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Abstract

Rare missense and nonsense variants in the Angiopoietin-like 7 (ANGPTL7) gene confer protection from primary open-angle glaucoma
(POAG), though the functional mechanism remains uncharacterized. Interestingly, a larger variant effect size strongly correlates with
in silico predictions of increased protein instability (r = −0.98), suggesting that protective variants lower ANGPTL7 protein levels. Here,
we show that missense and nonsense variants cause aggregation of mutant ANGPTL7 protein in the endoplasmic reticulum (ER) and
decreased levels of secreted protein in human trabecular meshwork (TM) cells; a lower secreted:intracellular protein ratio strongly
correlates with variant effects on intraocular pressure (r = 0.81). Importantly, accumulation of mutant protein in the ER does not increase
expression of ER stress proteins in TM cells (P > 0.05 for all variants tested). Cyclic mechanical stress, a glaucoma-relevant physiologic
stressor, also significantly lowers ANGPTL7 expression in primary cultures of human Schlemm’s canal (SC) cells (−2.4-fold-change,
P = 0.01). Collectively, these data suggest that the protective effects of ANGPTL7 variants in POAG stem from lower levels of secreted
protein, which may modulate responses to physiologic and pathologic ocular cell stressors. Downregulation of ANGPTL7 expression
may therefore serve as a viable preventative and therapeutic strategy for this common, blinding disease.

Introduction
Glaucoma is the leading cause of irreversible blindness worldwide
and the prevalence is rising as global populations age (1). Primary
open-angle glaucoma (POAG) is the most common subtype, affect-
ing ∼68 million individuals (2). Elevated intraocular pressure (IOP),
due to dysfunctional aqueous humor outflow, is a strong risk
factor and the target of all current POAG therapies. However, these
therapies do not target the underlying molecular mechanisms
responsible for disease development, which limits their efficacy.

Interestingly, a rare variant analysis performed in the UK
Biobank and FinnGen datasets identified four missense and one
nonsense variant in the Angiopoietin-like 7 (ANGPTL7) gene that
are associated with lower IOP and decreased odds of developing
POAG (Table 1) (3). ANGPTL7 is one of eight angiopoietin-like
genes, which have various biological functions relevant to health
and disease, including roles in inflammation, angiogenesis and
lipid/glucose metabolism (4). ANGPTL7 is highly expressed in the
juxtacanalicular region, which is the site of greatest resistance
in the aqueous outflow pathway (5–7). Moreover, ANGPTL7
expression is higher in POAG patients compared with controls
(6); is increased in response to disease-relevant pathologic
stressors (dexamethasone and TGF-β) (8–10); and leads to altered
expression of extracellular matrix (ECM) genes (10). Collectively,
these data support a functional role for ANGPTL7 in POAG
pathogenesis and suggest that modulating its expression may
be a viable therapeutic strategy.

However, the precise mechanism whereby ANGPTL7 variants
confer disease protection remains uncharacterized. Elucidating

this functional mechanism is a crucial first step for harnessing
ANGPTL7 modulation as a novel glaucoma therapy. In this study,
we (i) use in silico analyses to estimate the effects of protective
variants on ANGPTl7 protein stability; (ii) examine cellular local-
ization and secretion of wild-type (WT) versus variant ANGPTL7;
(iii) assess the impact of protective variants on endoplasmic retic-
ulum (ER) stress; and (iv) explore whether cyclic mechanical stress
(CMS), a key physiologic stressor in the aqueous outflow pathway,
alters ANGPTL7 expression.

Results
Protective ANGPTL7 variants impact protein
stability
All known protective variants in the ANGPTL7 locus cause mis-
sense and nonsense changes in the C-terminal fibrinogen-like
domain (Fig. 1A). We hypothesized that these coding variants
impact protein folding and stability. To test this hypothesis, we
estimated protein stability using FoldX software (11). The target
residue for each missense variant was mutated individually and
the difference in free energy (��G) relative to WT ANGPTL7 pro-
tein was calculated; the FoldX software does not enable analysis
of nonsense mutations so the Arg177Ter mutation could not be
assessed.

Of the four missense variants, three had destabilizing effects
(Arg140His, Gln175His, Arg220Cys), whereas the fourth variant
had a neutral effect (Gln136Arg) (Fig. 1B). We then assessed the
correlation between degree of protein instability (��G value)
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Table 1. Rare protective ANGPTL7 variants. Minor allele frequencies and effect size estimates (glaucoma OR and effect on IOPcc) were
obtained from the UK Biobank/FinnGen rare variant analysis (3)

Variant rsID Nucleotide change Amino acid change Minor allele frequency
(UK/Finland)

Glaucoma OR
(95% CI)

Effect on IOPcc in mmHg
(95% CI)

rs200058074 A/G Gln136Arg 0.11%/NA NS −0.05 (−0.89, 0.79)
rs28991002 G/A Arg140His 0.51%/0.35% NS −0.23 (−0.59, 0.14)
rs28991009 G/T Gln175His 1.43%/0.24% 0.64 (∗∗) (0.48, 0.87) −0.53 (∗∗∗) (−0.73, −0.32)
rs143435072 C/T Arg177Ter 0.07%/NA NS −0.46 (−1.4, 0.5)
rs147660927 C/T Arg220Cys NA/7.82% 0.67 (∗∗∗) (NA) NA

OR = odds ratio; IOPcc = corneal-compensated intraocular pressure; CI = confidence interval; mmHg = millimeters of mercury; NS = not significant; NA = not
available; ∗∗P < 0.01; ∗∗∗P < 0.001

Figure 1. ANGPTL7 protein structure and impact of protective variants on protein stability. (A) ANGPTL7 is a secreted protein comprised of an N-terminal
coiled-coil domain and a C-terminal fibrinogen-like domain. The amino acid positions corresponding to the protein domains are listed. Interestingly, all
five known variants conferring protection from primary open-angle glaucoma are located in the C-terminal fibrinogen-like domain. (B) FoldX software
was used to estimate the effects of protective ANGPTL7 variants on protein stability. The target residues for each protective variant were mutated
individually and the difference in free energy (��G) relative to wild-type ANGPTL7 protein was calculated for each of the mutant proteins. A ��G
value >+0.5 indicates a destabilizing effect, whereas a value <−0.5 indicates a stabilizing effect; a value between −0.5 and +0.5 indicates a neutral
change. Given the FoldX software does not enable analysis of nonsense mutations, the ��G for the Arg177Ter mutation could not be calculated. The
correlation between ��G values and corneal-compensated intraocular pressure (IOPcc) lowering among individuals in the UK Biobank dataset (Table 1)
was assessed using Pearson’s correlation coefficient (r). There was a strong correlation between greater protein instability and larger effects on IOPcc
(r =−0.98, n = 3, P < 0.001), suggesting that protective variants lower Angptl7 expression.

and variant effects on corneal-compensated intraocular pressure
(IOPcc) among individuals in the UK Biobank dataset (Table 1) (3).
Interestingly, there was a strong correlation between greater pro-
tein instability and larger amounts of IOPcc lowering (r = −0.98,
n = 3, P < 0.001), suggesting that the protective effects of ANGPTL7
variants stem from reduced protein levels (Fig. 1B).

Localization of WT and variant ANGPTL7 protein
Given the predicted effects of protective variants on protein
stability, we assessed their impact on cellular localization of
ANGPTL7 protein using immunohistochemistry. COS-7 (African
green monkey kidney fibroblast-like) cells were chosen for this
experiment given the relatively large cell size compared with
HEK293 (human embryonic kidney) cells, enabling better image
resolution (12). Cells were transfected with an expression vector
containing either WT ANGPTL7 or one of the five protective vari-
ants tagged with a V5-epitope (Supplementary Material, Fig. S1).
The expression vector also contained a GFP reporter gene under
the control of an internal ribosome entry site (IRES). DAPI
nuclear staining and ER staining (CellLight™ ER-RFP) were also
performed. Minimal cell death was noted post-transfection, with

no significant differences noted among the empty vector, WT and
variant ANGPTL7 constructs (data not shown).

WT ANGPTL7 protein had diffuse cellular localization and,
interestingly, the five protective variants had variable effects on
localization (Fig. 2). The Gln136Arg and Arg140His variants had
diffuse staining pattern similar to WT. In contrast, the Gln175His,
Arg177Ter and Arg220Cys variants were largely confined to the ER,
with little to no cytoplasmic staining noted. This experiment was
subsequently repeated in primary cultures of human trabecular
meshwork (TM) cells (two strains from different donors), which
demonstrated similar findings (Fig. 2).

Protective variants reduce amounts of secreted
ANGPTL7 protein
Aggregation of variant ANGPTL7 protein in the ER suggested
that these variants impact its secretion. To test this hypothesis,
western blot analysis of intracellular (IC) and extracellular (EC)
ANGPTL7 protein levels was performed. HEK293 cells and primary
cultures of human TM cells were transfected with either empty
vector, WT ANGPTL7 or one of the five protective variants tagged
with a V5-epitope (Supplementary Material, Fig. S1). Each vector
was tested in triplicate in HEK293 cells (n = 3). Additionally, two
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Figure 2. Localization of wild-type and variant ANGPTL7 in COS-7 and human TM cells. Cells were transfected with an expression vector containing
either wild-type (WT) ANGPTL7 or one of the five protective variants tagged with a V5-epitope. The expression vector also contained a GFP reporter gene
under the control of an internal ribosome entry site (IRES). In addition, DAPI nuclear staining and endoplasmic reticulum (ER) staining were performed.
In both COS-7 and TM cells, WT ANGPTL7 has diffuse cellular staining; although some variant proteins also have diffuse cellular localization, others
are confined to the ER.

TM strains from different donors were each tested in duplicate
(n = 4). Whole-cell lysates (IC protein) and conditioned media (EC
protein) were collected 48-hours post-transfection.

In both HEK293 and TM cells, western blot showed truncated
IC ANGPTL7 protein products for the Arg177Ter nonsense variant,
whereas all other variants showed protein products of expected
size (∼45 kDa with a doublet band due to post-translational
glycosylation (10)) (Fig. 3A). Of note, a smaller EC protein product
was noted in TM cells compared with HEK293 cells, possibly due
to proteolytic cleavage. There was no EC protein detected for
the Arg177Ter and Arg220Cys variants in TM cells, whereas the
other variants had varying levels of protein secretion. No IC or EC
protein was detected with transfection of empty vector alone.

The levels of EC and IC ANGPTL7 protein were quantified for
each variant and normalized relative to WT for both HEK293
and TM cells; a ratio of EC:IC ANGPTL7 was also calculated
(Fig. 3B). The Arg220Cys variant had significantly lower IC levels
of ANGPTL7 protein on western blot compared with WT in both
HEK293 and TM cells (P < 0.05). EC levels of the Arg177Ter and
Arg220Cys variants were also reduced compared with WT in both
cell types. Additionally, the ratio of EC:IC protein was reduced
for three of the five protective variants in both HEK293 and TM
cells [Gln175His (P < 0.05), Arg177Ter and Arg220Cys] (P-values
were not able to be derived for some variants due to zero count)
(Fig. 3B).

To confirm that the differences in protein levels were not due
to reduced ANGPTL7 expression, the two TM strains were each
transfected with either WT ANGPTL7 or one of the five protec-
tive variants. Quantitative polymerase chain reaction (qPCR) was
performed 48 hours post-transfection, which confirmed that the
variants did not lead to reduced ANGPTL7 mRNA levels relative to
WT (Supplementary Material, Fig. S2).

These data suggested that the protective effects of ANGPTL7
variants stem from reduced amounts of secreted protein. To fur-
ther explore this hypothesis, we assessed the correlation between
EC:IC ANGPTL7 ratios in HEK293 and TM cells and variant effects
on corneal-compensated intraocular pressure (IOPcc) among indi-
viduals in the UK Biobank dataset (Table 1) (3). Interestingly, there
was a strong correlation between lower EC:IC ratio and larger
amounts of IOPcc lowering (r = 0.86 in HEK293 cells and 0.81 in
TM cells), though this did not reach statistical significance due
to the small number of data points (P = 0.14 for HEK293 cells and
0.19 for TM cells, n = 4 for each) (Fig. 3C).

Aggregation of mutant ANGPTL7 protein in the
ER does not increase expression of ER stress
markers
Accumulation of mutant proteins in the ER can lead to increased
ER stress and cellular cytotoxicity in the conventional aqueous

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad083#supplementary-data


2526 | Human Molecular Genetics, 2023, Vol. 32, No. 15

Figure 3. Intracellular (IC) and extracellular (EC) levels of wild-type (WT) and variant ANGPTL7 protein in HEK293 and human TM cells. (A) Cells were
transfected with an expression vector containing either empty vector, WT ANGPTL7 or one of the five protective variants tagged with a V5-epitope. Each
vector was tested in triplicate in HEK293 cells (n = 3); the findings were subsequently replicated in two TM strains from different donors, which were each
tested in duplicate (n = 4). Whole-cell lysates and conditioned media were collected 48 hours post-transfection to measure IC and EC ANGPTL7 levels,
respectively. Anti-V5 antibody was used for the cell lysate samples since the V5 tag interfered with binding of anti-ANGPTL7 antibody; given the V5 tag is
cleaved prior to secretion, anti-ANGPTL7 antibody was used for conditioned media samples. In both HEK293 and TM cells, western blot showed truncated
IC protein products for the Arg177Ter nonsense variant, whereas all other variants showed protein products of expected size (∼45 kDa with a doublet
band due to post-translational glycosylation (10)). Of note, a smaller EC protein product was noted in TM cells compared with HEK293 cells, possibly due
to proteolytic cleavage. There was no EC protein detected for the Arg177Ter and Arg220Cys variants in TM cells, whereas the other variants had variable
levels of protein secretion. (B) EC, IC and the ratio of EC:IC protein levels was calculated for empty vector, WT ANGPTL7 and each of the protective
variants in both HEK293 and TM cells. The western blot band intensities were measured using ImageJ software. All data were normalized relative
to total protein levels and subsequently normalized to wild-type ANGPTL7. Statistical analyses were performed using a one-way ANOVA (∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001). (C) The correlation between the ratio of EC:IC ANGPTL7 protein in TM cells and corneal-compensated intraocular pressure
(IOPcc) lowering among individuals in the UK Biobank dataset (Table 1) was assessed using Pearson’s correlation coefficient (r). Interestingly, there was
a strong correlation between a lower EC:IC ratio and larger amounts of IOPcc lowering (r = 0.86 in HEK293 cells and 0.81 in TM cells), though this did
not reach statistical significance due to a small number of data points (P = 0.14 in HEK293 cells and 0.19 in TM cells, n = 4 for each). These data suggest
that the protective effect of ANGPTL7 variants stems from lower amounts of secreted protein.

outflow pathway. Myocilin gene variants, for instance, are hypoth-
esized to play a causal role in juvenile and primary open-angle
glaucoma through a gain-of-function mechanism involving pro-
tein misfolding and chronic ER stress (13,14). Given that variant
ANGPTL7 proteins aggregate in the ER (Fig. 2), we tested whether
these variants affect expression of ER stress markers.

HEK293 and primary cultures of human TM cells were trans-
fected with either empty vector, WT ANGPTL7 or one of the five
protective variants tagged with a V5-epitope. Each vector was
tested in triplicate in HEK293 cells (n = 3) and in duplicate in
two different TM strains (n = 4). Whole-cell lysates were collected
48-hours post-transfection for western blot analysis. We tested
expression of two different ER stress markers, Grp78 and Atf4,
which are both elevated in Myocilin glaucoma and in other glau-
coma models (14–16). Importantly, protective ANGPTL7 variants
did not affect expression of either Grp78 or Atf4 proteins relative
to WT in either HEK293 or TM cells (P > 0.05 for all comparisons)
(Fig. 4). Of note, different sized protein products were noted for
Atf4 in TM cells compared with HEK293 cells; a variable Atf4
protein size between 40 and 50 kDa has been previously noted
in different cell types (17,18).

Cyclic mechanical stress reduces ANGPTL7
expression in the conventional aqueous outflow
pathway
Elevated IOP is currently the only modifiable risk factor for
POAG development and progression (19,20). ANGPTL7 is highly
expressed in the juxtacanalicular region (the site of greatest
aqueous outflow resistance), suggesting that it plays a critical
role in IOP regulation. (5,7)

Cells of the conventional outflow tract [TM and Schlemm’s
canal (SC) cells] reside in a mechanically demanding environ-
ment, as IOP fluctuates dynamically over the course of the day
in both healthy and diseased eyes (21). These cells deform by
up to 50% when IOP is elevated and return to their starting
dimensions when IOP normalizes; giant vacuoles subsequently
develop as pressure drops across the inner wall (22,23). To main-
tain homeostasis, TM and SC cells must adjust resistance and
outflow facility, which is accomplished through cytokine release,
alterations in target gene expression, increased ECM turnover and
cytoskeletal reorganization (24,25).

We hypothesized that reduced expression of ANGPTL7, as
seen with protective variants, are potentially a component of
the homeostatic response to mechanical stress. To test this
hypothesis, cultures of human TM and SC cells were subjected to
48 hours of CMS using the Flexcell strain unit (15% stretch at a
frequency of 1 Hz, which mimics ocular pulse and is considered
to be a physiologic level of CMS) (24–29). Control cells were
plated on Flexcell plates but were not subjected to CMS. Three
different TM and SC strains were tested, with each strain tested
in triplicate (n = 9 for each). Data were normalized relative to
36b4 gene expression, as expression of this gene is not altered in
response to CMS (30). qPCR demonstrated a significant reduction
in ANGPTL7 expression in SC cells after 48 hours of CMS (−2.4-
fold-change, P = 0.01); a reduction was also noted in TM cells,
though this did not reach statistical significance (−1.8-fold-
change, P = 0.21) (Fig. 5). PCDH10 (+25.9-fold-change, P = 0.02) and
IL6 (+5.9-fold-change, P = 0.04) served as positive controls for
known cellular responses to CMS in TM and SC cells, respectively
(30,31).
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Figure 4. Protective ANGPTL7 variants do not affect expression of endoplasmic reticulum (ER) stress markers in HEK293 and human TM cells. Cells were
transfected with an expression vector containing either empty vector, WT ANGPTL7 or one of the five protective variants tagged with a V5-epitope. Each
vector was tested in triplicate in HEK293 cells (n = 3); the findings were subsequently replicated in two TM strains from different donors, which were
each tested in duplicate (n = 4). Whole-cell lysates were collected 48 hours post-transfection to measure effects on expression of two different ER stress
markers (Grp78 and Atf4). The western blot band intensities were measured using ImageJ software. All data were normalized relative to total protein
levels and subsequently normalized to WT ANGPTL7; statistical analyses were performed using a one-way ANOVA. Protective variants did not affect
expression of either of Grp78 or Atf4 relative to WT in either HEK293 or TM cells (P > 0.05 for all comparisons). Of note, different sized protein products
were noted for Atf4 in TM cells compared with HEK293 cells (arrows); a variable Atf4 protein size between 40 and 50 kDa has been previously noted in
different cell types (17,18).

Figure 5. Cyclic mechanical stress (CMS) decreases ANGPTL7 expression in the conventional aqueous outflow pathway. Primary cultures of human TM
and Schlemm’s canal (SC) cells were subjected to 48 hours of CMS using the Flexcell strain unit (15% stretch at a frequency of 1 Hz, which mimics ocular
pulse and is considered to be a physiologic level of CMS (24–27,45)). Control cells were plated on Flexcell plates but were not subjected to CMS. Three
different TM and SC strains were tested, with each strain tested in triplicate. Data were normalized relative to 36b4 gene expression, as expression of
this gene is not altered in response to CMS. Statistical analyses were performed using a two-tailed t-test (∗P < 0.05). qPCR demonstrated a significant
reduction in ANGPTL7 expression in SC cells after 48 hours of CMS (−2.4-fold-change, P = 0.01); a reduction was also noted in TM cells, though this did
not reach statistical significance (−1.8-fold-change, P = 0.21). PCDH10 (+25.9-fold-change, P = 0.02) and IL6 (+5.9-fold-change, P = 0.04) served as positive
controls for known cellular responses to CMS in TM and SC cells, respectively (30,31).

Discussion
Over 120 genetic loci are strongly associated with risk for POAG
(32,33). An important unmet need is the functional characteri-
zation of these gene variants to elucidate disease mechanisms,
which will facilitate development of novel, targeted therapies.
ANGPTL7 is an attractive therapeutic target, as all known
variants in this gene confer protection from POAG development.
Moreover, this gene is highly expressed in the juxtacanalicular
region of the aqueous outflow pathway and has altered
expression in POAG patients compared with controls, providing
evidence to support a functional role in disease pathogenesis
(5–7).

In this study, we have characterized the five known missense
and nonsense variants in the ANGPTL7 gene, which were asso-
ciated with lower IOP and reduced POAG risk in a rare variant
analysis (3). We first used FoldX software to estimate protein
stability for these variants compared with WT ANGPTL7 protein.
Interestingly, the protective variants with larger effect sizes had
lower estimated protein stability. While it is critical to use caution

when interpreting variant effect sizes, these data were neverthe-
less intriguing, as they suggested that the protective effects of
ANGPTL7 variants stem from reduced target protein levels. To
experimentally support this hypothesis, we used western blot
analyses to show that protective variants lead to reduced ratios
of secreted:intracellular ANGPTL7 protein relative to WT, which
also correlates with variant effect sizes. Importantly, in contrast
to Myocilin, accumulation of variant ANGPTL7 protein does not
increase ER stress. In addition to protective variants, we show
that CMS also lowers ANGPTL7 expression in the aqueous outflow
pathway, suggesting that lower ANGPTL7 levels are a component
of the homeostatic response to dynamic IOP fluctuations.

The ANGPTL7 gene was first hypothesized to play a causal role
in glaucoma when microarray analyses demonstrated markedly
increased expression in response to dexamethasone and TGF-β
treatment in human TM cells (9,34). These pathologic cell stressors
cause increased deposition of ECM material and reduced degra-
dation, resulting in increased tissue stiffness and obstruction of
aqueous outflow (35,36). In contrast, we investigated CMS, which
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is a physiologic stressor that cells of the outflow tract continually
encounter due to dynamic fluctuations in IOP. To respond to
physiologic levels of mechanical stress, cells of the outflow tract,
especially in the juxtacanalicular region, increase ECM turnover
and degradation, which leads to increased outflow facility (37).
In our CMS experiments, there was a significant reduction in
ANGPTL7 expression in SC cells, which directly interacts with the
juxtacanalicular meshwork. While we also noted a reduction in
ANGPTL7 expression in TM cells, this did not reach statistical
significance, likely due to the mix of trabecular beam cells and
juxtacanalicular cells in the TM strains tested. The mix of tra-
becular beam cells and juxtacanalicular cells may also account
for the lack of secreted ANGPTL7 protein detected at baseline in
the TM cell strains tested (Fig. 3A). In contrast, ANGPTL7 protein
was detected in all transfected samples, though with variable
secreted:intracellular protein ratios among WT and variant pro-
teins that were consistent in both HEK293 and TM cells. Replicat-
ing these findings at more physiologic levels of overexpression will
be future experiments of interest.

It is important to note that outflow tissues in glaucomatous
eyes have increased stiffness and display less movement in
response to IOP fluctuations, potentially impacting the amount
of mechanical stress they sense and respond to (38). Testing the
effects of CMS on ANGPTL7 expression in outflow cells from
human donors with POAG will also be future experiments of
interest.

Our work, along with prior studies, supports a model where
lower levels of ANGPTL7 mitigate pathologic accumulation of ECM
material, while higher levels increase deposition. By reducing lev-
els of ANGPTL7 expression and secretion, rare protective variants
may help maintain ECM homeostasis, leading to lower IOP and
decreased risk for POAG.

Characterizing the impact of protective variants and relevant
cell stressors in animal models will be an important next step.
Additionally, it is important to determine whether aggregation
of variant ANGPTL7 protein stems from impaired protein fold-
ing and/or solubility. ANGPTL7 may also interact with several
ECM constituents to carry out its biological functions, including
other glaucoma-associated proteins such as Myocilin and Efemp1;
identifying these binding partners and assessing the impact of
mutant protein aggregation on these binding interactions will
improve understanding of disease mechanisms. Lastly, screening
for inhibitors of ANGPTL7 expression will pave the way for novel
POAG therapies that target the genetic and molecular factors
underlying disease development.

In summary, this is the first study, to our knowledge, to pro-
vide a possible functional mechanism whereby ANGPTL7 gene
variants confer protection from POAG. Further investigation of
this mechanism may lay the groundwork for harnessing ANGPTL7
downregulation as a novel preventative and therapeutic strategy
for this common, blinding disease.

Materials and Methods
In silico protein stability calculations using FoldX
FoldX version 4.0 was used to estimate the effects of protective
ANGPTL7 variants on protein stability (11). The three-dimensional
structure of WT ANGPTL7 protein was downloaded as a PDB
file from the AlphaFold database (39). The PDB structure was
then repaired in the FoldX software to lower the global energy
(�G). The target residues for each protective variant were then
mutated individually and the difference in free energy (��G)
relative to WT ANGPTL7 protein was calculated for each of the

mutant proteins (a ��G value > +0.5 indicates a destabilizing
effect, while a value <−0.5 indicates a stabilizing effect; a value
between −0.5 and +0.5 indicates a neutral change). Given the
FoldX software does not enable analysis of nonsense mutations,
the ��G for the Arg177Ter mutation could not be calculated.
The correlation between ��G values and variant effects on IOPcc
among individuals in the UK Biobank (3) was assessed using
Pearson’s correlation coefficient (r).

Cloning of ANGPTL7 expression vectors
A gBlocks™ gene fragment containing WT ANGPTL7 (NM_021146.4)
and a ‘CACC’ directional sequence at the 5′ end was cloned into a
pENTR™/D-TOPO™ entry vector per the manufacturer’s protocol
(ThermoFisher, Waltham, MA). Site-directed mutagenesis was
performed using the QuikChange II kit (Agilent, Santa Clara,
CA) for each of the protective variants individually (Table 1). The
primers that were used for site-directed mutagenesis are listed
in Supplementary Material, Table S1. The WT and mutant entry
clones were then transferred to a Gateway destination expression
vector modified to contain an N-terminal V5 epitope tag in-frame
(pCAG-V5-IRES-EGFP) (12,40) using the LR Clonase™ II enzyme
mix (ThermoFisher, Waltham, MA). Confirmatory sequencing was
performed for all constructs.

Cell culture
Immortalized COS-7 (CRL-1651, ATCC, Manassas, VA) and HEK293
(CRL-1573, ATCC, Manassas, VA) cells were cultured in complete
DMEM media (Gibco, Waltham, MA) supplemented with 10% FBS
(Sigma, St. Louis, MO). Human TM and SC) endothelial cells were
isolated from post-mortem non-glaucomatous donor eyes, cul-
tured and characterized according to established protocols (41–
43). These cells were cultured in complete DMEM media (Gibco,
Waltham, MA) supplemented with 10% FBS (Sigma, St. Louis, MO)
and 1% penicillin/streptomycin/glutamine (Gibco, Waltham, MA).
All cells were grown at 37◦C with 5% CO2 and 85% humidity.

Immunohistochemistry
COS-7 cells and primary cultures of human TM cells were seeded
on clear coverslips (Neuvitro, Vancouver, WA) in 12-well plates
at a density of 100 000 cells/well. After ∼18 hours of growth,
transfections were performed using Lipofectamine™ 3000 reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
protocol. Transfections were performed using expression vectors
containing WT ANGPTL7 or one of the five rare protective variants
(Table 1). Three independent transfections were performed
for each vector in COS-7 cells (n = 3); the findings were then
confirmed in two TM strains from different donors (ages 3 months
and 54 years old), which were each tested in duplicate (n = 4).
Immediately after transfection, CellLight™ ER-RFP BacMam
2.0 (Invitrogen, Carlbad, CA) was added to each well per the
manufacturer’s protocol to stain the ER.

The samples were processed for immunohistochemistry
∼24 hours post-transfection. After aspirating the conditioned
media, the coverslips were washed with phosphate-buffered
saline and fixed in 4% PFA. The samples were then permeabilized
with 0.5% Triton X-100, blocked in 3% BSA, and incubated with
a 1:1000 dilution of anti-V5-tag mouse monoclonal antibody
overnight (ThermoFisher, Waltham, MA). The next day, the
samples were incubated with a 1:1000 dilution of Alexa Fluor Plus
647 goat anti-mouse secondary antibody (Invitrogen, Carlsbad,
CA) for 1 hour, followed by DAPI nuclear staining (ThermoFisher,
Waltham, MA) for 1 minute. The coverslips were then mounted
onto clear slides using ProLong™ Glass Antifade Mountant

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad083#supplementary-data
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(ThermoFisher, Waltham, MA) and imaged using the Leica SP8
confocal laser scanning microscope (Leica Microsystems, Wetzlar,
Germany). For each slide, at least three images were taken at
20× magnification to assess the cellular localization pattern
of WT ANGPTL7 and each of the protective variants. Images of
representative cells were then taken at 63× magnification with
2–5× zoom (Fig. 2).

Western blots
HEK293 cells and primary cultures of human TM cells were
seeded in six-well plates at a density of 750 000 cells/well. After
∼18 hours of growth, transfections were performed using Lipo-
fectamine™ 3000 reagent (Invitrogen, Carlsbad, CA) according to
the manufacturer’s protocol. Transfections were performed using
either the empty expression vector, WT ANGPTL7 or one of the
five rare protective variants (Table 1). Three independent trans-
fections were performed for each vector in HEK293 cells (n = 3);
the findings were subsequently replicated in two TM strains from
different donors (ages 3 months and 54 years old), which were
each tested in duplicate (n = 4). Media was changed to serum-free
DMEM ∼24 hours post-transfection.

The samples were processed for western blot ∼48 hours post-
transfection. The conditioned media from each well was collected
in cold Eppendorf tubes and centrifuged for 15 minutes at 4◦C.
The supernatant from each sample was then transferred to Ami-
con™ Ultra-0.5 centrifugal filter units (Sigma, St. Louis, MO) to
concentrate the samples of conditioned media. To harvest whole-
cell lysates, a mixture of cold RIPA buffer (Sigma, St. Louis, MO)
and protease inhibitor (ThermoFisher, Waltham, MA) was added
to each well and the plates were agitated for 30 minutes at 4◦C.
The samples were then transferred to cold Eppendorf tubes and
centrifuged for 30 minutes at 4◦C. The supernatant containing
whole-cell lysates were collected and transferred to new Eppen-
dorf tubes.

Protein concentrations for whole-cell lysate and conditioned
media samples were measured using the Pierce™ BCA Protein
Assay Kit (ThermoFisher, Waltham, MA) per the manufacturer’s
protocol. For each sample, 10 ug of protein was mixed with 4x Pro-
tein Sample Loading Buffer (Li-Cor, Lincoln, Nebraska), denatured
by heating at 95◦C for 5 minutes and loaded onto a 4%–20% Mini-
PROTEAN® TGX™ Precast Protein Gel (Bio-Rad, Hercules, CA). Gel
electrophoresis was performed at 120 V for ∼90 minutes. Proteins
were then transferred from the gels onto polyvinylidene fluoride
(PVDF) blotting membranes using the iBlot™ 2 system (Invitrogen,
Carlsbad, CA).

The membranes were blocked for 1 hour using Intercept®

blocking buffer (Li-Cor, Lincoln, Nebraska) and then incubated
with a 1:1000 dilution of primary antibody overnight at 4◦C.
Antibodies tested included rabbit polyclonal anti-ANGPTL7 (Pro-
teintech, Rosemont, IL), mouse monoclonal anti-V5-tag (Ther-
moFisher, Waltham, MA), rat monoclonal anti-GRP78 (Santa Cruz
Biotechnology, Dallas, TX) and rabbit monoclonal anti-ATF4 (Cell
Signaling Technology, Danvers, MA). The next day, the membranes
were washed and incubated with a 1:10 000 dilution of IRDye®

800CW secondary antibody (Li-Cor, Lincoln, Nebraska) for 1 hour
(goat ant-rabbit, goat anti-mouse, or goat anti-rat, depending on
the primary antibody used).

The membranes were then imaged on the 800-nm wavelength
channel using the Odyssey CLx infrared imaging system (Li-Cor,
Lincoln, Nebraska). To quantify total protein levels, the mem-
branes were subsequently stained with the Revert™ 700 Total Pro-
tein Stain Kit (Li-Cor, Lincoln, Nebraska) per the manufacturer’s

protocol and imaged on the 700 nm wavelength channel using the
Odyssey imaging system.

The density of western blot bands was measured using ImageJ
software and normalized to total protein levels. All data were
then normalized to WT ANGPTL7 and statistically compared using
a one-way ANOVA. A P-value <0.05 was defined as statistically
significant. All statistical analyses were performed in STATA sta-
tistical software: release 16 (StataCorp LP, College Station, TX).

Cyclic mechanical stress in human TM and SC
cells
Primary cultures of human TM and SC cells were seeded on
six-well type I collagen-coated Flexcell plates (Flexcell, Burling-
ton, NC) at a density of 100 000 cells/well. Cells were grown in
DMEM supplemented with 10% FBS, which was switched to 1%
FBS when cells reached ∼90% confluence (31,44). After 7 days,
the medium was changed to serum-free DMEM and CMS was
initiated ∼16 hours later. CMS was performed for 48 hours using
a computer-controlled, vacuum-operated Flexcell FX-3000 Strain
Unit (Flexcell, Burlington, NC). 15% stretch was performed at a
frequency of 1 Hz, which mimics ocular pulse and is considered a
physiologic level of CMS (24–27,45). Control plates were placed on
the Flexcell apparatus but not subjected to CMS.

Three TM and three SC strains isolated from non-glaucomatous
human donor eyes were tested, with each strain tested in
triplicate. Donor ages were 35, 54 and 88 years for TM strains
and 44, 59 and 77 years for SC strains. Samples were collected at
the 48-hour timepoint and RNA was extracted from cells using the
mirVana miRNA isolation kit (Ambion, Carlsbad, CA). cDNA was
generated from RNA samples using the SuperScript™ IV VILO™
master mix (ThermoFisher, Waltham, MA) per the manufacturer’s
protocol.

Quantitative PCR
All qPCR experiments were performed on the QuantStudio™ 3
Real-Time PCR System (Applied Biosystems, Waltham, MA) using
PowerTrack SYBR™ green master mix (ThermoFisher, Waltham,
MA) per the manufacturer’s protocol. Primers were designed to
span exon-exon junctions and are listed in Supplementary Mate-
rial, Table S1. Three technical replicates were performed for each
reaction, which were averaged to obtain a mean Ct value. All data
were normalized relative to 36b4 gene expression, as expression
of this gene is not altered in response to CMS (30).

For the CMS experiments, control and stretch samples were
statistically compared using a two-tailed t-test. A P-value <0.05
was defined as statistically significant. All statistical analyses
were performed in STATA statistical software: release 16 (Stata-
Corp LP, College Station, TX).

Supplementary Material
Supplementary Material is available at HMG online.
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