

114 -



10

15

20

25

30

WO 2020/150390 PCT/US2020/013743

Mucins and long-chain polysaccharides are anchored to the membrane in such a way
that long polymer chains or loops are expected to extend from the cell surface (Hattrup and
Gendler, 2008; Lee et al., 1993). The ensemble resembles a well-studied structure in polymer
physics called a brush, where polymers are grafted on one end to a surface (Chen et al,
2017). Polymer brush theory has long recognized that steric interactions in a densely crowded
brush restrict the number of molecular configurations each polymer can explore, thereby
increasing the free energy of the system through reduced entropy (de Gennes, 1980). Similar
to the thermodynamic basis of gas pressure, the entropic penalty associated with molecular
crowding can theoretically generate sufficient pressure to deform a flexible surface, like a

membrane (Hiergeist and Lipowsky, 1996; Lipowsky, 1995).

RESULTS
Glycocalyx polymers and membrane morphology:

In this Part IV, we analyzed whether glycocalyx polymers may generate an entropic
bending force to favor the formation of specific membrane forms. As a corollary to this, we
tested whether emergent membrane structures could be tuned through rational manipulation
of the glycocalyx.

To test this, we constructed a genetically encoded library of native, semi-synthetic,
and rationally designed mucin polymers of varying size, backbone sequence, and membrane
anchorage (Fig. 30A and Fig. 36A). Each construct encoded a mucin polymer domain
comprised of an unstructured polypeptide backbone with a high density of serine and
threonine sites for O-glycosylation. When expressed in cells, the mucin domains were post-
translationally modified with O-linked sugar side chains to form a bottlebrush molecular
structure that defines mucins (Fig. 35A, B).

Polymer domains in the library included the 42 native tandem repeats (TR) of Mucin-
1 (Mucl-42TR), the serine and threonine-rich polymer domain of Podocalyxin (Podxl; S/T-
Rich), and a new synthetic mucin that we rationally designed and constructed through the
tandem fusion of 80 perfect repeats based on a consensus of mucin O-glycosylation sequence,
PPASTSAPGA (Rational) (Fig. 30A and Fig. 35A). Each polymer domain was fused to the
native Mucl transmembrane anchor with the cytoplasmic tail deleted (ACT), or a 21-amino
acid synthetic transmembrane anchor (TM21), or a native mucin anchor with a membrane
proximal green fluorescent protein for imaging (GFP-ACT) (Fig. 30A and Fig. 35A).

When expressed and assembled at high levels on the epithelial cell surface, each

mucin polymer in our library triggered a dramatic tubularization of the plasma membrane, as
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observed by scanning electron microscopy (SEM) (Fig. 30B, C and Fig. 35B). Without
intending to be bound by any particular theory, we concluded that this tubularization was
likely a general consequence of polymer anchorage to the plasma membrane and did not
require a specific biopolymer sequence or transmembrane anchor. Notably, the Muc1-42TR
ACT was identical to native Mucin-1 except for the cytoplasmic tail, indicating that native
glycocalyx constituents can influence plasma membrane morphology in addition to our
rationally designed polymers. Mucin expression did not have a significant effect on
endocytosis, arguing against lipid recycling and the regulation of membrane tension as a
primary mechanism for the morphological changes (Fig. 35C, D).

The tubularization phenomenon was relatively insensitive to the length of the mucin
polymer domain, provided that the polymers were expressed on the cell surface at moderate
to high densities. cDNAs for 0, 10, or 42 Mucl repeats were fused with a GFP-
tagged transmembrane anchor to encode cell-surface mucins with expected contour lengths of
0, 65, and 270 nm, respectively (Fig. 30D and Fig. 35E). Cell lines expressing the constructs
were sorted into populations with similar mucin surface densities using a nanobody that
probed cell-surface GFP (Fig. 30D). The flexible polymer domain was required for efficient
membrane tubularization, and the 10- and 42-TR mucins induced comparable levels of
membrane tubularization despite their size difference (Fig. 30E and Fig. 35F). We compared
cells of similar spread area to rule out the possibility that changes in membrane surface
tension and other effects associated with cell spreading could explain the morphological
differences (Fig. 30E).

Similar to mucins, we found that a glycocalyx rich in large, linear polysaccharides
could also trigger dramatic changes in plasma membrane morphology. Notably, hyaluronic
acid synthase 3 (HAS3) expression increased the density of high molecular weight hyaluronic
acid (HA) polymers on the cell surface and led to the protrusion of many finger-like
membrane extensions (Fig. 36A-D), consistent with prior observations by others (Koistinen
et al., 2015). Together, these results suggested that diverse glycocalyx polymer types and
sizes might influence cell morphological states.

We next tested whether glycocalyx biopolymers could induce spontaneous curvature
in model membranes independent of intracellular machinery. When anchored to the surface
of giant unilamellar vesicles (GUVs), we found that the S/T-rich polymer domain of Podxl
triggered spontaneous generation of spherical and tubular membrane structures (Fig. 30F and

Fig. 37A, B). Tubules were also observed at very high densities of a folded protein, human
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serum albumin (HSA), consistent with previous findings that the extensive crowding of
folded or intrinsically disordered proteins could induce spontaneous membrane curvatures in
GUVs (Stachowiak et al., 2010) (Fig. 30F and Fig. 37B, C). However, the surface density
required to induce spontaneous tubularization was significantly lower for Podxl mucin

compared to HSA (Fig. 30F and Fig. 37B).

Specialized cells in vivo:

Motivated by these observations in vitro, we considered whether glycocalyx polymers
might play a role in shaping the morphology of specialized cell types in vivo. We elected to
evaluate synoviocytes, since these secretory cells are known to produce large quantities of
HA for joint lubrication and, thus, are expected to display a high density of HA polymers on
their surface. We isolated synovial tissues from equine carpus (Fig. 31A) and found that
primary synoviocytes expressing HAS3 were highly tubulated, but treatment with
hyaluronidase (HyA) to degrade HA resulted in the rapid destabilization and disappearance of
membrane tubules (Fig. 31B, C). We also evaluated synoviocyte morphology in tissues that
were freshly extracted and briefly cultured ex vivo (< 1 h). The synoviocytes in native
synovial tissue displayed an HA-rich head that appeared highly tubulated and protruded from
the tissue matrix (Fig. 31D, E). Brief treatment of the tissue with HyA ex vivo resulted in a
dramatic retraction of synoviocyte tubules, suggesting a role for the glycocalyx in the

maintenance of membrane projections in vivo (Fig. 31E).

Polymer brush framework:

We considered whether the observed membrane shapes and their frequencies could be
rationalized through the framework of polymer brush theory. We noted that two limiting
regimes are classically described in polymer physics for end-grafted polymers: the
“mushroom” regime, where polymers at low grafting densities have limited interactions with
each other, and the “brush” regime, where crowded polymers can interact sterically and
electrostatically with each other to exert larger pressures on the anchoring surface (Milner,
1991) (Fig. 32A). For mucins, we expected the transition from the mushroom to brush regime
to occur at a surface density where the average distance between the polymers was
approximately two times their radius of gyration in solution (Fig. 32A).

To measure the radius of gyration and flexibility of individual mucins, we produced
recombinant Muc1-42TR with a terminal purification tag in place of its transmembrane
anchor (Fig. 38A-C). Size-exclusion chromatography coupled to multi-angle light scattering

(SEC-MALS) reported 32 nm + 0.4% for the mucin radius of gyration in physiological
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buffer. Based on the estimated Muc1-42TR contour length of approximately 270 nm, and
again without intending to be bound by any particular theory, we concluded that the mucin
had a persistence length of approximately 7.5 nm and adopted the extended random coil
configuration expected for a semi-flexible polymer in solution.

We next tested whether polymer brush theory could capture the physical behavior of
mucin ensembles on the cell surface. We tested whether mucins stretch and extend in a
predictable manner as they become progressively more crowded, a characteristic physical
behavior originally described by Alexander and de Gennes in their seminal theories on
polymer brushes (Alexander, 1977; Milner, 1991). We chose to evaluate mucin extension on
actin-containing tubules that resembled microvilli, since the curvature of these structures was
highly uniform and essentially independent of the mucin surface density (Fig. 38D). As such,
we were able to approximate the tubule surface as a rigid cylinder of fixed radius for direct
comparison to classical theory. A cDNA for Muc1-42TR with complimentary epitope tags
flanking the mucin polymer domain was constructed. Following cellular expression, the
encoded tags were labeled with fluorophore-conjugated probes and resolved on microvilli
cross-sections using a super-resolution optical technique called expansion microscopy (ExM)
(Fig. 32B and Fig. 38E). We found that the mucin extension had an exponential dependence,
or ‘scaled,” with fluorescence intensity, and hence surface density, with an exponent of 0.48 +
0.10 (Fig. 32B). This value compared well to the theoretically derived power law exponent of
between 0.33 and 0.5 for polyelectrolytes grafted on a rigid cylindrical surface at
physiological salt concentrations (Zhulina and Borisov, 1996).

We created a polymer brush model to describe the physical behavior of a mucin-rich
glycocalyx assembled on the plasma membrane. The entropic pressure contributed by the
mucin brush generated a spontaneous membrane curvature that strongly scaled with polymer
density and weakly with polymer chain length (Hiergeist and Lipowsky, 1996) (Fig. 32C and
Fig. 39). The weak dependence on polymer length was consistent with findings that mucins
with 10 and 42 repeats had comparable effects on cell-surface morphology despite their 4-
fold difference in size (Fig. 30E and Fig. 35F). For these two mucins, our brush model

predicted only a ~20% difference in induction of spontaneous membrane curvature (Fig. 39).

Preferred membrane shapes:
We tested whether the polymer model could explain the frequency of finger-like and
spherical protrusions from the cell surface. We reasoned that protrusion of a specific

membrane feature would be disfavored when high intracellular forces were required to extend
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or maintain the protrusion and favored when these force requirements were minimal.
Minimizing the standard Helfrich free energy function for membranes with induced
spontaneous curvature, we calculated the equilibrium cytosolic pressure required to maintain
a spherical membrane bleb and the point force required to maintain a membrane tubule (Fig.
33D). For experimental comparison, we evaluated the types, sizes, and frequencies of plasma
membrane features as a function of mucin cell-surface density. Cells expressing Muc1-42TR
GFP were labeled with an anti-GFP nanobody and sorted into populations of varying mucin
surface levels (Fig. 33A). The average mucin surface density in each population was
estimated by SDS-PAGE through interpolation using a nanobody standard curve (Fig. 40).
Molecular surface densities in the sorted populations ranged from 180 to ~50,000 mucins per
um?. For reference, we expected the mushroom to brush transition to occur around 250
mucins per um” based on the measured radius of gyration of recombinant Muc1-42TR in
solution.

Initially, we evaluated membrane blebs. Using physical parameters measured for
Muc1-42TR, we predicted that the pressure required for maintaining a bleb with a typical
radius of 250 nm would be minimal at moderate mucin densities near the mushroom-brush
transition (Fig. 32D). A surprising model prediction was that the required maintenance
pressure would rise sharply at higher mucin densities, quickly reaching pressures that exceed
the known limits of the cell’s contractile machinery (Charras et al., 2008). Thus, theory
suggested that blebbing would be suppressed by a highly dense glycocalyx (Fig. 32D). Our
experimental observations showed good qualitative agreement with these predictions. Cells
with a mucin density near the estimated mushroom-brush transition displayed a significant
number of large, bleb-like forms with an average radius of 260 + 100 nm (Fig. 33B-D; 180
mucins per um?). Upon crossover into the brush regime, the bleb frequency plummeted
precipitously, consistent with the model’s prediction of a quadratic rise in the necessary bleb
maintenance pressure (Fig. 33B, D).

The glycocalyx polymer model predicted a much different dependence of tubule
projection on mucin density. The predicted point force required for maintaining an extended
tubule decreased progressively with high mucin densities and exhibited no sharp transitions
(Fig. 32D). Accordingly, the frequency of cell-surface tubules observed in our sorted cell
populations increased steadily with mucin density throughout the mushroom and brush
regimes until the cell was fully saturated with tubes at very high mucin densities (Fig. 33B-
E). Notably, theory predicted that at these high densities, the required force for tubule

extension is comparable to the polymerization force of a single cytoskeletal filament, ~1 pN
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(Footer et al., 2007). Based on the experimentally measured mucin densities, we estimated
the theoretical point force, f, required to maintain tubules. Remarkably, the experimentally
observed tube frequency had a nearly perfect inverse correlation with the theoretical point
force (Fig. 33F). The Pearson’s correlation coefficient describing the relationship between
tube density and 1/fwas 0.97.

The polymer model also predicted that the spontaneous curvatures generated by high
mucin surface densities exceeded the curvature of finger-like projections that we observed on
the cell surface. We noted that the tubular membrane projections on our cells typically
contained a filamentous actin (F-actin) core and did not contain microtubules (Fig. 34A, B,
Fig. 41A-D). Disruption of F-actin assembly with the drug Latrunculin A (LatA)ledto a
reduction in tubule diameter by approximately 30 nm (Fig. 34C, D and Fig. 41E, F),
indicating that the mucin-induced spontaneous curvature exceeded the curvature of the stable,
actin-filled projections. It should be noted that our measurement of LatA-treated cells likely
excluded very thin and delicate membrane tubules that were difficult to preserve throughout
the SEM sample preparation. Nevertheless, these results clearly indicated that spontaneous
curvatures generated by the glycocalyx can meet or exceed the curvature requirements for
thin, finger-like projections, such as microtubules, cilia, filapodia, axons, and cytonemes,

which have characteristic diameters of approximately 100-200 nm.

Membrane instabilities and extracellular vesicle generation:

We next considered whether other functional membrane shapes could be generated
through actions of the glycocalyx. We noted that a progressive increase in spontaneous
curvature has been known to trigger membrane instabilities and morphological changes in
membrane vesicles (Campelo and Hernandez-Machado, 2007; Tsafrir et al., 2001).
Therefore, we reasoned that membrane instabilities could arise if the F-actin cores that
physiologically resist the spontaneous curvatures of mucins were disrupted. Indeed, our
model suggested that ~400 mucins per um? or more would be sufficient to drive membrane
instabilities in tubules. Accordingly, we observed that LatA treatment triggered formation of
pearled and undulating structures that are characteristic of membrane instabilities (Fig. 34D).

Deuling, Helfrich, and others theoretically considered instabilities in membrane
tubules with volume to area ratio, A, and found that for certain spontaneous curvatures, cg,
the membrane bending energy vanished through the adoption of one of three “Delaunay”
shapes: a cylinder for ¢y = 1/2A (Shape 1), a smoothly varying set of unduloids for 1/2A < ¢,
< 2/3X\ (Shape 2), and a set of equal-sized “pearls” for ¢, = 2/3A (Shape 3) (Campelo and
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Hernandez-Machado, 2007; Tsafrir et al., 2001). For spontaneous curvatures that exceeded
2/3\, the lowest energy shapes that satisfied the constraints of volume and surface area were
found to include a set of small pearls of the preferred curvature with one or more big pearls
necessary to hold excess volume (Shape 4) and a set of pearls with a gradient in size (Shape
5) (Campelo and Hernandez-Machado, 2007; Tsafrir et al., 2001). We evaluated whether the
minimal energy surfaces, Shapes 1-5, would be formed on cells expressing moderate to high
levels of mucin without exogenous treatments, and found commonplace examples of each
expected shape (Fig. 34E). The observation of these shapes provided a compelling argument
that membrane instabilities can be driven by specific compositions of the glycocalyx.

Remarkably, we discovered that membrane pearling was an intermediate step towards
the secretion of extracellular vesicles directly from the plasma membrane (Fig. 34F).
Compared to controls, the conditioned media from Muc1-42TR-expressing cells contained
massive concentrations of particles ranging in size from approximately 100-nm to 400-nm
(Fig. 5G), which is characteristic of microvesicles (Pol et al., 2016). Particle generation was
further enhanced by LatA treatment to disrupt the supporting F-actin cores of surface
projections and locally destabilize the plasma membrane (Fig. 34H). Cryo-transmission
electron microscopy (cryo-TEM) confirmed that the secreted particles were indeed membrane
vesicles and grafted with a distinct glycocalyx ultrastructure on their surfaces (Fig. 34I).
These observations are consistent with previous reports of vesicle generation from microvilli
in enterocytes and other mucin expressing cells (McConnell et al., 2009). However, and
without intending to be bound by any particular theofy, our results now suggest a possible
three-step mechanism for microvesicle generation: (1) cytoskeletal filaments help extend and
stabilize long and thin protrusions from the plasma membrane in a glycocalyx-dependent
manner; (2) following disassembly of the cytoskeletal core, spontaneous curvature imposed
by the glycocalyx induces membrane instabilities of the tubules; and (3) membrane pearls

pinch off to release vesicles (Fig. SE, F).

DISCUSSION

The description presented in this Part IV implicates an entropic mechanism through
which the glycocalyx can strongly influence the favorability of diverse plasma membrane
shapes and protrusions. The morphological changes regulated by the glycocalyx could, in
principle, have broad consequences on membrane processes, ranging from absorption and

secretion to cellular communication, signaling, and motility (Lange, 2011; Paluch and Raz,
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2013; Sauvanet et al., 2015; Schmick and Bastiaens, 2014). Given that glycosylation changes
dramatically and in tandem with cell fate transitions (Buck et al., 1971; Freeze, 2013;
Satomaa et al., 2009), and that the pool of monomers for construction of glycocalyx polymers
is tightly coupled to specific metabolic programs (Dennis et al., 2009; Koistinen et al., 2015;
Ying et al., 2012), this Part IV raises the intriguing possibility that the glycocalyx may serve
as a conduit linking physical morphology to specific cell states.

Contemporary frameworks for understanding membrane shape regulation largely lack
a physical description of the glycocalyx. However, long-chain biopolymers in the glycocalyx
are almost universally found anchored to the surfaces of curved membrane features and cell-
surface organelles (Bennett et al., 2001; Button et al., 2012; Evanko et al., 2007; Fowke et al .,
2017; Hattrup and Gendler, 2008; Kesavan et al., 2009; Kesimer et al., 2013; Makabe Sayoko
et al., 2006; van den Pol and Kim, 1993; Zhang et al., 1992). The results in this Part IV
suggests that the principles and theories of polymer physics can be adopted to understand, at
least to a first approximation, the physical regulation of membrane shape generation by the
glycocalyx. A model of end-anchored polymer mushrooms and polymer brushes is a simple
physical representation of the glycocalyx. The actual glycocalyx architecture can include
additional hierarchies of crosslinking, entanglement, and molecular inhomogeneity (Tammi
et al., 2002). However, the nearly perfect inverse relationships between the force
requirements for membrane extension, as estimated using a relatively simple model of the
glycocalyx, and the experimentally observed frequencies of these extensions argue that at
least some of the physical behaviors of the glycocalyx can be captured using polymer
network models. Indeed, we found that glycocalyx polymer extension correlates with cell
surface density according to the classic scaling laws developed by de Gennes and others for
polymer brushes (Gennes, 1979; Zhulina and Borisov, 1996).

How the glycocalyx and intracellular shape-generating processes coordinate in space
and time to control membrane protrusions is not fully resolved. In particular, the Rho family
of GTPases are master regulators of cytoskeletal dynamics and cell-surface morphology
(Hall, 1998). The description in this Part IV suggests that by modulating the barrier to
membrane bending, the glycocalyx primes the membrane for expansion into specific types of
spherical or tubular forms that are subject to regulation by Rho GTPases. This integrated
view suggests that perturbation of normal cell-surface morphology could be achieved through
deregulation of intracellular shape generating processes, glycocalyx polymer assembly, or
both. For instance, deregulation of Rho GTPase signaling, cytoskeletal dynamics, and

glycocalyx assembly are all common hallmarks of cancer cells (Paszek et al., 2014; Pinho
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and Reis, 2015; Porter et al., 2016; Yamaguchi and Condeelis, 2007) and may each contribute
to the unique cell-surface dynamics that contribute to the lethality of metastatic cancer cells.
Bending of surfaces by anchored polymers is a general physical phenomenon. As
such, membrane shape regulation by the glycocalyx could be a universal feature relevant in
all cell types. Future efforts may unravel physical function of the glycocalyx in the biogenesis
of specific membrane organelles and signaling structures, including cilia, axons, cytonemes,
and microvilli. Nevertheless, the description in this Part IV supports a more holistic model of
membrane shape regulation that includes consideration of forces on both the intracellular and

extracellular faces of the plasma membrane.

METHODS

Antibodies and reagents. The following antibodies were used: FITC-Human CD227
(Mucl) (559774, BD Biosciences), Human CD227 (555925, BD Biosciences) (Mucl), Alexa
Flour 488 Human Podocalyxin (222328, R&D Systems), Actin (sc1615, Santa Cruz), GFP
(4B10, 29558, Cell Signaling), 6xHis (9000012, BD Biosciences), Goat anti-Mouse IgG-
HRP (s¢-2005, Santa Cruz), Mouse anti-Goat [gG-HRP (sc-2354, Santa Cruz). Lectins used
were: Biotinylated Peanut Agglutinin (PNA; B-1075, Vector Laboratories), CF568 PNA
(29061, Biotium), CF640R PNA (29063, Biotium), CF633 Wheat Germ Agglutinin (WGA;
29024, Biotium). Biotinylated lectins were detected using ExtrAvidin-Peroxidase (E2886,
Sigma). Hyaluronic acid (HA) was probed in blots with fluorescently labeled or biotinylated
bovine nasal hyaluronic acid binding protein (HABP; Millipore). Biotin-HABP was detected
with horseradish peroxidase conjugated streptavidin (HRP-streptavidin, R&D Systems). For
HA ELISAs, the DuoSet Hyaluronan kit was from R&D Systems. Actin depolymerization
was induced through treatment with Latrunculin A (LatA; 76343-93-6, Cayman Chemicals).

For formation of giant unilamellar vesicles (GUVs), 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-((N-(5-amino-1-
carboxypentyl)iminodiacetic acid)succinyl), with nickel salt (DOGS-NTA-Ni) were
purchased from Avanti Polar Lipids; 2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-
indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-2-phosphocholine (Bodipy-PC) was
purchased from Invitrogen; His-tagged recombinant human Podocalyxin (Ser23 — Arg427;
accession number AAB61574.1) was from R&D Systems; and His-tagged human serum
albumin (accession number NP_000468) was from ACROBI1osystems.

GFP binding protein (nanobody) came from Chromotek. NHS-esters of Alexa Fluor

488, Alexa Fluor 568, and Alexa Fluor 647 were from Invitrogen. Electron microscopy-grade
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16% paraformaldehyde, 10% glutaraldehyde, and 2% OsOs for scanning electron microscopy
(SEM) were obtained from Electron Microscopy Sciences.

Cloning and constructs. cDNAs for cytoplasmic-tail-deleted human Mucl with 42
tandem repeats (Muc1-42TR ACT), Muc1-42TR polymer domain fusion with the TM21
synthetic membrane domain (Muc1-42TR TM21), cytoplasmic-tail-deleted human
Podocalyxin (S/T-Rich ACT) were generated and cloned into the tetracycline-inducible
PiggyBac expression vector (pPB TetOn Puro) or mammalian expression vector pcDNA3. 1
as previously described (Paszek et al., 2014; Shurer et al.). To make lentiviral vector pLV
Hygro TetOn HAS3, the cDNA for human HAS3 (accession NP_005320) was obtained from
R&D Systems and amplified via PCR with the forward primer, 5°-
GGCACCTCGAGGATGCCGGTGCAGCTGACGACA-3’ (SEQ ID NO:88), and reverse
primer, 5’-GGCAGAATTCTTACACCTCAGCAAAAGCCAAGCT - 3’ (SEQ ID NO:89).
The PCR product was cloned into pJET1.2 (ThermoFisher) according to manufacturer’s
protocol, and subcloned into the Absl and EcoRI sites of pLV Hygro TetOn (Paszek et al.,
2012). For generation of pPB Mucl GFP ACT TetOn Puro with varying number of tandem
repeats, the cDNA for mOxGFP (Addgene #68070; heretofore mOxGFP is referred to as
GFP) was amplified with primers: 5’°-
GGCAGCTCAGCTATGGTGTCCAAGGGCGAGGAGCTGT-3’ ((SEQ ID NO:90)
forward) and 5’- GGCAGCTGAGCCCTTATACAGCTCGTCCATGCCGTGAGT-3’ ((SEQ
ID NO:91) reverse). The PCR product was cloned into pJET1.2 and subcloned non-
directionally into the Blpl site of pPB Muc1-42TR ACT TetOn Puro. For constructs with 10
and 42 native tandem repeats (PDTRPAPGSTAPPAHGVTSA ((SEQ ID NO:8)), synthetic
cDNAss for the desired repeat units were generated through custom gene synthesis (General
Biosystems) and cloned in place of the tandem repeats in pPB Mucl GFP ACT TetOn Puro
using the BamHI and Bsu36I restriction sites. Mucl tandem repeats were deleted through Q5
site directed mutagenesis with 5’-TGGAGGAGCCTCAGGCATACTTTATTG-3” (SEQ ID
NO:92) forward) and 5’-CCACCGCCGACCGAGGTGACATCCTG-3’ ((SEQ ID NO:93)
reverse) primers to generate pPB Mucl OTR GFP ACT TetOn Puro. To add a SumoStar tag
to the Muc1-42TR GFP ACT N-terminus, a cDNA encoding the IgG kappa leader sequence,
SumoStar tag, and Mucl N-terminus was generated through custom gene synthesis (General
Biosystems) and inserted in place of the Muc1 N-terminus in pPB Mucl GFP TetOn Puro
using the BamHI and BsrGI restriction sites. For recombinant production of the mucin
polymer domain, 42 tandem repeats from Mucl were fused to an N-terminal S6 tag

(GDSLSWLLRLLN) and C-terminal 10x-histidine purification tag to make Muc1-42TR 10X
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His. To insert the S6 tag, QS site directed mutagenesis was performed using 5’-
GTTGCGACTGCTTAACGGACAGATCTCGATGGTGAGC-3’ (SEQ ID NO:94) forward)
AND 5’-AGCCAGCTCAGGGAATCCCCAGCATTCTTCTCAGTAGAG-3’ ((SEQ ID
NO:95) reverse) on a pcDNA3.1 plasmid containing the Muc1 N-terminus from pPB Mucl-
42TR ACT TetOn Puro between BamHI and BglII sites. The S6 tag was subsequently cut at
these sites and replaced in the Muc1-42TR ACT N-terminus in pPB Muc1-42TR ACT TetOn
Puro. The 10x-histidine tag was added by annealing the oligos, 5'-
TCAGGCCACCACCACCATCACCATCATCACCACCATTAGGG-3' (SEQ ID NO:96)
and 3'-CCGGTGGTGGTGGTAGTGGTAGTAGTGGTGGTAATCCCTTAA-5' (SEQ ID
NO:97), and inserting in place of the Muc1-42TR ACT C-terminus in pPB Muc1-42TR ACT
TetOn Puro using the Bsu36I and EcoRI restriction sites.

Cell lines and culture. MCF10A and HEK293T cells were obtained from ATCC.
MCF10A cells were cultured in DMEM/F12 media supplemented with 5% horse serum, 20
ng/mL EGF, 10 pg/ml insulin, 500 ng/mL hydrocortisone, 100 ng/mL cholera toxin and
penicillin/streptomycin. HEK293T cells were cultured in DMEM high glucose supplemented
with 10% fetal bovine serum and penicillin/streptomycin. Equine synoviocytes were cultured
in low glucose (1.0 g/LL) DMEM media supplemented with 40 mM HEPES, 4 mM L-
Glutamine, 110 mg/L sodium pyruvate, 10% fetal bovine serum and penicillin/streptomycin.
Subculture of the synoviocytes was performed every 3—4 days. All adherent cells were
maintained at 37°C, 5% COz, and 90% RH. Suspension-adapted 293F cells obtained from
Thermo Fisher (R79007) and were maintained in Freestyle 293F Expression Medium
(Thermo Fisher, 12338018) in spinner flasks at 37°C, 8% COa, 120 RPM, and 80% RH
according to manufacturer’s protocol. Stable MCF10A, primary equine synoviocyte, and
293F cells expressing the rtTA-M2 tetracycline transactivator were prepared by lentiviral
transduction using the pLV rtTA-NeoR plasmid as previously described (Paszek et al., 2012).
For preparation of mucin expressing cell lines, plasmids with ITR-flanked expression
cassettes (i.e. PiggyBac vectors) were co-transfected with the PiggyBac hyperactive
transposase using Nucleofection Kit V (Lonza) or FreeStyle Max Reagent (Thermo Fisher)
according to manufacturer’s protocols and selected with 1 pg/ml puromycin or 200 pg/mL
hygromycin.

Equine synovial tissue resection and primary synoviocyte isolation. Primary
equine synoviocytes were obtained from the shoulder, stifle, carpal, tarsal and fetlock joints
of a yearling horse (Lquus caballus). To isolate the fibroblast-like type B synovial cells

synoviocytes), synovial membrane tissues were digested with 0.15% collagenase
1 b digested with 0.15% collag
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(Worthington Biochemical, Lakewood, NJ) supplemented with 0.015% DNase I (Roche,
Indianapolis, IN) for 3 h at 37 °C in Ham’s F12 media, followed by filtration and
centrifugation at 250x g for 10 minutes as previously described (Saxer et al., 2001).

Freshly resected synovial tissues were either incubated for 30 min in Ham’s F12
media with or without 1 U/mL Hyaluronidase (Sigma) and fixed or immediately fixed for 24
h with 4% paraformaldehyde and 1% glutaraldehyde in PBS. Tissues were then either
processed for SEM or reduced with 0.1 mg/mL NaBHa4 for 20 min on ice and further
processed for confocal imaging.

Scanning electron microscopy (SEM) and analysis. All samples were fixed for 24 h
with 4% paraformaldehyde and 1% glutaraldehyde in PBS, post-fixed for 45 min with 1%
osmium tetraoxide in dH20, washed and subsequently dehydrated stepwise in ethanol of
25%, 50%, 70%, 95%, 100%, 100% before drying in a critical point dryer (CPD 030, Bal-
Tec). Samples were coated with gold-palladium in a Desk V sputter system (Denton
Vacuum) and imaged on a field emission scanning electron microscope (Mira3 FE-SEM,
Tescan or FE-SEM LEO 1550, Carl Zeiss Inc.). For actin depolymerization studies, cells
were treated for 60 min with 10 pM LatA before fixation, where indicated.

Cellular tube density, diameter, and length were analyzed in ImagelJ Fiji (Schindelin
et al., 2012). For quantification of tube density per area, a ~2 um x 2 um region of interest
was drawn and the encompassed tubes counted manually. Tube diameter was measured by
drawing a strain line through the tube cross section at its mid-point. Tube length was
measured for tubes extending approximately parallel to the image plane, as identified by
visual inspection, using the ImageJ line segment tool.

Confocal microscopy for cells and tissues. Cells were plated at 5,000 cells/cm?* and
subsequently induced with 0.2 ug/mL of doxycycline for 24 h before being fixed with 4%
paraformaldehyde. Antibodies were diluted 1:200 in 5% normal goat serum PBS and
incubated overnight at 4°C. Lectins were diluted to 1 ug/mL in 5% normal goat serum PBS
and incubated for 2 h at room temperature. For hyaluronic acid staining of cells and tissues,
HABP was diluted to 0.125 pg/ml in 0.5% normal goat serum in PBS and incubated on
samples for 24 h. Cell samples were imaged on a Zeiss LSM inverted 880 confocal
microscope using a 40x water immersion objective (NA 1.1). In addition to HABP, NaBHa-
treated tissues were stained with 1 pg/mL Hoechst for 10 min and imaged on a Zeiss 880
upright confocal microscope with a 40x water dipping lens. Unstained tissue collagen was

visualized with second harmonic generation using non-descan detectors.
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Immuno- and lectin blot analysis. Cells were plated at 20,000 cells/cm?* and induced
with 0.2 ug/mL doxycycline for 24 h before lysis with Tris-Triton lysis buffer (Abcam).
Lysates were separated on Nupage 4-12% Bis-Tris or 3-8% Tris-Acetate gels (Thermo
Fisher) and transferred to PVDF membranes. Primary antibodies were diluted 1:1000 and
lectins were diluted to 1 pg/mL in 3% BSA TBST and incubated 4 h at room temperature or
overnight at 4°C. Secondary antibodies or ExtrAvidin were diluted 1:2000 in 3% BSA TBST
and incubated for 2 h at room temperature. Blots were developed in Clarity ECL (BioRad)
substrate, imaged on a ChemiDoc (BioRad) documentation system, and quantified in ImageJ
Fiji (Schindelin et al., 2012).

Flow cytometry. Cells were plated at 20,000 cells/cm? and grown for 24 h. Cells
were then induced with 0.2 ug/mL doxycycline for 24 h. Adherent cells were non-
enzymatically detached by incubating with 1 mM EGTA in PBS at 37°C for 20 min and
added to the population of floating cells, if present. Antibodies were diluted 1:200 and lectins
were diluted to 1 pg/mL in 0.5% BSA PBS and incubated with cells at 4°C for 30 min. The
BD Accuri C6 flow cytometer was used for analysis.

Analysis of HA synthesis and molecular size. Control and lentiviral transduced
MCF10A and primary equine synoviocytes were plated and induced with 0.2 ug/mL
doxycycline for 24 h. Total levels of HA secreted into the cell culture media were measured
via the DuoSet Hyaluronan ELISA kit following manufacturer’s protocol. Briefly, a 96-well
microplate was coated with recombinant human Aggrecan. HA in cell culture media was
captured by the coated Aggrecan and detected with Biotin-HABP/HRP-Streptavidin. HA
concentration was measured using S. pyogenes HA standard (R&D Systems). HA molecular
mass was assayed by electrophoresis and blot analysis essentially as described (Yuan et al,
2013), using agarose instead of polyacrylamide for gel electrophoresis. Briefly, cell culture
media containing HA was loaded in a 0.6% agarose gel in TBE buffer. Following
electrophoresis, samples were transferred to HyBond N+ membrane (GE Healthcare). HA
was probed with biotin-HABP (0.125 pg/ml in 0.1% BSA-PBS, 1 h) and subsequently
detected with HRP-Streptavidin (0.025 pg/ml in 0.1% BSA-PBS, 1 h). Blots were developed
in ECL substrate (Amresco), imaged on a ChemiDoc (BioRad) documentation system, and
quantified in ImageJ Fiji (Schindelin et al., 2012).

Analysis of mucin radius of gyration. The Mucl polymer domain with 42 tandem
repeats (S6 Mucl1-42TR 10xHis) was produced recombinantly in suspension adapted
Freestyle 293F cells. Stable 293F cell lines were prepared with the pPB Muc1-42TR 10xHis

Puro TetOn Puro vector as described above. Production of Mucl biopolymer was induced
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with 1 pg/mL doxycycline in 30 mL of suspension culture in Freestyle 293F media. Induced
media was collected after 24 h and purified on HisPur Ni-NTA resin (Thermo Fisher)
according to standard protocols. Briefly, 1 mL bed volume of Ni-NTA resin was rinsed with
equilibration buffer (20 mM sodium phosphate, 0.5 M NaCl, pH = 7.4). Equilibrated resin
was incubated overnight at 4°C with 10 mL harvested 293F media diluted in 30 mL of
equilibration buffer. Beads were washed in equilibration buffer with 5 mM imidazole and
eluted in equilibration buffer with 500 mM imidazole. Eluted protein was dialyzed against
PBS and analyzed by SDS-PAGE. Gels were stained with Sypro Ruby (Thermo Fisher)
according to manufacturer’s instructions to confirm protein size and purity. Gels were blotted
and probed with Mucl and His antibodies to confirm mucin identity and PNA lectin to
confirm mucin O-glycosylation. Purified recombinant Mucl was dialyzed against PBS to
remove imidazole.

The radius of gyration of the recombinant Mucl polymer domain was measured with
size-exclusion chromatography-coupled to multiangle light scattering (SEC-MALS). Purified
protein (40 uL of Muc1 with a concentration of 5 ug/ul.) was subjected to SEC using a
Superdex 200 Increase 10/300 column (GE Healthcare) equilibrated in MALS buffer (20 mM
sodium phosphate, 0.5 M NaCl, pH 7.4). The SEC was coupled to a static 18-angle light
scattering detector (DAWN HELEOS-II) and a refractive index detector (Optilab T-rEX,
Wyatt Technology). Data were collected every second at a flow rate of 0.7 mL/min. Data
analysis was carried out using ASTRA VI, yielding the molar mass, mass distribution
(polydispersity), and radius of gyration of the sample (32.0 nm + 0.4%). For normalization of
the light scattering detectors and data quality control, monomeric BSA (Sigma) was used.

Variation of mucin lengths and cell-surface densities. Mucin lengths: MCF10As
expressing Mucl mOxGFP with 0, 10, or 42 tandem repeats were sorted for similar levels of
GFP on a BD FACs Aria II. Stable populations were created from these sorted lines. Cells
were plated onto 8 mm coverslips at 10,000 cells/cm? for 16-18 h, then induced with 0.2
ug/mL of doxycycline for 24 h and fixed for SEM analysis.

Mucin cell surface density: A nanobody with an approximate size of 2 nm (15 kDa)
and picomolar affinity for GFP was obtained from ChromoTech and labeled with NHS-Alexa
Fluor 647 according to manufacturer’s protocol. MCF10A cells expressing Mucl mOxGFP
with 42 tandem repeats were labeled in 5 pg/ml 647-nanobody for 20 min on ice to label only
cell surface mucins. Cells were sorted onto poly-l-lysine treated 8 mm coverslips at 5,000 to
10,000 cells/cm? for SEM, allowed to adhere for 4 h at 37°C, and fixed for SEM imaging.
Alternatively, cells were sorted into 1.7 mL Eppendorf tubes, resuspended in 100 uL. 0.5%
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BSA PBS, and lysed with 100 puL. 2x RIPA lysis buffer for estimation of mucin surface
densities via SDS-PAGE. Lysed samples were run simultaneously with Alexa Fluor 647-
nanobody standards of known molecular concentration. Nanobody fluorescence in lysed
samples and standards were imaged on a Typhoon 9400 imaging system (GE Healthcare).
Total fluorescence in each sample or standard was quantified in ImageJ Fiji (Schindelin et al .,
2012). A standard curve was constructed by relating fluorescence from nanobody standards
to their known concentration. The number of labeled mucins in each lysate were estimated
based on the standard curve. The mucin surface density was estimated by dividing the total
number of mucins by the known number of cells in each sample and their average surface
area of 5,000 um? based on an average radius of 20 pm and spherically shaped wild-type cells
in suspension. A standard curve was constructed based on the number of mucins per area and
the known mean fluorescence signal from the FACS collected population. This standard
curve was then applied to calculate the number of mucins per area of populations collected
subsequently.

Giant unilamellar vesicles. Preparation. Giant Unilamellar Vesicles (GUVs) were
prepared by electroformation as described previously (Angelova and Dimitrov, 1986).
Briefly, lipids and dye dissolved in chloroform were spread on glass slides coated with ITO
(Indium-Tin-Oxide). The slides were placed under vacuum for 2 h to remove all traces of
organic solvents. The lipid films were hydrated and swelled in 120 mM sucrose at 55°C.
GUVs were electroformed by the application of an oscillating potential of 1.4 V (peak-to-
peak) and 12 Hz for 3 h (Busch et al., 2015). GUVs compositions were prepared with DOPC
and increasing molar fractions of DOGS-Ni-NTA lipid (5, 10, 15, and 20 mol%). Bodipy-PC
was used to label the lipids at a dye/lipid ratio of 1/2500. Recombinant His-tagged
Podocalyxin and human serum albumin (HSA) were conjugated with NHS-Alexa Fluor 568,
and the degree of labelling quantified according to the manufacturer’s protocol. GUVs were
diluted in 20 mM HEPES, 50 mM NacCl, pH = 7.4 (120 mOsm) and then mixed with labeled
Podocalyxin (~2 uM) or HSA (0.125 or 0.375 uM) for at least 20 minutes before imaging
(GUVs/proteins = 1/1 by volume).

Imaging and analysis. GUVs were imaged on a Nikon C2plus confocal microscope
using a 60x water immersion objective (NA 1.2). Lipids and (Bodipy-PC) and protein (Alexa
Fluor 568) were imaged through excitation at wavelength A= 488 and 561 nm, respectively.
Dye fluorescent intensity was measured by taking 5 different line scans across the GUV in

ImagelJ Fiji (Schindelin et al., 2012). The intensity profile of each line was analyzed using
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Mathematica 10.3, where the integral of the intensity peak was calculated and averaged for 5
different lines per GUV.

Expansion microscopy. Expansion microscopy (ExM) was performed as described
previously (Tillberg et al., 2016) and involved steps of anchoring fluorescent dyes and
proteins, gelation, digestion and expansion to achieve dye retention and separation. Briefly,
fixed and stained cells were anchored with 0.1 mg/ml Acryloyl-X, SE (6-
((acryloyl)amino)hexanoic acid, succinimidyl ester (ThermoFisher) in PBS for 16 h at RT,
washed twice and further incubated 1 h at 37°C in a monomer solution (1 X PBS, 2 M NacCl,
8.625% (w/w) sodium acrylate, 2.5% (w/w) acrylamide, 0.15% (w/w) N,N'-
methylenebisacrylamide) mixed with ammonium persulfate 0.2% (w/w) initiator and
tetramethylethylenediamine 0.2% (w/w) accelerator for gelation. For digestion, gelled
samples were gently transferred into 6 well glass bottom plates (Cellvis) and treated with
Proteinase K (New England Biolabs) at 8 units/mL in digestion buffer (50 mM Tris (pH 8), 1
mM EDTA, 0.5% Triton X-100, 1 M NaCl) for 16 h at room temperature. For expansion,
digested gels were washed in large excess volume of ddH20 for 1 h. This was repeated 4 — 6
times until the expansion plateaued. Samples were imaged on a Zeiss LSM inverted 880
confocal microscope using a 40x water immersion objective (NA 1.1) in Airyscan mode to
optimize resolution.

Isolation of extracellular vesicles. Cell were plated at 10,000 cells/cm? in
appropriate dishes. Following induction with 1 ug/ml doxycycline for 18 h, cells were rinsed
with PBS twice then serum-starved for an additional 6 h with 1 pg/mL doxycycline
treatment. Conditioned media from serum-starved cells was clarified by pelleting cellular
debris through two consecutive centrifugations at 600x g for 5 min.

Nanoparticle tracking analysis. Extracellular vesicles in the clarified media were
analyzed using a Malvern NS300 NanoSight. Imaging was performed for 60 s with five
captures per sample. Particle analysis was performed using Malvern Nanoparticle Tracking
Analysis software.

Plunge-freezing vitrification. From clarified media, 3-5 pl of sample was pipetted
onto holey carbon-coated 200 mesh copper grids (Quantifoil Micro Tools, Jena, Germany)
with hole sizes of ~2 um. The grids were blotted from the reverse side and immediately
plunged into a liquid ethane/propane mixture cooled to liquid nitrogen temperature using a
custom-built vitrification device (MPI, Martinsried, Germany). The plunge-frozen grids were

stored in sealed cryo-boxes in liquid nitrogen until used.
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Cryogenic transmission electron microscopy. Cryogenic transmission electron
microscopy (cryo-TEM) was performed on a Titan Themis (Thermo Fisher Scientific,
Waltham, MA) operated at 300 kV in energy-filtered mode, equipped with a field-emission
gun, and 3838x3710 pixel Gatan K2 Summit direct detector camera (Gatan, Pleasanton, CA)
operating in Counted, dose-fractionated modes. Images were collected at a defoci of between

-1 um and -3 um. Images were binned by 2, resulting in pixel sizes of 0.72 -1.1 nm.

Statistics. Statistics were calculated in Graphpad Prism. One-way ANOVA and post-
hoc two-tailed student’s t-test were used where appropriate as indicated by figure legends.
For boxplots - center lines show the medians; box limits indicate the 25th and 75th
percentiles as determined by R software; whiskers extend 1.5 times the interquartile range
from the 25th and 75th percentiles, and notches, where shown, indicate the 95% confidence

interval.
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Theoretical Considerations

Glycocalyx Polymer Brush Model

Without intending to be constrained by any particular theory, the disclosure provides
a model to explain how biopolymers in the glycocalyx can generate entropic driving forces
for membrane curvature. The model considers long chain polymers anchored on one end to
the plasma membrane. Common examples of long-chain polymers in the glycocalyx include
mucins and hyaluronic acid (HA), which we model specifically here. The modeling
framework could be similarly applied to other types of glycocalyx polymers, including
polysialic acid and other glycosaminoglycans. Hyaluronic acid is a semi-flexible linear
polysaccharide comprised of repeating units of glucuronic acid and N-acetylglucosamine.
Mucins have a more complex bottlebrush structure comprised of a central polypeptide
backbone and densely clustered glycan side chains along the backbone. Although their
structure is complex, bottlebrush polymers can be modelled as effective linear polymers with
a monomer size on the order of the side chains (Paturej et al., 2016). Therefore, we consider
all glycocalyx polymers in our model to be linear or effectively linear.

Biopolymers in the glycocalyx are anchored to the cell surface in several ways,
including through transmembrane anchors, covalent conjugation to integral membrane
proteins, and non-covalently to specific transmembrane receptors. Cell surface mucins are
anchored directly near their carboxy terminus by a single transmembrane domain. Hyaluronic
acid is anchored to the cell surface through specific transmembrane receptors on the cell
surface. While it is possible for hyaluronic acid to be anchored at multiple points along the
polymer backbone, for simplicity, we consider all glycocalyx polymers to have a single

membrane anchor at one end.
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The cell surface is also decorated with many types of integral and peripheral
membrane proteins. These molecules could also contribute to an entropic pressure on the cell
membrane, similar to a 2D gas pressure. To isolate the effects of glycocalyx polymers on the
membrane, we did not include possible contributions from other cell surface proteins, as well
as intracellular forces. However, the model could be extended to include these additional
contributions to the system energy.

Biopolymers have excluded volumes accounting for steric interactions between
monomers on the same polymer as well as between monomers on adjacent molecules (de
Gennes, 1980). Large negative charges on acidic sugars, such as glucuronic acid and sialic
acid, give rise to intramolecular and intermolecular electrostatic interactions (Israels et al.,
1994). Finally, the polymers and the brush have entropic contributions due to the elastic
energy, which captures the stretch of the molecules (de Gennes, 1980). Embedded in a
deformable lipid membrane, the energy of this polymer glycocalyx and that of the membrane
can minimize to yield the equilibrium configuration (Lipowsky, 1995; Stachowiak et al.,
2012). Hence, in the present model below, we performed an energy minimization of the
glycocalyx and the underlying membrane to describe the surface curvature.

Depending on surface density, polymers tethered to a surface exhibit two particular
regimes of physical behavior — mushroom and brush. The Flory radius measures the
approximate size of an entire polymer, and is given by Rp ~ [,NY = [VIL™V where N, is the
number of monomers in the polymer, [ is the size of each monomer or effective monomer, [
is the fully extended length of the polymer chain, and v is called the Flory exponent. v = 0.6
for hydrophilic biopolymers in good solvents like water. At low densities, such that
intermolecular spacing is larger than the polymer Flory radius, i.e. C; < 1/(Ry)?, where C;
is biopolymer concentration, biopolymers take up preferable conformations independent of
neighbor interactions. In this regime, the flexible molecules can coil up to exhibit mushroom-
like structures. On the other hand, at high surface concentrations, when the intermolecular
spacing is smaller than the Flory radius, intermolecular interactions can dominate and stretch
the biopolymers out into a brush-like structure. The polymer layer extension or thickness, the
stored energy, and the generated membrane curvatures exhibit different scaling laws in these
regimes, as described below.

In the mushroom regime, the attachment of a biopolymer to a flat, impenetrable
surface reduces the number of accessible molecular conformations, cutting down the polymer

shapes that penetrate the surface. Curving the impenetrable grafting surface can marginally
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increase the permissible configurations, and increase the entropy of the polymer. Thus,
flexible biopolymers tethered to a deformable membrane can generate curvatures, as
described by Lipowsky (Lipowsky, 1995). However, the additional entropy due to membrane
curvature is small and consequently, curvatures generated by polymer mushrooms are also
small, relative to deformations elicited by intermolecular interactions in polymer brushes. In
this mushroom regime, the free energy due to the entropic contribution of each mushroom
polymer tethered to a curved membrane is:

2R pysh
Frushroom = —TSmushroom ~ — kBTW; (1)

where the reference configuration is the polymer tethered to a flat surface, S,,snr00m 15 the
corresponding entropic contribution, R, snroom 18 the Flory radius of the mushroom-shaped
biopolymer, and R is the radius of curvature of the underlying membrane. In the mushroom
regime, we consider the formation of spherical membrane structures. The bending energy of

the curved membrane is:

I membrane

~ 2C.R¥ @
where k is the bending stiffness of the membrane bilayer, C; is the surface density of the
biopolymers, and 1/C;; is the area available for each polymer. Minimizing the total energy,
Frotar = Fushroom T Fmembrane With respect to the radius of curvature, R, as 0F; 14 /0R =
0, we obtain the following scaling law for R:

K 1

R ~ ’
kpT 2CoINY

(3)

where [, is the size of monomeric segments and N, is the number of such monomers in a
polymer molecule.

At high surface densities, such that neighboring polymer molecules interact with each
other, grafted polymers exhibit a brush-like structure (de Gennes, 1980). In this regime, we
consider the formation of tubular structures from the membrane and predict the tubule
curvatures generated by intermolecular crowding effects on the cell surface. An energy
minimization approach elucidates the equilibrium curvature and brush extension as follows.
For a tubule with radius R, the energy of the glycocalyx per length of the tubule contains
elastic, excluded volume, and electrostatic components (Borisov and Zhulina, 2002; Bracha

et al., 2013; Zhulina et al., 2006):
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Fbrush = Felastic + Fexcluded volume

+ Felectrostaticr (4)
R+H

3
F =k Tf l
brush B J ZléCpS

+< + % ) 2 ld (5)
w cssldr,
Zcbion P

where R is the radius of the tubule, H is the thickness of the glycocalyx brush, [, is the size

of monomeric segments that form the biopolymers, ¢, is the monomer concentration, and s is
the area per polymer. At the tubule surface, the area per polymer, s(r = R) is related to the
biopolymer surface density, C¢, as s(r = R) = 1/C;. w is the excluded volume of monomer
segments, ay 1s the degree of ionization of a monomer, ®;,,, is the ion concentration in bulk
solution, and r is a radial coordinate.

Zhulina et al. (Zhulina et al., 2006) provide expressions for ¢,. Given the monomer
length and diameter are similar (Paturej et al., 2016), we consider the monomeric segments to
be cylinders with an aspect ratio close to 1. The energy per length of the underlying

membrane bent into the tubular structure is (Helfrich, 2014):

F membrane

_T[K' 6
= (6)

where k is the membrane bending modulus. Thus, the total energy per tubule length is:

Fiotat = Forusn + Fembrane

R+H
—ka 3+ +a12’ 25| dr + — 7
— "B 22,5 \" " 20,,) P | TR (7)
R

Minimizing the total energy with respect to the tubule radius (dF;p¢q;/dR = 0)

reveals the dependence of the spontaneous curvature on the properties of the glycocalyx and
the cell membrane, including the surface density of biopolymers.

We consider the implications of this theory for native Mucl, as an example mucin. We
course-grain the bottlebrush biopolymer into N, effective monomers of size [, ors (Paturej et
al., 2016). In this work, we measure the radius of gyration, R, of Mucl to be 32 nm. We
estimate the overall stretched length, [, to be 270 nm based on electron micrographs of Mucl

purified from human HEp-2 epithelial cells (Bramwell et al., 1986). The radius of gyration is

%RF = il”lé}’}f. Using estimates of R; =32 nm, [ =

related to the Flory radius by R, =~ =
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270 nm, and v = 0.6, we estimate the mucin to be described by N, = 18 effective monomeric
segments each having a size of [, .ry = 15 nm. We note that this effective monomer size is in
good agreement with expectations based on estimates of the mucin side chain size to be 5-10
nm (Kesimer et al., 2013; McMaster et al., 1999). We assume that sialic acids on mucins
contribute to a charge density of approximately 5 e per 20 amino acid tandem repeat. Our
assumption is based on most mucin O-glycosylation sites being occupied with sialylated
glycans (Backstrom et al., 2003; Miiller et al., 1999).

The scaling law for the mucin mushroom regime predicts small spontaneous
curvatures for low biopolymer densities (Fig. 32C). The predicted spontaneous curvatures are
comparable to the curvatures of the bleb-like protrusions observed in cells expressing low
surface densities of mucins, as shown in Fig. 33B, 180 mucins/um?. For higher densities,
where the biopolymers form a brush, the corresponding model above predicts the generation
of curvatures similar or greater to those observed in the tubules on the cells of Fig. 33B,
52000 mucins/um?. The curvature of such tubules is predicted to increase exponentially with
biopolymer density. Notably, the continuous transition between mushroom and brush regimes
predicted about a biopolymer density of 250 #/um? accompanies a change in cell surface
morphology from bleb-like to tubulated (Fig. 33B, D, E).

Similarly, HA molecules closely resemble linear polymer chains. For instance, a 1
MDa HA molecule has a length of 2.5 um when stretched out, and can be modeled as a chain
of 250 monomeric units approximately 10 nm long (Cleland Robert L., 2004; Hayashi et al .,
1995). Polymer theory predicts such a polymer to have a large Flory radius of about 1 um,
which is more than an order of magnitude larger than that of Mucl. Thus, HA is expected to
have a much larger effective volume and physical presence on the cell surface than Mucl.
The consequently stronger intramolecular and intermolecular interactions in HA should
render it significantly more effective at bending the membrane than Mucl. Furthermore,
considerably lower surface density of HA is expected to generate the same membrane
curvature as a surface densely crowded with Mucl.

We also conducted numerical calculations for the specific example of HA. Adopting
the approach of Bracha et al. on DNA, also a linear polyelectrolyte, we coarse grain
hyaluronic acid into N, cylindrical segments of length [, and diameter d to allow application
of polymer brush theory scaling laws (Bracha et al., 2013). The Kuhn length, [, of the
biopolymers is twice the persistence length and the length scale at which the molecule is

straight. Hyaluronic acid is semi-rigid owing to the local stiftness that arises from
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intrinsically large size of the sugar ring monomers and the hindered rotations about the
glycosidic linkages (Day and Sheehan, 2001). Measurements of the persistence length range
from 5 to 9 nm. The diameter of the hyaluronic acid chain is about 0.6 nm (Cowman et al.,
2005). In this work, we measure the molecular weight of hyaluronic acid produced by the
hyaluronic acid synthase 3 (HAS3) to be approximately 3 MDa. This large size corresponds

to a fully stretch length of approximately 10 um, assuming a disaccharide size of 1 nm.

Force Requirements for Cell Surface Blebs and Tubes

To predict the relative frequencies of blebs and tubes on the cell surface, we perform
energetic calculations for the cell membrane. The crowding pressure of the glycopolymers
effectively increases the natural curvature of the cell membrane. Hence, we lump together the
crowding effects of the glycocalyx into a spontaneous membrane curvature, cg.

Intracellular forces pushing the cell membrane out, e.g. actin polymerization, can
generate cylindrical tubes (Weichsel and Geissler, 2016). Here we consider a tube of length L
and radius R, generated due to a force /. On the other hand, a hydrostatic pressure
difference p between inside and outside the cell can form spherical blebs of radius Ry,
(Charras and Paluch, 2008). The energy of the membrane in these configurations includes the
bending energy, surface tension, and contributions from the pressure p or the force f

(Derényi et al., 2002; Helfrich, 2014; Seifert et al., 1991):

K
F :fz(c1+cz —o)?dA + oA —pV
A

—fL, (8
where k is the bending stiffness of the membrane, c¢; and ¢, are the principal curvatures, cq 18
the spontaneous curvature of the membrane — generated due to the crowding pressure of the
biopolymers, A is the area of the membrane, and o is the surface tension of the membrane.
For tubes, p = 0, f # 0, and L is the length of the tube, whereas for blebs, f =0, p # 0,
and V is the bleb volume.
A cylindrical tube of radius Ry pe has ¢; = 0 and ¢, = 1/Ryype, which simplify the

energy:

K 1 2
Frupe = §<Rtube - CO) + 0| 2nReypel

— fL. )
The case of a spherical bleb with a very thin neck provides an upper limit on the energy of a

bleb. For a bleb with radius Rp;ep, €1 = ¢ = 1/Rpep, and
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Fplop = K( 2 >2+ AmR?
bleb = |5 Rpen Co 0| AT Rpep

47TRgleb
3

At equilibrium, these energies are minimized with respect to the radii of the blebs and tubes

(10)

(Derényi et al., 2002). The tube energy is also minimized with respect to the tube length L at
steady state (Derényi et al., 2002). That is,
aFtube -0 aFtube

ORpe  OL
=0, (11D

and

0Fpep

ORpiep

=0 (12)
at equilibrium. The equilibrium equations (Eq. 11) for the tube imply:

Riupe

1

and

f= 2mc< ’cg + 20 /K

- c0>. (14)

These equilibrium calculations predict the tube radius is completely governed by the
mechanical properties of the lipid bilayer and the spontaneous curvature. These calculations
do not account for the structural support of actin filaments widening the tubes.

Bleb energy minimization (Eq. 12) yields the pressure requirement for a bleb of a

given size:

20 CoK < 2

p= -
Rbleb Rbleb Rbleb

- co)- (15)
Eq.13-15 relate the force or pressure required to maintain a tube or bleb with the spontaneous

curvature generated by the biopolymers. Fig. 32C details the dependence of the spontaneous

curvature on biopolymer concentration. We thus graph the force and pressure requirements
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against the biopolymer concentration (Fig. 32D). Comparisons with typically observed forces
from actin polymerization and hydrostatic pressures explain the relative densities of tubes and

blebs as a function of biopolymer density.
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What is claimed is:

1. Modified mammalian cells which comprise polypeptides expressed from recombinant
polynucleotides introduced into the cells, wherein the polypeptides comprise a
transmembrane anchor and a segment external to the cells, the segment external to the cells
comprising repeated amino acid sequences, wherein the repeated amino acid sequences are
selected from:

KEPAPTTP (SEQ ID NO:1)

DAATPAP (SEQ ID NO:2)

DAATPAPP (SEQ ID NO:3)

PPASTSAPG (SEQ ID NO:4)

PDTRPAPGATAPPAHGVTSA (SEQ ID NO:5)

PDTRPAPGATAPPAHGVTAA (SEQ ID NO:6)

PDARPAPGATAPPAHGVTAA (SEQ ID NO:7)

PDTRPAPGSTAPPAHGVTSA (SEQ ID NO:8), and combinations thereof.

2. The modified mammalian cells of claim 1, wherein the cells are modified human
cells.
3. The modified mammalian cells of claim 2, wherein the cells are human embryonic

kidney cells.

4. The modified mammalian cells of claim 3, wherein the human embryonic kidney cells

are adapted to growth in a suspension culture.

5. The modified mammalian cells of claim 1, wherein the repeated amino acid sequence

is repeated contiguously 10- 120 times.

6. The modified mammalian cells of any one of claims 1-5, wherein the repeated amino

acid sequence is repeated contiguously 21, 40, 42, 59 or 80 times.

7. The modified mammalian cells of claim 6, wherein the repeated amino acid sequence

comprises or consists of the sequence KEPAPTTP (SEQ ID NO:1).

- 146 -



10

15

20

25

30

WO 2020/150390 PCT/US2020/013743

8. The modified mammalian cells of claim 6, wherein the repeated amino acid sequence

comprises or consists of the sequence DAATPAP (SEQ ID NO:2).

9. The modified mammalian cells of claim 6, wherein the repeated amino acid sequence

comprises or consists of the sequence DAATPAPP (SEQ ID NO:3).

10. The modified mammalian cells of claim of 6, wherein the repeated amino acid

sequence comprises or consists of the sequence PPASTSAPG (SEQ ID NO:4).

11. The modified mammalian cells of claim of 6, wherein the repeated amino acid
sequence comprises or consists of the sequence PDTRPAPGATAPPAHGVTSA (SEQ ID
NO:5).

12. The modified mammalian cells of claim of 6, wherein the repeated amino acid
sequence comprises or consists of the sequence PDTRPAPGATAPPAHGVTAA (SEQ ID
NO:6).

13. The modified mammalian cells of claim of 6, wherein the repeated amino acid
sequence comprises or consists of the sequence PDARPAPGATAPPAHGVTAA (SEQ ID
NO:7).

14. The modified mammalian cells of claim 6, wherein the repeated amino acid sequence

comprises or consists of the sequence PDTRPAPGSTAPPAHGVTSA (SEQ ID NO:8).

15. The modified mammalian cells of claim 6, wherein said cells are present in a

suspension culture.

16. The modified mammalian cells of claim 6, wherein the cells in the suspension exhibit
less aggregation relative to a control value obtained from a suspended cell culture comprising
cells that do not express the polypeptide comprising the repeated amino acid sequences, and

optionally wherein the suspension cell culture is present in a suspended cell bioreactor.

17. The modified mammalian cells of claim 16, wherein the modified mammalian cells

further comprise an introduced polynucleotide encoding a distinct polypeptide that is
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different from the polypeptide comprising the repeated amino acid sequences, and wherein

the distinct polypeptide is produced by the modified mammalian cells.

18. The modified mammalian cells of claim 6, wherein the modified mammalian cells are
modified human cells, and wherein O-glycans on the segment external to the cells comprise
one or a combination of Core 2 O-glycan, GIcNAcB1-6(Gal31-3)GalNAc and/or the Core 2
derivatives of GIcNAcP1-6(Gal31-3)GalNAc at an abundance of at least 5% relative to all
Core 1, Core 2, Core 3, Core 4, Core 5, Core 6, Core 7, and Core 8 O-glycans.

19. The modified mammalian cells of claim 6, whereine the transmembrane anchor

comprises a cytoplasmic recycling motif.

20. An isolated polynucleotide encoding a polypeptide comprising a transmembrane

anchor and a repeated amino acid sequences according to claim 6.

21.  Theisolated polynucleotide of claim 20, wherein the isolated polynucleotide is
present in an expression vector for use in integration of the sequence encoding the

polypeptide into a chromosome of mammalian cells.

22. A method of making cells that express a polypeptide according to claim 6, comprising

introducing an isolated polynucleotide into the cells such that the polypeptide is expressed.

23. A method for producing a desired polypeptide, the method comprising expressing the
desired polypeptide in modified mammalian cells according to claim 6, such that the desired
polypeptide is produced, wherein the desired polypeptide is distinct from the polypeptide

comprising the repeated amino acid sequences.

24, The method of claim 23, further comprising separating the desired polypeptide from

the suspension cell culture.

25. The method of claim 24, wherein the modified mammalian cells are adapted to

growth in a suspension culture.
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26. A polypeptide produced by introducing into modified mammalian cells according to
claim 6 such that the polypeptide is expressed and separated from the modified mammalian
cells, and wherein the polypeptide that is separated comprises an amino acid sequence that is

different from the polypeptide comprising the comprising the repeated amino acid sequences.

27. A cell suspension bioreactor comprising a suspension cell culture comprising

modified mammalian cells according to claim 6.

- 149 -



PCT/US2020/013743

(]

™

Gy
S osF N
N

R RV

T 24n314

f7x diLdvdIy {pUAS) ETISLIBSUOD ULy Jyeanene (1AL ML

o 45, dd (EUhS) £ snaysuAs Sy WRQUAS < mrous- SIS -
X D ddvd 9ee [TUAS) 7 OAIAG suops  WLOMGEN BHLEL e ey -
0% OpX AR {LUAS) § DRSUUAS oy aoypuy  sapodey  suogeg

(2K WY ADHYAdYIYOAYAYAd (LT LI uemu 30 1oniy suuseidoy suerqusyy  Jondn Buikog  BRLISRERT

1/41

WO 2020/150390

05 (2% W ADHYHGY Y DAdt 0d (O 1901) IR S1nop 130y ; gy gy, g,
@0 V2% VOIADHYAdVIYDAYdIad IS L) emu aiBuls ngy L B N
57 TPCWXOIXGY WEIADHYAAYISDYAYOd Longy SA4-plis o Y £ 3
1 > Z
syzadey § mianbag Fhisepg M m.\\\\\\\\\\\\\\\\\\\\\\\m.\\\\\\\\\\\\\v\\\\\\\\\ q\\\\\\\\\\\\\\\\\\\\\w
(B30} £1) SOUOMETEY SMMAIO] DRIGUBLS-UOPUDT p WO gy g sy HUE
s1ropy suseidods |
IO\DUY SuBIGrUSIRy 40
PUOGE .
»MMMMM abesn asuerbas SUCpeg y d
v 4 UNSW) \\ Axusnbay \ NG g e $I0URY BIR0 2
\\\& sEayiuls \\\& MAOY 1 \\\\ Bugpon \\\& HIRUL auntppeRg UKo
% sapb 7 suopod 7, asuggedes 7 paasap o
Wosns sagday ¢ 18S] DU T ubsa g By sapway ‘ .
UORONIISUOT; suspisey sUEALR pO3LY-( ISUIRLD BpIY

sain3di{ | Jed



WO 2020/150390

& ;
Condoreserambled Mucl GFP Muct_$ &FF}
{"M” . \ s
Native-FLAG Mt _# mOxGFP NMative T

L
77

0,10,21,42 repeats of PDYRPAPGSTAPPARGYTEA

o

Native Muct + + ~ o
COSMC + ~ + ot

2/41

b
Muci 8 GFP

Backbane MW kDa)

Pative_Muoct GFR
Ml 42 GFR
Mucl 21 GHFP
Mucl _10GHP
Mucl 0 GFP

[+ % 3
171
"7
71

143.7
1417
818
635

fass )

O-Glyeans MUCT R

GFP

460
pxi
L 1268
i..
SN
ERD
71
Muclet

Codor-erambled

GFP

]

,
i

Repetitive
MNative M

Figure 2

ey
<

4

(=Y
p>=3
-

Witk

[

Q-Chyi

a-tutmalin
?

PCT/US2020/013743

S *
A

T Antigen 3

,é, Y¥¥A
‘Sf‘Ty
Core Ty

¥

Carg 2
&) Gal GafNAe
Natenac

r-fisfadi

., RS

2R
&N E

G IR
PAEE NN

42

pust 3 duct B
wae



3/41 PCT/US2020/013743

WO 2020/150390

¢ 3aJngdi4

£3panssIEny
thgn s 4 Condiog o G e s S
oLt Yl G{nLd BIKSE YERS
Py “isnra P Mt St i s - T
iy PR G ¢ %
A i
oy
sl 44 ; #
yRr e \,‘ P
Sl g e
s P88 g *
v . e ek i B 7 s - s
5 AL Y SN i A 7 2 b3 T
B 3 et MO R A R o=
w i m g .\N\
;g §
Z i
Pl Gy
:

»

S A

“demfmwm“..\vw“.mm.w“ SFEBh

DYRPEE

i

LA fe23

By

upbipiyg uy

HHEORE

A0y

SURAE-( PRI

saalsy

wTG
B2

£RG

3
3
9

U

ES

3
N
i
{
i
§
{
i
{
i

¥

X
Tl

SS DG SN NENURNRNEY

TR e

oy

L2 2 £

AN Y
pee

POTOTTSVNNNAVANNY

LA
Y LAY

B fu nw mioppeg

sypados | 7} SRIEAL LaTiAs

4

aNaNNAN:

R

&0

$LITGMST LR PR,



4/41 PCT/US2020/013743

WO 2020/150390

- 0L

et -
. e 2

r 0T ™
o

T 2
£

¥ 24n314

paddas Oy
1(

I S & >
..o.cacé ruwym. .nw\.éc Mwww, A..\A/. & ﬁ»&r,_,.. &“knv
o o PQ.G 5y &0 mm._, o ..,..u...N» L
£ 28 G & oW o B
2 & 5 RGO et
¥ B & & SO &
i i O.@ .).m»)mr i i i 2 O@
|*l - mm mw M 8 m.G
& Y o

YAAYNG SRRy

P

PRSIV IS 3

pereetttirrny,,

"

Ot g e, vy

OT% 4114435
#
e ,.V s

OBX dd¥diNval
TS S T

QX 3V

. ez
- K B2
.. 1% “

§F

w
A

&

roreisnioosstte, pussansess;
k3

et

L IR s RIS PR

AL PEIL, gy shitt
" o\\\\\\

P

et P SISO Sy it I

LIS by, oy FEOE s h

PP T

D% DAYELESd

O™ ddvdivyd

G S iNG

O
L G L
- ¥T
&
' 'A...u. ,O .‘c.V O
8 S S
B AP B
. B Oo b gt
k4 & ¢ ,% R R
%3
£
3 (SR8 U8 ddvdivvya
gl Q8Y  d¥4IYY3
< M &%6 XS 5%d4d
B 76 OVX ddvdlvydd
788 OGP VALY
2t £64 OTX dLLdYdIN
4
“ §BCT) A SuOgbRy dds #TBAS

q

LI CRUAST apipL

1w
%
ol
=
L
Lik
og
i/ 3
e &
%
=
397
0%
2(fY

Fuhg
dd¥d iy Tuks jeneada g o op
AV Lukg

0 sieadal gy

A it mrpoto, AT
e semn g e esarar ottt
wLeaney 4dDP0W ey oy oanen
\\\\\\\\\\\\\\\\\\\\\\\ Ay, \\\\\\\\\\\\\\\\\%\w
v .
X Vo .
“ w§§ \ ™ ” m
Z %, ; \ ¥ & Z
“ o \ i Z
A ) e

{45 # AT 40 suganyy soulisag)



WO 2020/150390 5/41

a4  Mucl {10 repeats) ctoplaseic tall engineering
\\\\\\\\\\\\\\\\\\\

PCT/US2020/013743

§

B sl

§ "':\N\\Q

= ._-.\\\\\

% N

8 ‘

B Backbone MW (Ds)
None 352

Mative-FLAG Mucl 16 TRM3 g 354
,Native CY 435

b fnif Mot C totif Nictif
«, o

5

&)

Sialic Acid{Pericdat
PiA;

s-tidauting

PRA

mrmpn

L kDa
450
288
3 $
4y
REE
P PNA
3%
10+ ‘ '
Lo - o
:E r g
L W secescedbeccscas
3’:\. ...................
A .
.5}3} -» s
Paoe K Mative

Figure 5



6/41 PCT/US2020/013743

WO 2020/150390

£ Lo AL [ac bl MY e
..m.M ks \\m o e o~ [ 74 B~ o
HE LW

2 o~ o iy e
% ooz F W 1y
(9 hld) SURAIO P
o
K
o
£
3
)

Figure 6



L

e

e

3,10, 21,42 repmsts of PLOIRPARG:

WO 2020/150390

Condorescrambled Muct GFP (Mucl G889}

Mative-FLAG ﬁﬁff" 1§ mOxGRE Mative TH
.«*”’"‘M """‘M

N
CIAPPAHGVTEA

7/41
[
Condon-sceambled Muc] TM21T (Muci_#}

§ RN \\.% :\\\\\\\\\ §
ey £ ! os R
& 3 § 1 &N
Ty NS
Native-FLAG  Muci # T3

T MM‘«

PCT/US2020/013743
d

Muct #  Backbones MW kDa)

Muni 42 954
fhact 23 558
Moot 18 3%2

1, 21,42 reprats of PRTRPAPGHTAPHAHGYTSA

. e NS
O-Glycars S EFE
{PMAY MRUICT TR GFP Nuelai TR FE
e KD kD
G
4
&)
™ 131
< = i
< SR g
3 e g &
Wre § 3
5§ e =
& -
G -
&5 33
3 .
= e Beartin
18 30 f
5 Muet_19
S
i
g
é
<& !Tm
.
FR N
&
fes)
- RMuel 21 fuct 42
W
f}?
) sTPm
2
&
2
=
oya
> S
,\g}~ - %z? \2;?. : @.
‘@ D .‘k\ B
b RN 3 ¥
o <
. s
R
N
Ea

Figure 8



2 6 24n3i4
e~
(a2}
—
4
=)
o
=
o
W
2 =
3 g
£ £
food
i
Z ?
— % VOM
=+ i
0
VNd
m
wm
o
Bpng v & 3
SURAY b W
74} ..;Sm_\m@ a\mﬂxﬁwm N AR TR AN
= 210 u&x&&ﬂwma \\\ oy \\\\\ % m\\\\\\\\\\\\
a % L6k e \ -
< 7 N 7 \ -
v LZOL N \\\\\\\ \ E m
S 5 N .
m el §§\§ \\\\\\\\\\\\\\\\\\\\\
M [ PRI iRy m&mw&& §7 Sy | Tl g (a5 LOPUAPM] (45 J08 LBV PRIy SUBKIURY
W 3



Pelative Intensity

WO 2020/150390

9/41

PCT/US2020/013743

{ Mack
£ ! 5 K 3 : )
3 i+ peracsiviated BaGalNAc
By 3 N N
\\
hY
\
\\
5342 ] 137 13765 AR el
i , mdluct GFR
S 3 { § t i -speracstdated BnGallAc
SIS \ : { { ;
R *;.\'\ Lo d . ' : P ' :
.\'\
N
3043 5358 wa? {5167 ra0a
. { : PUCTT GEP
R P { Fperacsiviatad BaGalse
1\'(:\\\3\&\ st LR i : i L 3 i
SRS i % 8 L3 % Y b 3 3
&\\\\\\\\\\\\\\\\\\ Sl S tented SO - sl i

| l L

miblac GEP
-pevacatylatad BaGatlac

¥

1000

224

1 Gallac € Gl NGkMNAc@ Resig

Figure 10




b

WO 2020/150390

DALTPAP w4t

DAKTPAPP x40

STSAPG x40

<

PRA

10/41

{esigner Mucins GFP Syrd # GFF}
\\\\\\\\\\\\\\\\\\\\\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\

: \
a% \ & \ S N

\iatwe ?LR&: Syn# # mx}xmf—?‘ ?\Ea sw.i 15

vepeatsof Lubsicin-likeSynd) KEPARTT

Synl DAATPAP
30 or 8 repeats of Synd DAATPAPE
Synd PPATTIARG

Q-Glyoans

(PNA) GFF

PCT/US2020/013743

rinck

Figure 11



WO 2020/150390 11/41 PCT/US2020/013743

Part Il Figures

EF-1a promoter

B »

P

C  variable fength biopolymers

Mucin-0  Mucin-135 Mucin-270
Cytoplasm

Figure 12



WO 2020/150390 12/41 PCT/US2020/013743

A w.t. Mucin-0 Mucin-135 Mucin-270

B

M\r(l¥ruw‘ 3( ST ::‘ A L e {}”WW ¥ ¥
-1 @ , 7“}' ¢ 100 wet. “f‘\, q§'3 ,{}
GFP signal, AL @\3& o &
o F
=
_ Sx10e ™ wt. ns r}f
o -& Mucin-0 :
kDa §~ A Mucin-135 l /@
4601 % & PALICHN 2 : “?/WN
238... Y 3xige o - Mucin-270 Pt S
) = g} i
171 ® _ Pt
117~ O K100 - o
71 % ég.."*/f
5 &
sq | < x10 -
41 g ¥ :
55 ] & 50 1060
4] e —— Time, hr
machn

1006 -
=
< 1o Wox ¥t ot
— - L 3
& .
o 104 F
5 .
a.
oy
g 1@
0-1 H 1 H ki
¢ 2 4 & 8
Time, d

Figure 13



13/41 PCT/US2020/013743

WO 2020/150390

T 24n314

S 30 # RSN JO BS

wrt SRS
” 4 2 % ¥ £ 4
mw.a ﬁmm Q.ws mww mwmww o \\x&t&&&&.«&;\ : 1 {3

’ - 7 N - - O
o000t 2 P W
Ny Yipt - 3 . ; T L Ca
QLAY 00051 Wn Of 2- U0 o W v o 0% 3
© 1 IIAL ¥ A SRS e A %
m;w K ww...m T O] m $3% -~ ) o
Q- * 000 ¢ SELHENA Yy ge ]
~$ 353y { ) ; . A 7 e
\v YA 0042 < Gupniy -+ P orov ® g e 2

i . YA “nk G

m Yo - 035 Hw @




WO 2020/150390

£ Mucin-270

s w.i

14/41 PCT/US2020/013743
X
¢ K
@ M X {}0{0
f o & &
< 3
: D
Wy : e
& l‘ﬁﬁ £ L X %,{J
N
. {\\) N
e SR
&
N .
e X
A
¥ S
&
N
“«—foe S
=t
| i t i 1 "
o < < o o I w
L2 o f] & fo
¥ b &3 3 Lol -]
W <t Py 4 o~ EO
L

TSR0 UORRAUIIUCT




WO 2020/150390

PCT/US2020/013743

15/41

e

% Dead after shearing

76cm

&3

6 - #
ns

4

e

£) -
»
“‘2 H ¥ (s') ¥
w.l, & e ,,{}

& & $

\ &

Figure 16



WO 2020/150390 16/41 PCT/US2020/013743
L “Q
& {‘&
&
2,
@
L S
L4
&
)
Lo, ¥
%«9
%
b 2
3
H H 4 5
= 2
g g 2
3 ~ Ll
0V S22 RpRIdasURI O
EUbIS 444 dnuseidolln
2% Wt 2% ¢l His
N T’-§ I v -
5. 5l 3 2
= = & &
<
Ll =
§ . : o
§ k= &
A Pt b
a 3
= i
1 ; i i i i
o w3 < w3y &
™ Ll Lo
Ny ‘jeubls g4y pajensg
e
£ ‘é‘“““““*-.-»‘{ i~ (dg
%
2
2
e »“:‘f}b
4}
»
2
2§ - 2
ii %,
| %
¢ s
: "3
u'w. o wy Q
bt el < <

sjja> peydajsues

1O JUNOD PITYRULION

Muin-270

w i,
Figure 18



17/41 PCT/US2020/013743

WO 2020/150390

wirt ‘Saueisiy
Oy 0 0z oL

0

0LT-uBNY -
SEL-UDNYY *
O-uBy
p

4]

- DO0%

- 00001

- 00061

- 000Z

vy O séopdiy

U

6T 24n3I4

SHOT 3O § SIS0 JO DTS

B s

L9 5 v £ 1

OLZ-UOp %
GE1L-UPN e
Jrupny e
S

&

gt

)
&4

9 UBISND W
${192 JO JURSY

- O

- (3%

Sii

o o
Wt
sjaD 31buy

o
&

o
r~

1S %



18/41 PCT/US2020/013743

WO 2020/150390

0¢ 24n314

VAR Lt AR E L L CAMIN DI h L RISt b (e RIA At £ AME i L et A
ove Al
B YABASDLIYIFAIILIVITAG LI AVI AN ALIAVART S IVIT RS RAVITAG BLAY oo e -
A A ATL VAR R LAV A2 AV RN A LLAVdER G I LAV A A LA S ;
it 08/ U3 vy
ABRALESYAINELE ARSIV AHRAI LAY ERAALLIVATY A LIIVIANA LAV INE LAY AT ALLAVATAID
AT AV I AV AT IaVE TN AVARN LIV BN AL LAV A AL v 1 naavanfataafaiiag
i are e sgg Togg T
LAYATAALLAVETEALIIEA AL L LIV S AL S LAY RIS LIINE RISV A DA LIS AN S LAY U RS ILAVAT
LA AL a A AR S L A A A D AV R AR L AV A XA S A S AN S L LAY AT A AAV IS
%8 028 068 it
KA ATASDEAVITAANLECEDRALBLL == ~ T AXDEICAT WAL AV HRID AV SXASTLAV IRAALIAE
PEOME G P ERRIEY C gAML LR ERMEENS -7 74 AR RN At ARE L L EAME | L U AR AL b ML)
085 995 o2s s
ATAALLITATAELS I RA QLLEY A AL AL LAV ERA LI VI TAILL TV I AN AL IV AN G LAY ATF AR L~
mmmm?m.mmmxmmwmﬁmm@ﬁmmmw@.mmamammmm@wmmmmmgmmmmmmaammmwmwgmﬁmﬁaa§
it 29y oby

EAENGLEAVITTE LLAYHALL LI YATAATLG >~~~ B~ Y IAASLIEY SAAALLAY EHAABLAVATH LI T AAN
mﬁmuﬁam_m«mmmm?ﬁmgﬂmﬁmmmmm.&§m§m§§§@mmmmmm?@ﬁmﬁ&ﬂm&mmxm
44 oy A% 89 i

sieadal wiapug) LIDLIGNT

¢
@
o=
o

{ upadownp
Z usdowsyy | s1eedey 41 dvdaa peped 65

&\\\\: -

N py
-
o

BISOWNg
| epes;wb

SIH%G

UISHGNTUAG SIHXG SISoWNS

“UTAG

Yoird

gerpaig

YoOHd

GruAD

YiDuld

qrEAg

YOdd

TUAG

Yroud

YRIAG

Yyoud

GITRIAL

YeDHd

a

FHOO8
28} _ LO0E NOLLLIGZY
H
g 6 BpU %
7 8 SRUTIEIN %
FAFAS L '8p # fdon
JVOYODYD D2YODI00
IYODYYL SYDOIWVYOO aausnbas
DOVIYVOY DLOVOOVD  snsussuo)
¥e 124 poliRdg
H
GNUAS | WEONd UH Y

v

saJn3i ||| Ved



WO 2020/150390 19/41 PCT/US2020/013743

Minirmal CMV and Tx
tel-responsive elaments

Muitipte
cloring site

- GFP
reporier

Synlubricin IRES
copGFP expression
vector

Tetracycline
transactivator
(rtTA-M2} and
Neomycin o,
resistance
cassatte

Figure 20 (continued)



Tz aJn3i4

3
-
S
>
=
7
2
[
&)
=W
) wmwwgm e A4S T asBUy S . 445 , 3SBY
{xz} payog poU0sUN a
—
= %
2 %% o@%z BICOUNG-n
NN e ddO UBlY o ddOubly o sdunp sy
-0 L) 0} 1og ojues 0 w puedxg
\ p Zi) +
-5 2 L esesodsuel QPO M
] sz s 7 Steeng aps
= , -
~{3% wr 897 ‘//I
m \ ,..m,m 09v d-49doD SIM WoUGNTUAS
7 . RIS e
s A & z 4z ‘ ‘ A
m oz (x2} psuos {x7} peuos d49don s wigoung
= psuog  -uUn pauog  -uf)

2 d Y



WO 2020/150390 21/41 PCT/US2020/013743

Figure 22



mw\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\m@

< ‘
g |
e e
3 % Pz
ac) ¢ —
P
: - w— |
S & i A
n = A— |
s T m
w - e
T
&) |
-4 ia
H i1 H 7 “
o« w % e’ L]
{11} Asusiut sniip)ay
o0
=
3
ks
pox]
o
— &
= g
o
o g
24
3
¢
ped
+
H 7 ¥
@ ] -
S 8 8% £ & b
X <t o8 N8 L -~
o
%
=
72
&
= @
(=) Q
m [N
4] 2
= 3
m .
g &
_ =
m .

17
1

Da
4860
268
238
171

a-PRG4

a-PRG4

Days post inducstion

147

7t~

i
-
[
ad
B H ¥
[e>) bl S o
oy ~ v P
ol 3= -
<8 - 06
RS
LA ]
fronsdffersens § w0 %
- *o s
5 i@
. \ 2
: =
+ \i< o B
i B
! g a
v\fv\l: &
a4 o
ottt 2
e
7
/
i/
e k ¥ L] i <
15 - L] [ b fed

{ By BonBRUBIULD ASOONE

2

o-PRG4

o-PRG4

AN

“ o
[ 3 o

)
.0

{1y Aususi a0uRyo-pioid

10

- 3

Daya posl induction

igure 23

F



23/41 PCT/US2020/013743

WO 2020/150390

¢ @in314

9c
oY

S N o & . D 4 R I I T R T 7
ORI S S SO VY L Y QY A7 T W ST e 8 o A
AT T BT - oA 3 F PV TGP WG GV argll @IV S Gy BT S
{ud} [1oen] ueteyip Jo uonmg
d H

gc Sy B0 ZSDSER D MOl M0 S I F 0 P PSSP e W el Fat ol ®
() inen] - uoany 14 G < ST 5 < 2 ) o ) <
D {pw) [roen] yusseyp jo uonnig \v



WO 2020/150390 24/41 PCT/US2020/013743

< )
3 ©
2 .
§ 0.4 ‘i@' T
° .
2 .
&)
‘t: ] Tk RR
g 8.2 )
e} .
o
o i
o
{3 { 3\ é}v T
. 8% .
P F & P
SN o W )
SRS s
DO oy &
N3 NN
&

Figure 25



25/41 PCT/US2020/013743

WO 2020/150390

OO

¥4

FAY
bLL

8¢C
89<
ey

2

g

9¢ 34n314

Pl

U

7

e YOO

7

%

BIGOUNG



26/41 PCT/US2020/013743

WO 2020/150390

10°

2] ‘liif"

;tu!i ¥
10

R

T

¥

3

10
copGFP &

!lli?!tii

0

100

£

mwdnaﬁuu ¥ muunvmx z ¥ wNud*mwiﬂawwkumvmw

& o (o < o
b e A e g o

(') jeubis zAusyouw

gnal (A.U)

§

igure 27

F



27/41 PCT/US2020/013743

WO 2020/150390

Oolns-o

JH008

pzg 166y NOILLILId3Y
}

& ¢ 1BPUi %

6l 66 SBUSIBIN %

¥'e zey # Ado

09 08 POLB A
{

LonuAS | Lonpy ud q

8¢ 94n314

Y

a

s3eaday YSIADHYIAVLISDEYdU.LUd Pakad 2

LONA-D
55
-1
- 24k
e
. BET
" poT
- 0oy
e
I S S S
& Yy
S O
SAUULLIBI-N TONK
By mmm
\_mwmogmw
: apes| yb|

<




28/41 PCT/US2020/013743

WO 2020/150390

ISR DRBIBUDLT

6¢ 3n314

_ \

-

YO

7

Wies s PRI LN

R PRBII 0



WO 2020/150390 29/41 PCT/US2020/013743

Part IV Figures

S — B . er

Palyraer backbanes W &Y .
b e fMuct: 4, 10, or 42 repests GF POTRPAPGSTAPRAHOYTSA 25 i’x 8
N o S $ ®
TR ) {5 T-Rich:  Non-repetitive, 318 amino acids from FCDXLU a0 g
M e R
Rasianal:  Rationally designed, 8G repeats of PPASTSARG 30 ’i
N M A A A O A A w A
g Side chaing: Sevine and threonine-Binked sugar chains {O-glycans} fj .
)
Merabrane anchors
) ACT: KNative mucin-1 membrane proximal statk & wans-

mienibrane davwin widdeted cytopdasmic tait {ACT)

GFR-ACT Exofacial GFP fusion to ACT ancher

M2 Synithetic transmermbrane domsin {21as) and stalk

Lontrol 3 . Mucl-42TR TM21

Mucin
costructs

WO W
e arnbody sigoat (AR
RN {/,__(‘ Narmbody sigoaf {AU

Giant upitameliar vesicles (GUVs)

Protein  n

GUY + Podxl

R

ety

Relative protein
surface d

High HiA 40

W tubes NS wio tubes

Figure 30



30/41 PCT/US2020/013743

WO 2020/150390

T€ 24n314

ﬁz-«x 3

Wbz

)

{wri

SN

v
SSEPIUOIN|AH + JOIUOT)
) B 5 &
anssi} JRIADUAS sunbg 3 3NS5 BIACGUAS '
A+ 00 CAIA XS 533A301A0UAS
S "o BNSS}  onss Asewlid
AMYNG  peinouks A
_ <) m.“ B AL
M a A
povs 5 7 Lo
: 3 ond
oL & N
= xm §f4 4 iy
A IRV E .ww,m Y
oy 2 G 1
m w o~ ..wv %, f “ Y
3 WM N AN
3 mww e Y
0T =, w,a i,
A . .
M . . N . W
i &% U ;ct-}.. ~
-l i : ~_ /

“y ww\ﬂuo?mumm Adeuanid 7 - v



¢€ 24n3i4

PCT/US2020/013743

»3\% SCJ%. @bﬂﬁ &‘SE

#2304 Jutod ™ aarssaid
e &g cmaﬁ s anusedolAy
AQ URALQ

B34
SR ISEIR

]

33

g p2

By

w7

{ncd) ooy Bung

4

{urif) 2angeAing
spoaurieds paERd

"HSTL

ysnig

o .M

31/41
"{s

{11} Alsusp aoepns ARy Apogrouss
002 0L 08 4

0L
[ o g H
I'DFRYS o ;
codors ¥ | & o D —
; 0% & R UOREZHUIIL Spmuan
7 98 T %\& . ABasug Fursesii)
P 001 5 : . 3 . . .
2 10vRTr-onp . ME<H W g o~ HEAQ
sierd pepgeEng o FMDIY HSHE I WOCHHST Y

WO 2020/150390



32/41 PCT/US2020/013743

WO 2020/150390

€€ ainsi4

fpgrd/ 1) ooy aqmg sy surnpy { gy sumnpy
parpesd a5 Emnug Gy Gy G
b B, %, % 4
¥ £ 4 i & £ S ¢ Z %
. ; s 5 5 O ! ; : i
% ¢ PA
” O o T 77 »
(5D T B : & F &2 .
it aade &% = 4 , LB 3 & B
BOTEIPLIOD R = < 2 2 Py
v % 6. oy oy 2
\“‘\, ks b4 L @ ..m..: fe 8 e oy =
% Z X < ¥ Ry 5
ok 5z % T 2 &
7z 3 ot -~
i or)

Ll
O
LJ

V2 P%)
Apogy
~CRERLE

-
\
< 5D
. LIV Hizy
Z Z % \ww s
. Ly paage’

SHYBUNW 00075 » mwi\.mm_uzsh 00001 8 Nﬁmwwﬁuzﬁ Scw & . STisUsniN D0 8 . JUsl/sUDn 08| 8 4 Y



33/41 PCT/US2020/013743

WO 2020/150390

L
Q4r 0% 05T

PRI

0854
oo,

WYL 4
¥4

AR~

€ 24n314

{in) R JAUIEY]

a5y 058 0S¥ 0%L 0 0% . s
N sk N N Iy o (\\\\\‘.xv wroceirn, Q\sy..e,e \!
: g 5t
m . . /

ped
| PRTHRUIION

e
o 5
g0 % 2 ' £
. 7 H o &B 7
& @ A oy R 'S
R 7 = Levy 8 s Q e N 1
L2 o } rvi HE= A £
o 1OV HiZE-Lony a4 oy R
e o2t - v i, i
5 QT - % A
7 i ' - o
< PA 51 7

£y UCHIBAIDS B|2EDA 4

PUBIPRIEY HO PN

sarmyds jenby

YE/E S O /L YZ/1 = 00 Jo pajeiginby

I PN

£
R W

2ady fRALINJOA SILIGUIOWY

=Y o
s, oo oo P —
{ Y,
o,
¢ iy
{ ;
O uepdens o I

Ve dopeztsukodap

BT WY
5 |233EE03A T

{UARERS JEI KAPRDDOALEY

PORpL SOOI LYY puegd x-x aueyd A-x

pasIzsqe puz polvadxa sadeys AB1aus [RUILYY

BDIYDA

&

=y
4
R
m‘
08 A
@
00 .
2
o 3
\GNN-I-\\

"

°

UOIIoRS S504% SN} sUBGlusiy

(undy sourisiy
¥

o

a0

LRI

e
3

Ny Aysudu
DITHRIALION

LHDPLEN -
UEDE Mo

YRl gmmmﬁ o) LY



34/41 PCT/US2020/013743

WO 2020/150390

G€ aJn3i4

Ry

m\\ | Lvddneuoney

BT g F
\§\ \\\\\\ \%&\\\\\\\\\\\\\& —

IR I T4 S ki)

S SRR

(¥R aoRpns g

&

Y



L

A

&

3

oo
ANRRRRAR RN RARRR AR R

PCT/US2020/013743

35/41

7w
gt Py
b %
£ T
Gy

JAETNF 080 ir

igure 35 (continued)

F

WO 2020/150390

.
g4

,@“ .

:-.}‘\
174
11¥

P

-

R

Togt P
% . A

9
5
Troatmessy

W AR N Al

L4 k2 ot 2
43 (v [~ s
e % £
i s %

Looed e

vy

o

{3

s

o



WO 2020/150390 36/41 PCT/US2020/013743

A MHyaluronic 8 548

acid (HA} -
A MDa . G A
) < E &
- \) 186 £ B ane
Nl < € 2%
N = T
B {:3{\‘3 Soer
,,SC‘“ 4
> G
C Control P+ HASY

Human BE s

Human MECs

Figure 36



WO 2020/150390

i-NTA

;%
3

10 o>

TA

15 reofze M-

20 ol

y5ily

farn de

BORIRY-PC

37/41

Pody Merge

Siantunflameliar vesicles GV

Low HSA

§.

R TR

NE-NTA {mood W02

*. High HeA

Fraction w/tubules

30w 15 W
Ni-NTA ool %

Figure 37

C

PCT/US2020/013743

SUY « High HS&S + nbdles




WO 2020/150390 38/41 PCT/US2020/013743

Muac 1421 1 His L e AR

G
AR e
His FNA
0
4G ' A ] \
Dust inbelad Expansion rjrascopy workiiow
124 Mue 14218
O ) @ 25 HUMQ
b Q"\

\\\\

B
35

o bedy
46 ¥ : . Y : N
s <@ - S %

Redntive macie surface
sensity (A

ficardltt diametsr (o

Figure 38



WO 2020/150390 39/41 PCT/US2020/013743

0.3
Brush thickness ~ {Blopolymer concentration g8

8.3 8000

516 - 3 e
e podes ‘.
{:' AT A 3 e 3 (sg
%W HE te} W
= ; 2 : o
I ] & 3
S gap & o &
&AWL = 14 4 Vs g
< e 3
ey > A
ped] = . Ve
- S 3]
5ot~ 5 44 s
S 5
& h e
. R oag Ca
* LRI et .
DG ~ 3 .
Q0% 3
- “/
EPTY YTy PRI FTIETTIY YT 8{31 - YUY LA S e 3 PITTYTITIN

Hus 0N OG0 TOOGOT a0 0 G0 FOO0U0

Blopolwner cobcentration R’y Biopolymer cormentration {#ien’)

0

HER R OG-

b
!

{ )

/n
%

100 -

Binpalymer length Kuhn fength

—=180nm & i SN e g =100m

pordanesus Curvabure

.
o
&
&
&
>
e
=]
(v
a
3
&
o
i
jou
=
G

(V3

\
A}
K E
N\ =2 Fnm G S e i =15pnm
F23 s
‘\
Bt R0 112 Y + N S pr— f, =21 nm

1 * T
OG0 TORGOD 130 QR 10600 1GO0S

23 PTG o ] (85 e . . - 2
Siopolymar concentration ($/an) Blopolymer concentration #aan

30
g3
(2RI
& oo 30
&
o
R e
SR
.\".“L 5 I
Wy :-5
¥
G
-~
F O R e S IR S SR

Figure 39



WO 2020/150390

A

Waorkflow

Y isbed vel s face

mueing with G
parabody
¥

Qe Brsates e colf

popuiations

Logl# mnlecuizgd

3
(%

Flinsrescent biot calibwadiony curve

40/41

K

5

Laglintagrated dess

33 R3]

el
13X

1

s pi g
Kanobady Juonvcen
ol popdations H
Q iz < d

FALS catibration curve

%]

A FANNY 3
L35 ogl

B e Q00

ignad mean] « 1748

Zosicdiale

PCT/US2020/013743

-

QY

ARV AV AP AV AP A AV AV AN AV AY AV AR AV AVAT AV AL E AV AT AV AL ¥ AL

. »
215 Y ¥ Y Y
Py A I EAY EXy 4.5

annated density

1

& Molecuben & Dol bunled

Q 34% 150 25404
4] 1dietl 3.7 5w
< 3.7

T3 -

THI

Pusiciunts

£
A2 2 ¥ '+ Y t '
23 30 33 48 45 50 ‘

Logtranobedy FAUS sigas) meani

¥

*®

St :

»

Avavaveererevavaveerorevaviliorevavavavsesevavavacs

28

48 45 5%

Logimsnabody FALS signal maesn]

Figure 40



41/41 PCT/US2020/013743

WO 2020/150390

dicrandniies

Dheen

\
- aukin

1y

m3

g

X

stany

Rl

1.0
5
3

[~ i
1Y) ASSUBRIE AN

'y
%

bl

it

A Ry

F
ovororisessrraiit

oo

reses sy

iy,

2

sits

SRS

<

<
17V} BYSMERRS LELHIAON

- muLin

actin

Hotding

{gval

.

%
Z
G

A

+yLat

¢
kY

Figure 41



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2020/013743

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - A61K 38/00; C12N 5/10; C12N 15/09; C12N 1
CPC -

5/12; C12N 15/63; C12P 21/00 (2020.01)

A61K 38/00; C12N 15/79; C12N 2510/02; C12P 21/005 (2020.05)

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

See Search History document

Minimum documentation searched (classification system followed by classification symbols)

USPC - 435/325; 435/69.1; 514/2; 514/8; 530/350; 530/395; 536/23.5

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

(keyword delimited)

Electronic data base consulted during the intemational search (name of
See Search History document

data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2008/0286211 A1 (BARKER) 20 November 2008 (20.11.2008) entire document 1-6, 14-27
A US 2016/0280767 A1 (LONZA LTD. et al) 29 September 2016 (29.08.2016) entire document 1-6, 14-27
A US 2017/0305980 A1 (O'BRIEN et al) 26 October 2017 (26.10.2017) entire document 1-6, 14-27
A US 2014/0187474 A1 (THE BOARD OF TRUSTEES OF THE LELAND STANFORD JUNIOR 1-6, 14-27
UNIVERSITY) 03 July 2014 (03.07.2014) entire document
A US 2010/0151514 A1 (USHIDA et al) 17 June 2010 (17.06.2010) entire document 1-6, 14-27

D Further documents are listed in the continuation of Box C.

|:] See patent family annex.

. Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the dacument is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

05 May 2020

Date of mailing of the international search report

27 MAY 2020

Name and mailing address of the [SA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, VA 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Blaine R. Copenheaver

PCT Helpdesk: §71-272-4300
PCT OSP: 571-272-7774
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INTERNATIONAL SEARCH REPORT

International application No.

PCTIUS2020/013743

Box No. 1 Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c of the first sheet)

1. Withregard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search was

carried out on the basis of a sequence listing:

a. forming part of the international application as filed:
m in the form of an Annex C/ST.25 text file.
D on paper or in the form of an image file.

b. D furnished together with the international application under PCT Rule 137er. 1(a) for the purposes of international search

only in the form of an Annex C/ST.25 text file.

C. D furnished subsequent to the international filing date for the purposes of international search only:

D in the form of an Annex C/ST.25 text file (Rule 13ter. 1(a)).

D on paper or in the form of an image file (Rule 13ter.1(b) and Administrative Instructions, Section 713).

2. In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished, the required
statements that the information in the subsequent or additional copies is identical to that forming part of the application as
filed or does not go beyond the application as filed, as appropriate, were furnished.

3. Additional comments:
SEQ ID NOs: 1-11, 26, 28, and 30-36 were searched.

Form PCT/ISA/210 (continuation of first sheet (1)) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US2020/013743

Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

L. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
See extra sheet(s).

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. ﬁ No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-6 and 14-27 to the extent that they read on a modified mucin polypeptide of SEQ ID NO:36.

Remark on Protest I:' The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)



INTERNATIONAL SEARCH REPORT International application No,

PCT/US2020/013743

Continued from Box No. |Il Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees need to be paid.

Group I+: claims 1-27 are drawn to modified mucin polypeptides.

The first invention of Group I+ is restricted to a modified mucin polypeptide, wherein the modified mucin polypeptide is selected to be
SEQ 1D NO:36. ltis believed that claims 1-6 and 14-27 read on this first named invention and thus these claims will be searched without
fee to the extent that they read on a modified mucin polypeptide of SEQ ID NO:36.

Applicant is invited to elect additional modified mucin polypeptides, each with specified SEQ ID NO, to be searched in a specific
combination by paying an additional fee for each set of election. An exemplary election would be a modified mucin polypeptide, wherein
the modified mucin polypeptide is selected to be SEQ ID NO:38. Additional modified mucin polypeptides will be searched upon the
payment of additional fees. Applicants must specify the claims that read on any additional elected inventions. Applicants must further
indicate, if applicable, the claims which read on the first named invention if different than what was indicated above for this group.
Failure to clearly identify how any paid additional invention fees are to be applied to the “+" group(s) will result in only the first claimed
invention to be searched/examined.

The inventions listed in Groups I+ do not relate to a single general inventive concept under PCT Rule 13.1, because under PCT Rule
13.2 they lack the same or corresponding special technical features for the following reasons:

The Groups I+ formulas do not share a significant structural element responsible for improving mucin activity, requiring the selection of
alternatives for the amino acid sequence of the modified mucin polypeptides, where “the polypeptides comprise a transmembrane
anchor and a segment external to the cells, the segment external to the cells comprising repeated amino acid sequences, wherein the
repeated amino acid sequences are selected from: KEPAPTTP (SEQ ID NO: 1); DAATPAP (SEQ 1D NO: 2); DAATPAPP (SEQ ID NO:
3); PPASTSAPG (SEQ ID NO:4); PDTRPAPGATAPPAHGVTSA (SEQ ID NO:5), PDTRPAPGATAPPAHGVTAA (SEQ ID NO:6);
PDARPAPGATAPPAHGVTAA (SEQ ID NO:7); PDTRPAPGSTAPPAHGVTSA (SEQ ID NO:8), and combinations thereof".

Additionally, even if Groups I+ were considered to share the technical features of modified mammalian cells which comprise
polypeptides expressed from recombinant polynucleotides introduced into the cells, wherein the polypeptides comprise a
transmembrane anchor and a segment external to the cells, the segment external to the cells comprising repeated amino acid
sequences; these shared technical features do not represent a contribution over the prior art.

Specifically, US 2017/030598Q A1 to Q'Brien et al. disclases madified mammalian cells (mammalian cells, Para. [0045]) which comprise
polypeptides expressed from recombinant polynucleotides introduced into the cells (the construct is transformed into a cell. ...the
transformation can be done with ...mammalian cells, Para. [0045]), wherein the polypeptides comprise a transmembrane anchor and a
segment external to the cells, the segment external to the cells comprising repeated amino acid sequences ([t]he CA125 molecule
comprises three major domains: an extracellular amino terminal domain (Domain 1); a large multiple repeat domain (Domain 2); and a
carboxy terminal domain (Domain 3) which includes a transmembrane anchor, Para. [0011]).

The inventions listed in Groups |+ therefore lack unity under Rule 13 because they do not share a same or corresponding special
technical features.
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