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Heparin is the most widely prescribed biopharmaceutical in pro-
duction globally. Its potent anticoagulant activity and safety makes
it the drug of choice for preventing deep vein thrombosis and
pulmonary embolism. In 2008, adulterated material was intro-
duced into the heparin supply chain, resulting in several hundred
deaths and demonstrating the need for alternate sources of heparin.
Heparin is a fractionated form of heparan sulfate derived from
animal sources, predominantly from connective tissue mast cells in
pig mucosa. While the enzymes involved in heparin biosynthesis
are identical to those for heparan sulfate, the factors regulating
these enzymes are not understood. Examination of the promoter
regions of all genes involved in heparin/heparan sulfate assembly
uncovered a transcription factor-binding motif for ZNF263, a C2H2
zinc finger protein. CRISPR-mediated targeting and siRNA knock-
down of ZNF263 in mammalian cell lines and human primary cells
led to dramatically increased expression levels of HS3ST1, a key
enzyme involved in imparting anticoagulant activity to heparin,
and HS3ST3A1, another glucosaminyl 3-O-sulfotransferase expressed
in cells. Enhanced 3-O-sulfation increased binding to antithrombin,
which enhanced Factor Xa inhibition, and binding of neuropilin-1.
Analysis of transcriptomics data showed distinctively low expres-
sion of ZNF263 in mast cells compared with other (non-heparin-
producing) immune cells. These findings demonstrate a novel
regulatory factor in heparan sulfate modification that could fur-
ther advance the possibility of bioengineering anticoagulant heparin
in cultured cells.
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H eparin is one of the most frequently prescribed medications
in the United States, administered to more than 12 million
patients per year to prevent thrombosis during surgery and to
treat thromboembolism (1, 2). A member of a family of linear
polysaccharides known as glycosaminoglycans, heparin consists
of alternating glucosamine and uronic acids that are heteroge-
neously N- and O-sulfated. The arrangement and orientation of
the sulfated sugar residues specify distinct protein-binding sites
that endow heparin with its various biological activities, including
anticoagulant activity. Heparin shares a common biosynthetic
pathway with heparan sulfate (HS), which is less sulfated than
heparin, generally lacks anticoagulant activity, and is expressed
on the cell surface and in the extracellular matrix of all mam-
malian cells (3).

The biosynthesis of heparin and HS is a nontemplated process,
driven by the concerted activity of a large family of enzymes
localized to the Golgi and endoplasmic reticulum (Fig. 14). A
key reaction in heparin biosynthesis is the addition of a sulfate
group to the C3 position of an N-sulfoglucosamine residue within
a sulfated pentasaccharide sequence, which confers high-affinity
binding to antithrombin. Binding leads to a conformational change
in antithrombin and ~1,000-fold enhancement in its capacity to
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inactivate thrombin and Factor Xa, which accounts for its potent
anticoagulant activity (4).

In 2008, the US Food and Drug Administration issued a major
recall of pharmaceutical heparin due to contamination of the
raw heparin stock imported from China. This crisis prompted
new guidelines for monitoring the purity of heparin, but the
feedstock remains vulnerable to natural variation, susceptibility
of the pig population to infectious agents, and potential con-
tamination (5). Thus, finding an alternative source of heparin is
important. While HS is produced by all animal cells, anticoag-
ulant heparin is biosynthesized and stored primarily in connective-
tissue type mast cells, a type of granulocyte derived from myeloid
stem cells. The factors that regulate the enzymes and give rise to
anticoagulant heparin are unknown. Defining these factors could
facilitate the production of bioengineered heparin in typical cells
used in the biopharmaceutical industry, such as Chinese hamster
ovary cells (6).

In this study, we analyzed the expression and promoter se-
quences of the enzymes involved in HS and heparin assembly
and identified ZNF263, a C2H2 zinc finger transcription factor
(TF) with binding sites in 45% of the relevant genes. CRISPR-
mediated targeting and siRNA-mediated knockdown of ZNF263
in human cell lines and primary cells revealed that ZNF263 is a
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Fig. 1. Heparin/HS structure, assembly, and regulation. (A) HS and heparin assemble while attached via a linkage tetrasaccharide to a core protein of a
proteoglycan. NDSTs, HS2ST, HS3STs, and HS6STs install sulfate groups at specific sites along the HS/heparin chain, and an epimerase (GLCE) converts
p-glucuronic acid to t-iduronic acid. The chain is rendered according the Symbol Nomenclature for Glycans (47). The gray and yellow oval shapes depict
protein-binding sites for gD/NRP1 and antithrombin, respectively. Input genes for HOMER are indicated in bold red font. (B) HOMER motif enrichment
analysis revealing TFs with predicted binding motifs in a set of HS biosynthesis genes. (C) Heatmap showing the presence (red) or absence (gray) of TF-binding
motifs (y-axis) in regulatory regions of HS biosynthesis genes (x-axis), as predicted by HOMER. (D) Heatmap showing the presence (red) or absence (gray) of
the same TF-binding motifs in a list of genes involved in nucleotide sugar and sulfate metabolism, CS/DS proteoglycans, CS/DS biosynthesis, HS proteoglycans,
extracellular HS processing enzymes, and enzymes that generate the common linkage tetrasaccharide in heparin/HS and CS/DS.

transcriptional repressor, and its inactivation or silencing en-
hanced mRNA expression of HS3S77 and HS3ST3A1, enzymes
involved in the formation of binding sites for antithrombin and
neuropilin-1 (NRP1) and glycoprotein D of herpes simplex virus,
respectively. These findings uncover a well-characterized tran-
scription regulatory factor in heparin and HS biosynthesis and
provide insight into controlling this key step in heparin production.

Results

HS Biosynthetic Genes Exhibit the ZNF263 Consensus Motif. To identify
potential TFs that regulate heparin/HS biosynthesis, we analyzed
the genomic regions circumscribing —400 to +100 bp around the
transcription start sites of all of the biosynthetic genes involved
in HS/heparin assembly. Specifically, we looked for TF-binding
motifs using Hypergeometric Optimization of Motif Enrichment
(HOMER). HOMER consists of an algorithm that identifies 8- to
20-bp motifs in large-scale genomics data (7). In its default settings,
HOMER uses a hypergeometric model to score the enrichment of
motifs in genomic sequences derived from chromatin immuno-
precipitation sequencing (ChIP-seq) datasets compared with ran-
domly selected sequences. However, here we used HOMER to
analyze a set of gene promoter sequences in enzymes in a common
biosynthetic pathway to determine whether there was enrichment
of specific TF-binding sites. To validate this approach, we input
genes involved in cholesterol biosynthesis and lysosome bio-
genesis, both of which are well-characterized metabolic pathways.
HOMER correctly identified known master transcriptional regu-
lators in these pathways, including SREBF2 and SOX17 in cho-
lesterol biosynthesis (8, 9) and TFEB in lysosome biogenesis (10)
(SI Appendix, Fig. S1).

Assuming that heparin/HS biosynthesis could also be con-
trolled by master regulators, we analyzed an input list of 20 genes
involved in its assembly (Fig. 14). The enzymes responsible for
the biosynthesis of the core tetrasaccharide linker region (XYLT1,
XYLT2, FAM20B, PXYLP1, B4GALT7, B3GALT6, and B3GAT3)
were excluded due to their involvement in both HS and chondroitin

9312 | www.pnas.org/cgi/doi/10.1073/pnas.1920880117

sulfate/dermatan sulfate (CS/DS) biosynthesis. Intriguingly, a
motif associated with ZNF263 gained the greatest statistical
significance, with predicted binding sites present on 45% of the
input genes. Positive genes encoded enzymes involved in the
initiation and elongation of HS (EXT1, EXTL2, and EXTL3),
glucosamine N-sulfation (NDST2), uronic acid 2-O-sulfation
(HS2S8TI) and epimerization (GLCE), and 3-O-sulfation of glu-
cosamine residues (HS3ST1, HS3ST341, and HS3S76) (Fig. 1 B
and C). Genes encoding the core proteins on which heparin and
HS are assembled (HS proteoglycans), CS/DS biosynthesis, CS/DS
proteoglycans, and nucleotide sugar transport and metabolism did
not show enrichment for the ZNF263-binding motif, with the ex-
ception of PAPSS2, a synthase for the sulfate donor nucleotide
3’-phosphoadenyl-5'-phosphosulfate (Fig. 1D).

In this use of HOMER, the program found TF-binding motifs
that were enriched in a list of genes provided by the user com-
pared with a random list of genes. Specifically, HOMER searched
a fixed, user-defined region in these genes, in this case 500 bp
spanning the transcription start site, representing the putative
regulatory region. In a complementary approach, we refined
the identification of putative regulatory regions by using databases
that link polymorphisms within a sequence window around a gene
to its expression level (i.e., expression quantitative trait loci, cis-
eQTL) (11), and leveraged additional evidence of TF and gene
associations, such as coexpression and protein—protein interac-
tions (12). Using this refined method, we also found ZNF263 to be
significantly associated (P = 0.03) with the list of heparin/HS
biosynthesis genes (Fig. 24).

ZNF263 Negatively Regulates the Expression of HS3ST1, the Key 3-0
Sulfotransferase for Generating the Antithrombin-Binding Site on HS.
To uncover the potential regulatory role of ZNF263 in heparin/
HS biosynthesis, we targeted an early constitutive exon of ZNF263
in HelLa cells using CRISPR/Cas9. Sequencing showed that clone
2B (ZNF26377) contained a single nucleotide insertion and a 19-bp
deletion in the two alleles, respectively, resulting in loss-of-function
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Fig. 2. ZNF263 represses HS3ST1 and HS3ST3A1 expression. (A) TF-binding motifs (rows) significantly enriched in the set of HS biosynthesis genes (columns)
based on cis-eQTL analysis. (B) CRISPR sgRNA targeting of human ZNF263 in HeLa cells. Frameshift mutations in the KRAB domain were confirmed in clone 2B
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alleles (Fig. 2B). HeLa cells were chosen because of ongoing
studies of HS in this cell line and the compatibility of commercial
gRNA libraries at the time that these studies were initiated. We
then compared mRNA expression by qPCR of all HS input genes
with predicted ZNF263-binding sites in wild-type and knockout
cells (S Appendix, Table S1). Interestingly, we found an ~10-fold
increase in HS3STI expression among the panel of HS target
genes relative to expression in wild-type cells (Fig. 2C).

Previous studies have identified a ZNF263-binding site in the
promoter of HS3ST1 based on ChIP-seq experiments (ENCODE
Project Consortium). To confirm its functionality, we constructed
a gene expression cassette with the HS3S77 promoter controlling
a luciferase reporter gene and found increased luciferase expres-
sion in the absence of ZNF263, corroborating negative regulation
of HS3ST1 by ZNF263 through direct binding to its promoter
(SI Appendix, Fig. S2A4).

HS3STI encodes a sulfotransferase that catalyzes the addition
of a 3-O-sulfate group on a specific glucosamine unit in heparin
and HS that generates the antithrombin-binding site (Fig. 14),
and thus controls its anticoagulant activity (13, 14). We also
found increased expression of HS3ST3A41, another 3-O sulfo-
transferase (Fig. 2C). Other putative ZNF263 targets in heparin/
HS assembly identified by HOMER showed minimal changes in
mRNA expression in HeLa ZNF263 7/~ cells relative to wild-type
cells (Fig. 2C).

To corroborate these findings, we identified a second clone
bearing different mutant alleles (S Appendix, Fig. S2B). This strain
also showed stimulation of HS3ST1 and HS3ST3A1 (SI Appendix,
Fig. S2C). We also silenced expression of ZNF263 in a variety of
other mammalian cell lines using an siRNA targeting ZNF263.
Silencing ZNF263 resulted in significant increases in HS3S71 and
HS3ST3A1 expression in all the lines (Fig. 2D) but resulted in no
major changes in expression levels of other HS genes (SI Appendix,
Fig. S2D). These findings indicate that repression of 3-O-sulfation
by ZNF263 is a specific and conserved process.

Weiss et al.

LC-MS Analysis of Lyase-Resistant 3-O-Sulfated Tetrasaccharides Derived
from ZNF263~'~ Cells. To determine whether augmented tran-
scription of HS3ST1 and HS3ST3A1 translated into changes in
the levels of HS 3-O-sulfation, HS was isolated from wild-type
and ZNF263~'~ HeLa cells using anion-exchange chromatog-
raphy. Samples were subsequently depolymerized into disac-
charides using heparin lyases, and commercial heparin was
included as a reference. In addition to disaccharides, the lyase
digestion generates a heterogeneous pool of resistant tetra-
saccharides, carrying a single 3-O-sulfate group on the reducing
end glucosamine unit (15, 16). This tetrasaccharide repertoire
can be resolved by high-resolution LC-MS, with the limitation
that quantitative values cannot be determined due to the lack
of molecular standards (17, 18). Five tetrasaccharide compo-
nents were detected in HeLa HS (Fig. 3 B and F) that differed
in composition from the four tetrasaccharides present in com-
mercial heparin (Fig. 34). The presence of a 6-O-sulfated
GIcNACc residue located on the nonreducing side of the 3-O-
sulfated glucosamine unit (Tetra C and D) distinguishes hep-
arin tetrasaccharides from the tetrasaccharides derived from
HeLa HS, which contains N-sulfated glucosamine units in the
comparable positions (Tetra B and E). Inactivation of ZNF263
in HeLa cells increased Tetra A significantly but decreased
Tetra E (Fig. 3 C and D).

To determine whether any other changes in HS composition
occurred, the lyase depolymerization products were subjected to
aniline tagging under reductive amination conditions, which al-
lows quantitation of recovered disaccharides (19). No major
differences in the total amount of HS or the general disaccharide
repertoire were observed, except for decreased levels of non-
sulfated, N-acetylated disaccharides (DOAQ) (Fig. 3E). Taken
together, these data suggest that transcriptional regulation of
HS3STI and HS3ST3A1 by ZNF263 induces a redistribution of
3-O-sulfation in HS.
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Fig. 3. LC-MS analysis of HS in ZNF2637~ cells. (A and B) Extracted ion chromatograms of the lyase-resistant 3-O-sulfated tetrasaccharides found in
unfractionated heparin (A) and wild-type HelLa HS (B) after digestion with heparin lyases. Resistant 3-O-sulfated tetrasaccharides are annotated. (C) Collision-
induced dissociation MS/MS spectra of Tetra A. (D) 3-O-sulfated tetrasaccharide distribution based on % total peak intensity of the tetrasaccharides relative to
the sum of all intensities for all resistant tetrasaccharides (n = 4; t test after arcsin transformation). (E) LC-MS quantification of disaccharides from HS in wild-
type and ZNF2637 cells (n = 3; z-test). The absolute values for the disaccharides and the different classes of disaccharides are shown in S/ Appendix, Tables 2
and S3. The disaccharide structure code (48) is described in S/ Appendix, Table S2. (Inset) LC-MS quantification of total HS showing no difference between
wild-type and ZNF263~~ cells (n = 3; Mann-Whitney U test). (F) Assigned tetrasaccharide structures and masses (z = —2).

Removal of ZNF263 Promotes Assembly of the Antithrombin-Binding
Site in Cell Surface HS. To elucidate whether the alteration of 3-O-
sulfation in ZNF263~'~ cells had an impact on anticoagulant
activity, we first probed antithrombin binding to cell surface HS
by flow cytometry. Incubation of HeLa cells with antithrombin
revealed dose-dependent, saturable binding (Fig. 44). Binding to
ZNF2637"~ cells was dramatically increased, with extrapolated
Bnax values of 209 + 14 for the mutant vs. 38 + 2 for the wild
type (Fig. 44). A second ZNF263 knockout clone also showed a
similar increase in antithrombin binding (SI Appendix, Fig. S2E).
Treatment of the cells with heparin lyases abrogated anti-
thrombin binding, indicating its dependence on cell surface HS
(Fig. 4B). In addition, an siRNA targeting HS3ST1 yielded the
same reduction in antithrombin binding as treatment with hep-
arin lyase in both wild-type and ZNF263~'~ cells, showing that
the increased antithrombin binding in ZNF2637~'~ cells depended
on 3-O-sulfation of HS mediated by HS3ST! (Fig. 4B and SI
Appendix, Fig. S2F) (20). In contrast, binding of fibroblast growth
factor (FGF)-2, a protein that does not depend on 3-O-sulfation
(21-23), showed no significant difference in binding to mutant
and wild-type cells over a wide concentration range (Fig. 4C).
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The enhanced binding of antithrombin to cell surface HS in
ZNF2637~ cells caused enhanced antithrombin-dependent anti-
Factor Xa activity (ICsp ~1 pg/mL) compared with HS from wild-
type cells (ICso >3 pg/mL) (Fig. 4D). HS isolated from CHO-K1
cells, which do not express any 3-O-sulfotransferases, did not ex-
hibit anti-Xa activity when mixed with antithrombin (Fig. 4D) (6, 24).
Heparin, in contrast, had very potent activity (ICsy <0.1 pg/mL).
To rule out off-target effects of gene targeting in ZNF263 ™'~ cells,
we introduced the full-length human ZNF263 cDNA back into the
genome of the knockout clone using a lentiviral expression vector.
Transgenic expression of ZNF263 in the mutant reduced expres-
sion of HS3ST1 (Fig. 54) and decreased antithrombin binding
(Fig. 5B).

NRP1 binding, which is enhanced by 3-O-sulfation catalyzed
by HS3ST2 (23), was also enhanced in ZNF263~'~ presumably
through enhanced expression of HS3S7T3A41 although the effect
was not as dramatic as that observed for antithrombin dependent
on higher HS3ST1 expression. Transfection of the mutant with
ZNF263 cDNA reduced expression of HS357341 and diminished
NRP1 binding (Fig. 5C).
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Fig. 4. FACS binding of HS-binding proteins in ZNF263 knockout cells. (A)
ZNF2637"~ cells show a large increase in binding of antithrombin (n = 2;
t test). (B) Antithrombin binding (500 nM) is significantly reduced after treat-
ment of cells with heparin lyases (I to Ill) or transfection of an siRNA targeting
HS3ST1 (n = 4; t test). (C) Binding of FGF2 is unchanged in ZNF2637 cells
(t test; n = 2). (D) In vitro inhibition of Factor Xa activity by antithrombin in
association with HS isolated from wild-type, ZNF2637~~ cells, and CHO cells.
(n = 2; t test after normalization).

Mast Cells, Which Produce Anticoagulant Heparin, Show Low ZNF263
Expression. To determine whether the expression of HS3ST iso-
zymes and ZNF263 is relevant to cells that typically make hep-
arin, we compared publicly available gene expression profiles from
murine heparin-producing mast cells to other, non-heparin-
producing white blood cells (25). Transcripts of several bio-
synthetic genes, including EX7T1 (copolymerase), NDST2 (a GlcNAc
N-deacetylase-N-sulfotransferase), HS6572 (a glucosamine 6-O-
sulfotransferase), and enzymes mediating 3-O-sulfation (HS3ST!
and HS3ST3A1), were significantly elevated in mast cells (Fig. 64).
Interestingly, mast cells grouped into a distinctive cluster, largely
separated from the bulk of other leukocytes, showing high ex-
pression levels of HS3ST1/HS3ST3A1 and low expression levels of
ZNF263 (Fig. 6 B and C), in concordance with our findings of
ZNF263 being a negative regulator of 3-O-sulfation.

Discussion

KRAB-containing C2H2 zinc finger proteins compose the largest
family of TFs in the human genome (26). The high specificity
and high affinity of these TFs mainly derives from multiple
C-terminal zinc finger domains that bind to specific DNA motifs

in the genome (27). ZNF263 is a C2H2 zinc finger TF that
contains nine finger domains, a KRAB repression domain, and
a SCAN domain (Fig. 2B). Overall, little is known about the
function of this protein in the human genome, and no studies
have shown a direct impact of ZNF263 on cell metabolism. A
previous study identified more than 5,000 ZNF263-binding sites
in human cancer cells and showed that this protein could act as
either a transcriptional activator or repressor (28). Other recent
reports have shown differential expression of ZNF263 target
genes, along with other TFs, in hepatocellular carcinoma (29),
cholangiocarcinoma (30), and gastric cancer (31). ZNF263 was
predicted through computational methods to regulate TGFpI
expression in atherosclerosis (32). Here we show that ZNF263
acts as a transcriptional repressor of specific HS biosynthetic
enzymes (HS3STI and HS3ST3AI). Our findings provide evi-
dence of transcriptional repression of genes involved in heparin/
HS biosynthesis. Repression of these enzymes in tissues might
reflect the need to restrict the production of specific forms of
3-O-sulfated HS due to its potential anticoagulant activity and
effects on vascular biology and the nervous system (33).

In this report, ZNF263-binding sites were identified in genes
encoding enzymes responsible for elongation/termination of HS
(EXT1, EXTL2, and EXTL3), uronic acid 2-O-sulfation (HS2ST7)
and epimerization (GLCE), gD-type 3-O-sulfation (HS3ST3A41
and HS3S76), and heparin biosynthesis (HS3ST1 and NDST2).
Despite having binding motifs in the promoters of these genes,
only two genes (HS3ST1 and HS3ST3A1) were differentially
expressed in ZNF263-targeted HeLa cells. However, this find-
ing is not that surprising, because TFs typically regulate genes
in complex with other TFs and coregulators, and thus differ-
ential effects on target genes are expected to occur in a cell
type-specific manner (34, 35). Knockdown of ZNF263 in other
cell lines resulted in increased expression of HS3STI and
HS3ST3A1, suggesting a conserved, autonomous role of this TF
at least in the context of these 3-O-sulfotransferases.

The addition of 3-O-sulfate groups to heparin and HS is
thought to be a late biosynthetic event. Notably, some members
of this enzyme family exhibit unique substrate preferences; for
example, HS3ST1 is known to add a sulfate group to the C3
position of distinct N-sulfated glucosamine residues if the latter
are located toward the reducing side of an adjacent 6-O-sulfated
GlcNAc-GIcA unit. In fact, such a modification constitutes a key
feature of the high-affinity pentasaccharide- binding site of an-
tithrombin, an essential feature of anticoagulant heparin (36,
37). Binding of antithrombin to 3-O-sulfated heparin/HS results
in dramatic conformational changes in antithrombin that accel-
erate the inhibition of coagulation factors such as Factor Xa
and thrombin. In contrast to HS3ST1, HS3ST3A1 is one of five
isozymes that catalyzes 3-O-sulfation of glucosamine residues to
the reducing side of an iduronic acid moiety (Fig. 14). HS3ST3A1
creates structural motifs that can be recognized by the envelope
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Fig. 6. Expression of HS biosynthetic genes in mast cells. (A) Expression level
(log2 mRNA abundance) of a set of 27 HS biosynthetic genes in murine mast
cells and other leukocytes (t test). (B) Expression levels (log2 mRNA abun-
dance) of HS3ST1 (Left) and HS3ST3AT (Right) vs. ZNF263 expression in mast
cells (red) and remaining leukocytes (black). Data analyzed from ref. 25.

gD of herpes simplex virus type 1, impacting both virus at-
tachment and cell-cell fusion events (38). Similar structural
motifs can support binding to NRP1, a key factor in vasculo-
genesis and axonal guidance (23).

A comparison of 3-O-sulfated tetrasaccharides in wild-type
HeLa and ZNF2637~ cells showed that 3-O-sulfation changed
in the mutant, but not necessarily in ways predicted by the struc-
ture of the classic antithrombin-binding sequence in heparin.
Typically, the high-affinity binding sites contain 6-O-sulfated
GlcNACc residue located next to GlcA adjacent to the 3-O-sulfated
unit. However, it should be noted that heparin contains other
3-O-sulfated sequences that might constitute lower-affinity se-
quences, which we suggest might have anticoagulant activity
when present at high concentration. It is also notable that the
nature of the antithrombin-binding sequence varies according to
species and the organ from which the heparin was isolated (39—-41).

Heparin production from pig mucosa carries considerable
safety concerns, as well as regulatory challenges (42). To our
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knowledge, there is only one heparin-producing mast cell line,
which was derived from the Furth murine mastocytoma, but
the material lacks anticoagulant activity (43). Alternative bio-
pharmaceutical production in animal cell cultures, such as CHO
cells, presents a promising and safe alternative, but current
strategies overexpressing certain HS biosynthetic enzymes have
proven insufficient to produce heparin-like materials, primarily
due to inadequate 3-O-sulfation (44-46). Our findings of ZNF263
as a negative regulator of 3-O-sulfation provides an attractive
target for genetic engineering, and thus has a high potential for
bioengineering efforts of heparin.

HS isolated from ZNF263~'~ HeLa cells inhibited Factor Xa
activity when mixed with antithrombin in vitro; however, the
activity was still much lower than that of pharmaceutical heparin.
Several factors may explain this result. First, the HS produced
by HeLa cells and other cell types is typically poorly sulfated
compared with heparin, suggesting that other factors besides
ZNF263 must drive the high sulfation of the chains. Second,
therapeutic heparin is a fractionated form of heparin/HS isolated
from porcine mucosa, using a process that enriches for highly
sulfated chains. Third, the extent of 3-O-sulfation in HelLa cells
lacking ZNF263 might be lower than that observed in transfected
cells or in commercial heparin, but measuring 3-O-sulfation is
difficult owing to the limited availability of only a few standards
and the instability of the resistant tetrasaccharides (18).

Additional experiments are needed to examine whether other
cell types might prove more amenable for engineering a highly
anticoagulant form of HS through suppression of ZNF263 (45).
While further work is needed to produce HS with the structural
features and anticoagulant activity of pharmaceutical heparin,
the identification of ZNF263 as an important regulatory factor in
the pathway of heparin biosynthesis may enable the development
of new strategies to achieve this ultimate goal.

Materials and Methods

The application of HOMER and eQTL analysis for binding motif prediction and
statistical methods is described in S/ Appendix, Materials and Methods.
CRISPR/Cas9 targeting of the KRAB domain of ZNF263 is described in Fig. 2B.
Rescue of the ZNF263~'~ mutant was achieved by lentiviral transduction.
Antithrombin binding was performed by flow cytometry with an antibody
directed to antithrombin. Factor Xa activity was measured by standard pro-
tocols. gPCR probes are described in S/ Appendix, Table S1. LC-MS analysis of
HS was performed as described previously (19). Additional information on
cell culture, purification of glycosaminoglycans, and analysis of heparinase-
resistant tetrasaccharides is provided in S/ Appendix, Materials and Methods.

Data Availability Statement. Readers can access the data, associated protocols,
and materials within the manuscript, the S/ Appendix, or in public databases
as indicated.
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