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Age-related macular degeneration (AMD) is a leading cause of
blindness among the elderly. Canonical disease models suggest
that defective interactions between complement factor H (CFH)
and cell surface heparan sulfate (HS) result in increased alternative
complement pathway activity, cytolytic damage, and tissue in-
flammation in the retina. Although these factors are thought to
contribute to increased disease risk, multiple studies indicate that
noncanonical mechanisms that result from defective CFH and HS
interaction may contribute to the progression of AMD as well. A
total of 60 ciliated sensory neurons in the nematode Caenorhab-
ditis elegans detect chemical, olfactory, mechanical, and thermal
cues in the environment. Here, we find that a C. elegans CFH ho-
molog localizes on CEP mechanosensory neuron cilia where it has
noncanonical roles in maintaining inversin/NPHP-2 within its
namesake proximal compartment and preventing inversin/NPHP-
2 accumulation in distal cilia compartments in aging adults. CFH
localization and maintenance of inversin/NPHP-2 compartment in-
tegrity depend on the HS 3-O sulfotransferase HST-3.1 and the
transmembrane proteoglycan syndecan/SDN-1. Defective inver-
sin/NPHP-2 localization in mouse and human photoreceptors with
CFH mutations indicates that these functions and interactions may
be conserved in vertebrate sensory neurons, suggesting that pre-
viously unappreciated defects in cilia structure may contribute to
the progressive photoreceptor dysfunction associated with CFH
loss-of-function mutations in some AMD patients.
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ge-related macular degeneration (AMD) is the leading

cause of blindness among the elderly in the developed
world, affecting 11% of adults over the age of 85. Although the
discovery of a Y402H variant in complement factor H (CFH) as
a major risk factor for AMD marked a major advance for the
field, the roles of CFH and Y402H in the mechanisms of disease
initiation and progression remain unclear (1-5).

The alternative pathway is one of three complement system
pathways that are part of the innate immune system’s natural
defense against infections. The canonical function of CFH in
modulating alternative complement pathway activity suggests a
central role for excessive alternative complement pathway ac-
tivity in the progressive photoreceptor dysfunction that is char-
acteristic of AMD pathogenesis (1-8). CFH is a secreted protein
composed of 20 complement control protein (CCP) repeats (also
known as short complement repeats (SCRs) or sushi domains)
that inhibits alternative complement pathway-associated in-
flammation and cytolysis on host cell surfaces by promoting
decay of the convertase that cleaves and activates C3 and also by
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acting as a cofactor for factor I in processing C3b to its inactive
form (9).

CFH interacts with host cell surfaces by binding to heparan
sulfate (HS) through binding sites found in CCP 7 and CCP 19 to
20 (10). HSs are heterogenous repeats of glucuronic acid and
N-acetylglucosamine disaccharide covalently attached to proteo-
glycan core proteins that may be transmembrane such as the
syndecans, glycosylphosphatidylinositol-anchored proteins such as
the glypicans, or secreted such as perlecan, agrin, and collagen
XVIII (11-14).

HS heterogeneity results from variation in disaccharide length
and partial deacetylation, epimerization, and modification by 2-,
3-, and 6-O sulfotransferases (15). Sequence variants within HS
binding sites in CFH, including Y402H in CCP 7, result in re-
duced HS affinity, suggesting that increased AMD risk is a result
of reduced CFH on cell surfaces and increased alternative
complement pathway activity within the retina (16).

However, CFH is also reported to have functions outside its
canonical role in regulating the alternative complement pathway
that include preventing lipid binding to HS and modulating
monocyte migration (17, 18). This suggests that noncanonical
mechanisms may contribute to the dysfunction and death of
photoreceptor cells that are associated with AMD progression.

Significance

Mutations in complement factor H (CFH) binding sites for
heparan sulfate (HS) increase risk for age-related macular de-
generation (AMD), but the roles of CFH and HS in disease
pathogenesis remain unclear. Here, we find that a CFH homo-
log, HS modification, and the HS proteoglycan syndecan/SDN-1
have roles in maintaining cilia compartment boundaries in the
sensory neurons of aging C. elegans adults. The role of CFH in
cilia compartment boundaries is conserved in vertebrate pho-
toreceptors, suggesting that structural defects in photorecep-
tor cilia make a contribution to AMD progression in patients
with CFH mutations that has not been appreciated previously.
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In addition to increased AMD-risk, the CFH Y402H variant is
also associated with increased risk for a defect in rod-mediated
dark adaptation (RMDA) that is detectable prior to other clin-
ical AMD symptoms. This suggests that a neuronal signaling
defect involving CFH may be an early contributor to AMD-
associated neuronal dysfunction (19). In support of this con-
cept, many of the clinical symptoms associated with AMD can be
reproduced by defects in structural and signaling proteins asso-
ciated with photoreceptor outer segments, which are modified
primary cilia (20, 21).

Primary cilia are highly compartmentalized microtubule-based
protrusions with conserved compositions and organizations
containing (from proximal to distal) a transition zone, middle,
and distal segment [TZ, MS, DS (22)]. Within the MS, a number
of cilia subtypes in mammals and invertebrates (including Cae-
norhabditis elegans) possess a domain called the “inversin com-
partment,” defined by a specific localization of the ciliopathy
protein, inversin [also called NPHP2 (23-25)]. Defects in
inversin/NPHP-2 may cause left-right body asymmetry for which
inversin is named and the early onset cystic kidney disease,
nephronophthisis-2 [NPHP-2 (23, 26)]. Within the inversin com-
partment, inversin/NPHP-2 assembles into filaments of variable
length depending on cell type, suggesting the presence of an un-
known mechanism, not bound by an obvious structure or mem-
brane, that regulates inversin/NPHP-2 filament length (27, 28).

Here, we find that a C. elegans structural homolog of CFH
localizes on a subset of mechanosensory neuron primary cilia in a
syndecan- and heparan 3-O sulfotransferase-dependent manner
where it prevents inversin/NPHP-2 from accumulating in distal
cilia compartments in aging adults. Similar observations that CFH
restricts ectopic inversin/NPHP-2 accumulation in vertebrate
photoreceptors suggests that previously unappreciated defects in
cilia organization may contribute to photoreceptor dysfunction in
AMD patients with CFH mutations in HS binding sites.

Results

Identification of CFH-1, a Structural and Functional Homolog of Vertebrate
CFH in C. elegans. A candidate for a C. elegans homolog of vertebrate
CFH, F36H2.3 (NP_001335526.1), was identified in an earlier study
(29). CFH and full-length F36H2.3 (https:/wormbase.org//species/
c_elegans/gene/WBGene00009500#0eg%E2%80%9310) are
1,231 and 1,643 amino acid proteins, respectively, with signal se-
quences followed by 20 tandem CCP modules and no transmem-
brane domains. Although F36H2.3 is annotated as an ortholog of
human CR2 (complement C3d receptor 2) in some databases and
human CFH in others (30), functional overlap with CR2 seems
unlikely since CR2 has a transmembrane domain that is not found
in either CFH or F36H2.3. The clear overlap in structural or-
ganization (SI Appendix, Figs. S1 and S2), in tandem with func-
tional data shown below, indicates that F36H2.3 is a more likely
structural and functional homolog of vertebrate CFH. We
therefore refer to the F36H2.3 gene as cfh-1 (CFH homolog) and
refer to its protein product as CFH-1 to distinguish between
vertebrate and nematode proteins.

cfh-1 Expression by Mechanosensory Neurons and Select Epithelia. To
investigate cfh-1 expression, a transcriptional reporter, cfh-
Ip:green fluorescent protein (GFP), containing ~3.0 kb of 5
regulatory sequence fused immediately upstream of GFP (31) was
expressed in wild-type (WT) animals. Based on distinctive cell
shapes and positions, expression was observed in amphid and
phasmid sheath glia and uterine-seam transitional epithelia (utse)
in addition to neuronal cells that appear to be dopaminergic pos-
terior deirid (PDE) mechanosensory neurons (Fig. 14). Further
investigation of cfh-Ip::GFP expression in tandem with red fluo-
rescent protein expressed under the control of a dat-1 promoter,
revealed that in addition to 2 PDE neurons, cfh-Ip::GFP is
expressed in 2 anterior deirid (ADE) neurons and 4 cephalic
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(CEP) ciliated dopaminergic neurons found in the C. elegans head
(Fig. 1B). Based on the canonical function of CFH, this protein
would be expected to regulate alternative complement pathway
activity. Since a role for this protein consistent with its expression
by dopaminergic mechanosensory neurons is not obvious, it was
investigated further.

CFH-1 Assembles on the MS of Mechanosensory Neuron Cilia. To de-
termine whether the cfh-1 gene product, CFH-1, remains associated
with the dopaminergic neuron sites of synthesis (Fig. 1B), or is se-
creted and accumulates in another location, a GFP tag was inserted
in frame between the signal peptide cleavage site and the first CCP
module of endogenous cfh-1 coding sequence using CRISPR-Cas9
technology (SI Appendix, Fig. S24) (32). Analysis of CFH-1::GFP
localization reveals a restricted association with the eight ciliated
dopaminergic mechanosensory neurons described above (4 CEP, 2
ADE, and 2 PDE), in addition to six nearby outer labial (OL)
mechanosensory neurons and a limited number of interfacial epithelia
(cells that attach internal tissue to epidermal tissue or to openings in
the epidermal tissue to the exterior) that include amphid and
phasmid sheath glia, utse, and anterior arcade cells (Fig. 1 C and
D and SI Appendix, Fig. S2B).

CFH-1::GFP is concentrated along the sensory cilium of CEP
mechanosensory neurons, decorating a proximal domain located
~3 to 4 um from the distal tip of the organelle (Fig. 1D). CFH-1
is located distal to the TZ protein MKSR-1, indicating that the
CFH-1::GFP signal likely corresponds to the ultrastructurally
defined MS of this cilium subtype (SI Appendix, Fig. S2C) (33).
Within the MS, a number of ciliary subtypes in mammals and
invertebrates (including C. elegans) possess a proximal ciliary
domain called the “inversin compartment,” defined by a specific
localization of the protein, inversin/NPHP-2 (23-25). CFH-
1::GFP localization was examined in tandem with inversin
compartment marker NPHP-2::mCherry expressed under con-
trol of the dopaminergic neuron-specific dat-1 promoter (24,
34-36). In agreement with previous findings, we find that NPHP-
2::mCherry localizes in a proximal region of the CEP cilium in
WT animals (Fig. 1E) (24, 25, 34-36). CFH-1::GFP localization
is concentrated at a region of the MS with partial overlap of
NPHP-2::mCherry (i.e., the inversin compartment) and extends
distally through the junction between the MS and DS (Fig. 1E).

CFH-1 Prevents Inversin/NPHP-2 from Accumulating in the Distal Cilia
Compartment in C. elegans Mechanosensory Neurons. Based on its
position near the junction between MS and DS, we next deter-
mined whether CFH-1 has an influence on the distributions of
inversin/NPHP-2, MS component ARL-13, and DS component
TRP-4 (37, 38). WT animals were compared with two indepen-
dently isolated cfh-1 null alleles: one with a frameshift deletion
of seven nucleotides from the cfh-1 coding sequence prior to the
first CCP module created using CRISPR-Cas9 technology [cfh-
I(em14)] and a second deletion mutant [cfh-1(gk3206)] that is
missing 300 bp of exon 1 sequence encoding the initiator me-
thionine and signal peptide (F36H2 25,831-26,130) (39).
Inversin/NPHP-2 has a restricted distribution within the MS
in day 1, 2, and 3 WT adults, and there is no significant differ-
ences between WT and two independent cfh-I mutant day 1
adults. However, in day 2 and 3, cfh-I mutant adults, inversin/
NPHP-2::mCherry extends ectopically into the DS of CEP neu-
ron cilia (Fig. 24). This mutant phenotype is rescued by a ge-
nomic fragment containing endogenous CFH-1 regulatory and
coding sequence and a construct with cfh-1 expression under the
control of the dopaminergic neuron-specific cat-2 promoter. This
data not only demonstrates that inversin/NPHP-2::mCherry
mislocalization observed in aging cfh-I mutant animals is due to
c¢fh-1 loss of function but also shows that cfh-1 can function in a
cell-autonomous manner (Fig. 2 A and C). In contrast to the
defect in inversin/NPHP-2::mCherry distribution, there was little
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cfh-1 expression and CFH-1::GFP localization on CEP mechanosensory neuron cilia. (A) GFP expressed under the control of cfh-1 5’ untranslated

regulatory sequence in young adult animal. GFP fluorescence is detected in amphid and phasmid sheath glial cells (thick arrows), H-shaped uterine-seam
epithelial cell (bracket), and PDE dopaminergic mechanosensory neurons (thin arrow). Anterior is oriented left. (B) cfh-1 promoter driving GFP expression and
dat-1 promoter driving monomeric red fluorescent protein (mRFP) expression overlap in dopaminergic ADE, PDE, and CEP mechanosensory neuron cell bodies
(Scale bar, 2.5 pm). (C) CFH-1::GFP localization on sensory neurons and interfacial epithelia in L4 animals. CFH-1::GFP translational fusion protein is detected
on four CEP neurons and four outer labial quadrant and two outer labial lateral mechanosensory neurons (brackets). CFH-1::GFP is also located on the
anterior arcade cell syncytium (left arrow) and cell bodies (thin right arrows) and is also found on amphid sheath cells (thick right arrows). Anterior is oriented
left (Scale bar, 25 um). (D) Confocal image of CFH-1::GFP translational fusion in tandem with mRFP under the control of dopaminergic neuron-specific dat-1
promoter in CEP sensory neurons. (Scale bar, 2.5 pm). Anterior is oriented up. (E) Confocal image of inversin/NPHP-2::mCherry in tandem with CFH-1::GFP in
CEP sensory neuron. Note the partial overlap in localization between inversin/NPHP-2 and CFH-1 (Scale bar, 1 pm). (Right) A schematic diagram of cilia

showing approximate location of CFH-1 (green) and inversin/NPHP-2 (red) with respect to MS. Also shown are DS and TZ. Anterior is oriented up.

or no detectable difference in ARL-13::mNG and TRP-4::GFP
distribution between WT and cfh-I mutant animals, regardless of
age (Fig. 2). This suggests that the absence of CFH-1 has a
specific effect on inversin/NPHP-2 and does not cause a general
defect in cilia structure and organization.

In addition to the defect in CEP neuron inversin/NPHP-2
compartment length described above, inversin/NPHP-2 com-
partment length was measured in inner labial (IL) and OL
neurons in day 3 adults. A slight but significant difference in
inversin/NPHP-2 compartment size was detected in IL neurons,
but no difference was detected in OL neurons (SI Appendix, Fig.
S3). This provides supporting evidence that the role of CFH-1 in
inversin/NPHP-2 compartment maintenance is limited to specific
cellular contexts and is not a general role common to all cilia.

cfh-1 Mutant Animals Have a Defect in Mechanosensory Neuron
Function. Mechanosensory CEP neurons are activated and re-
lease dopamine when moving animals encounter food, causing
the animals to slow down and forage. To determine whether
absence of CFH-1 and the ectopic accumulation of inversin/
NPHP-2 in distal cilia compartments results in a defect in CEP
neuron activation, a genetically encoded calcium indicator,
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GCaMP6s, was used to monitor calcium-induced fluorescence in
the CEP neurons of WT and cfh-1(em14) mutant animals. There
was little or no detectable difference in GCAMP6s fluorescence
between WT and cfh-1(eml4) mutant day 1 adults. However,
WT day 3 adults have an obvious increase in GCAMP6s fluo-
rescence in CEP neurons upon crossing the threshold of a bac-
terial lawn due to an influx of calcium that is not observed in day
3 ¢fh-1(em14) mutant animals (SI Appendix, Fig. S4A).

A defect in CEP neuron activation, as indicated by lack of
calcium response, is likely to result in a corresponding behavioral
defect, detectable by a previously described “basal slowing” assay
that measures the slowing response of C. elegans upon encoun-
tering food (40, 41). A “blinded” experimenter, unaware of the
genotype of the strains being tested, found that WT animals slow
dramatically upon encountering a lawn of Escherichia coli HB101
while dopamine-synthesis—defective cat-2(el1112) mutants have
defects in “basal slowing” that are consistent with previous find-
ings (40, 41). In day 1 of adulthood, cfh-1(eml4) mutant adults
demonstrate little or no difference in slowing response when
compared to WT animals of the same age. However, by day 3 of
adulthood, cfh-1(emI4) mutant animals have a statistically signif-
icant defect in slowing response upon encountering food when
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Fig. 2. CFH-1 prevents ectopic accumulation of inversinNPHP-2 in distal cilia compartments. (A) Comparison of inversin/NPHP-2::mCherry and ARL-13:mNG
localization in CEP neurons of WT, cfh-1(em14), and cfh-1(gk3206) mutant animals. Adult day 1, 2, and 3 animals arranged from top to bottom, followed by
cfh-1(em14) adult day 3 animals containing cfh-1p::cfh-1 and cat-2p::cfh-1 transgenes. Note that inversin/NPHP-2 is restricted in length in WT animals but
extends into ciliary distal segment in day 2 and 3 mutant adults (arrows) (Scale bar, 2 pM). Anterior is oriented left in all images (nota bene in many of the
images, an OL neuron that also expresses ARL-13::mNG is visible adjacent to CEP and is indicated by a lowercase “0"). (B) Comparison of inversin/NPHP-
2::mCherry and TRP-4::GFP localization in WT (Top), cfh-1(em14), and cfh-1(gk3206) mutant animals (Scale bar, 5 pm). Anterior is oriented left in all images. (C,
Top) Scatter plots of inversin/NPHP-2 length in adult day 1, 2, and 3 animals and cfh-1(em14) adult day 3 animals containing cfh-1p::cfh-1 and cat-2p::cfh-1
transgenes. Also shown are ARL-13 lengths in day 1, 2, and 3 adults and TRP-4 lengths in day 3 adults. The error bars indicate 95% Cls. Inversin/NPHP-2 lengths
in day 2 and 3 cfh-1 mutant animals have statistically significant differences from WT. The significance is indicated by brackets with asterisks as follows: **P <

0.01 and ****P < 0.0001. Measurements shown without brackets above are not statistically different from WT.

compared to WT adults of the same age (SI Appendix, Fig. S44).
Importantly, animals expressing CFH-1::GFP are not statistically
different from WT animals, indicating that the CFH-1::GFP fu-
sion protein described above is functional and that localization of
the in-frame insertion of GFP into the endogenous cfh-1 gene
product is likely to be representative of WT CFH-1 localization.

We also asked whether the absence of CFH-1 might cause an
obvious early disruption of cilia ultrastructure that might cause
the observed defects in inversin/NPHP-2 protein localization.
However, ultrastructural analysis of CEP neurons found no de-
fects in the TZ, MS, and DS compartments of day 1 adult cfh-1
mutants (SI Appendix, Fig. S4B). It is conceivable that ultra-
structural defects might arise later in adulthood, but that was
not examined.

Inversin/NPHP-2 and CFH-1 Localization Are Dependent on HS
Modification. The presence of a signal sequence and 80 con-
served disulfide-bond—forming cysteines in 20 tandem CCP
modules (SI Appendix, Figs. S1 and S2) indicates that CFH-1,
like vertebrate CFH, has the hallmarks of a secreted protein.
Since inversin/NPHP-2 is a cytoplasmic protein that assembles
into fibrils located between the ciliary membrane and axoneme
(28), a mechanism for the CFH-1-dependent localization of
inversin/NPHP-2 shown above (Fig. 2) is not obvious. To identify
components of the mechanism responsible for CFH-1-dependent
localization of inversin/NPHP-2, a genome-wide screen designed
to identify loss-of-function mutations in genes essential for both
inversin/NPHP-2 and CFH-1 localization was performed following
random mutagenesis of the C. elegans genome (Materials and
Methods). A mutant (em15) with simultaneous disruption of both
NPHP-2:mCherry and CFH-1::GFP localization in CEP neurons
(Fig. 3B) was mapped using molecular inversion probes (MIP)
(42) and localized to a small region of LGII. Sequence analysis of
this region identified Ast-3.1 as a good candidate gene since it
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encodes an enzyme important for 3-O sulfation of HS (known to
bind directly to vertebrate CFH), and the missense mutation
identified replaces a proline in HST-3.1 that is highly conserved in
vertebrate HS 3-O sulfotransferases (Fig. 34; 43). Support for the
importance of HS and its 3-O sulfotransferase in CFH-1 and
inversin/NPHP-2 localization was provided by mutants Ast-
3.1(tm734) and rib-1(0k556), a gene that encodes an exostosin
glycosyltransferase needed for HS elongation (Fig. 3 B and C; 44).
These complete loss-of-function (i.e., null) alleles had defects in
CFH-1 and inversin/NPHP-2 localization comparable to those
found in Ast-3.1(em15) (Fig. 3 B and C).

To confirm that the mutant phenotype was caused by a
loss-of-function mutation in Ast-3.1, and to identify whether the
HST 3.1 protein was expressed in a cell-autonomous manner by
CEP neurons or nonautonomously by another source tissue, we
tested hst-3.1 transgenes expressed under the control of tissue-
specific promoters for rescue of the mutant phenotype. Although
hst-3.1 is expressed by body wall muscle and neurons (43), a hst-
3.1 transgene expressed under control of a muscle-specific pro-
moter (myo-3p::hst-3.1) did not rescue the mutant phenotype. In
contrast, hst-3.1 transgenes expressed under control of a
neuronal-specific rgef-1 promoter and a dopaminergic neuron—
specific cat-2 promoter were able to rescue the mutant pheno-
type (Fig. 3 B and C), providing additional evidence that dis-
ruption of CFH-1 and inversin/NPHP-2 localization is the result
of a loss-of-function mutation in Ast-3.1 and that the hst-3.1 gene
product likely modifies HS attached to a putative core proteoglycan
synthesized by neurons. Like Ast-3.1(em15), loss-of-function muta-
tions in this putative HS proteoglycan core protein would also be
expected to disrupt CFH-1 and inversin/NPHP-2 localization.

Inversin/NPHP-2 and CFH-1 Localization Are Dependent on Syndecan/
SDN-1. C. elegans has three HS-modified core proteoglycans as-
sociated with cell surfaces, the membrane-anchored glypicans,
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Fig.3. HST-3.1 HS 3-O sulfotransferase prevents ectopic accumulation of inversin/NPHP-2 in distal cilia compartments. (A) BLAST alignment of C. elegans HST-
3.1 and human HS 3 sulfotransferase protein sequences. The missense mutation in the hst-3.7(em15) mutant changes conserved Proline 116 (indicated by *) to
a threonine. (B) A comparison of inversin/NPHP-2::mCherry and CFH-1::GFP localization in CEP neurons of WT, hst-3.1(em15), rib-1(ok556), and hst-3.1(tm734)
mutant animals (Top) and hst-3.71(tm734) mutant animals expressing hst-3.7 transgenes under the control of myo-3, rgef-1, and cat-2 promoters (Bottom). All
animals are day 3 adults. Note that inversin/NPHP-2::mCherry and CFH-1::GFP are restricted in WT animals but are diffuse in hst-3.7 and rib-1 mutants (Top). In
contrast to the diffuse distributions of inversin/NPHP-2::mCherry and CFH-1::GFP in hst-3.1(tm734) mutant animals expressing a hst-3.1 transgene under the
control of a muscle-specific myo-3 promoter, the distributions of inversin/NPHP-2::mCherry and CFH-1::GFP are restricted in mutant animals expressing hst-3.1
transgenes under the control of rgef-1 and cat-2 promoters (Scale bar, 2.5 pM). Anterior is oriented left in all images. (C) Scatter plots of inversin/NPHP-2
lengths in WT and hst-3.7(em15), rib-1 (0k556), and hst-3.1(tm734) mutant animals and hst-3.1(tm734) mutant animals expressing hst-3.1 transgenes under
the control of myo-3, rgef-1, and cat-2 promoters (Left). Inversin/NPHP-2 lengths in hst-3.1(em15), rib-1(ok556), and hst-3.1(tm734) mutant animals and hst-
3.1(tm734) mutant animals expressing hst-3.1 transgenes under the control of myo-3 promoters are statistically different from WT (as indicated by brackets
with stars), while hst-3.7 mutant animals expressing hst-3.7 transgenes under the control of rgef-1 and cat-2 promoters are “rescued” and not statistically
different from WT (ns). (Right) Scatter plots of CFH-1::GFP fluorescence peak locations in WT and hst-3.1(em15), rib-1(ok556), and hst-3.1(tm734) mutant
animals and hst-3.71(tm734) mutant animals expressing hst-3.1 transgenes under the control of myo-3, rgef-1, and cat-2 promoters. hst-3.1(em15), rib-
1(0k556), and hst-3.1(tm734) mutant animals and hst-3.7(tm734) mutant animals expressing hst-3.1 transgenes under the control of myo-3 promoters are
statistically different from WT (as indicated by brackets with stars), while fluorescence peak location in hst-3.7 mutant animals expressing hst-3.7 transgenes
under the control of rgef-1 and cat-2 promoters are “rescued” and are not statistically different from WT (ns). The error bars indicate 95% Cls. The signif-
icance is indicated by brackets with asterisks as follows: *P < 0.1, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns indicates no significant difference from WT.
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GPN-1 and LON-2, and the transmembrane proteoglycan syn-
decan/SDN-1. To determine whether any of these HS-modified

neuron-specific cat-2 promoter. The cat-2p::sdn-1 construct res-
cued inversin/NPHP-2 localization defects but unexpectedly did

candidate proteoglycans are involved in CFH-1 and NPHP-2
distribution, CFH-1::GFP and NPHP-2::mCherry were placed in
gpn-1(0k377), lon-2(e678), and sdn-1(zh20) mutant backgrounds.
CFH-1::GFP and NPHP-2::mCherry distribution in glypican gpn-
1(0k377) and lon-2(e678) mutant backgrounds were not signifi-
cantly different from WT (Fig. 4 A and B). However, distribution
of CFH-1::GFP and NPHP-2::mCherry was significantly dis-
rupted in an sdn-1(zh20) mutant background, suggesting that
syndecan/SDN-1 has a role in recruitment of CFH-1 on neuronal
cell surfaces and in the mechanism that restricts inversin/NPHP-
2 localization (Fig. 4).

To distinguish whether SDN-1 is expressed by CEP neurons
and functions in a cell-autonomous manner, or whether SDN-1 is
expressed from another source tissue and functions in a nonau-
tonomous manner, we tested the inversin/NPHP-2 and CFH-1
phenotypes observed in an sdn-1(zh20) mutant background for
rescue by sdn-1 expressed under the control of the dopaminergic
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not rescue CFH-1 localization defects (Fig. 4 A and B). This dis-
crepancy may be a dominant effect due to SDN-1 overexpression
from the transgene since expression of the cat-2p::sdn-1 transgene
in a WT background also results in detectable CFH::GFP
mislocalization (Fig. 4B).

To determine whether the cytoplasmic domain of SDN-1 is
necessary to maintain inversin/NPHP-2 localization, a construct
lacking the cytoplasmic domain of SDN-1 was tested for rescue
of sdn-1(zh20) mutant phenotypes. The cytoplasmic deletion
construct did not rescue inversin/NPHP-2 localization defects
and resulted in increased defects in CFH-1 localization, consis-
tent with the suggestion that that overexpression of the SDN-1
extracellular domain interferes with CFH-1::GFP localization
(Fig. 4 A and B).

To determine SDN-1 localization on CEP neurons, a previously
described SDN-1 construct with a cytoplasmic GFP tag (oplsI70)
(45) was crossed into a sdn-1(zh20) mutant background. However,
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this construct was nonfunctional (i.e., it did not rescue the sdn-
1(zh20) inversin/NPHP-2 localization defect) (Fig. 4B). Since fu-
sion of GFP to the cytoplasmic domain of SDN-1 may interfere
with its role in maintaining inversin/NPHP-2 distribution within its
compartment, GFP was inserted into a cat-2p::sdn-1 construct at
the amino terminal of the extracellular domain, just after the
signal sequence. This N-terminal cat-2p::GFP::SDN-1 fusion
protein successfully rescued inversin/NPHP-2 localization defects
and was therefore used to determine SDN-1 localization on CEP
neurons (Fig. 4 A and B). Abundant GFP::SDN-1 was found
throughout the CEP cell body and processes. Lower quantities of
GFP::SDN-1 were also detected throughout CEP cilia, with lo-
calization most abundant in the regions flanking the proximal end
of the inversin/NPHP-2 compartment and diffuse signal detected
at the distal end of the inversin/NPHP-2 compartment that ex-
tended throughout the DS (Fig. 44). GFP::SDN-1 localization on
CEP neurons was similar in WT and cfh-1(emI4) mutant back-
grounds, indicating that although SDN-1 is necessary for correct
CFH-1 distribution, the distribution of SDN-1 appears to be in-
dependent of CFH-1 (Fig. 44).

sdn-1(zh20),hst-3.1(tm734) and sdn-1(zh20);cfh-1(emi14) dou-
ble mutants were tested for enhancement of mutant phenotypes
to determine whether SDN-1, HST-3.1, and CFH-1 are likely to

function in independent or overlapping pathways. The lack of
enhancement of sdn-1(zh20) null mutant phenotypes by either
cfh-1(em14) or hst-3.1(tm734) null mutants suggests that SDN-1,
HST-3.1, and CFH-1 are likely to function in the same pathway or
pathways with substantial overlap (Fig. 4 B and C). In support of
this proposed mechanistic overlap with cfh-1, disruption of inversin/
NPHP-2 localization in sdn-1(zh20) and hst-3.1(tm734) mutants was
progressive and not observed in day 1 adults (S Appendix, Fig. S5).

As an additional test to determine whether inversin/NPHP-2
defects arise as a consequence of CFH-1 mislocalization or
represent CFH-1-independent functions of HST-3.1 and SDN-1,
correlation analysis revealed moderate correlation between inversin/
NPHP-2 length and CFH-1::GFP localization in a WT background
(r = 0.54) that was slightly disrupted in Ast-3.1(tm734) (r = 0.38) and
more significantly disrupted in sdn-1(zh20) (r = 0.10; SI Appendix, Fig.
S6). This supports the concept that HST-3.1 and SDN-1 mediate an
interaction between CFH-1 and inversin/NPHP-2 that maintains
inversin/NPHP-2 within its compartment.

CFH Restricts Inversin Localization in Mouse Photoreceptors. To deter-
mine whether the CFH-1-dependent localization of inversin/
NPHP-2 described above is C. elegans specific or whether it is
conserved in other species, we examined CFH and inversin/NPHP-2
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Fig. 4. Syndecan/SDN-1 prevents ectopic accumulation of inversin/NPHP-2 in distal cilia compartments. (4, Top) inversin/NPHP-2::mCherry and CFH-1::GFP dis-
tributions are restricted in WT, gpn-1(ok377), and lon-2(e678) day 3 adults but are diffuse in sdn-1(zh20) day 3 adults. sdn-1(zh20) day 3 adults expressing a full-
length cat-2p::sdn-1 transgene have a restricted inversin/NPHP-2 distribution but diffuse CFH-1 distribution, while sdn-1(zh20) day 3 adults expressing a cat-
2p::sdn-1 transgene missing the sdn-1 cytoplasmic domain have a diffuse distribution of both inversin/NPHP-2 and CFH-1. (Bottom) Inversin/NPHP-2 mCherry and
GFP::SDN-1 distribution in two different WT day 3 adult animals and a cfh-1(em14) day 3 adult (Scale bar, 2.5 pM). Anterior is oriented left in all images. (B, Left)
Scatter plots of inversin/NPHP-2 lengths in WT, gpn-1(ok377), lon-2(e678), sdn-1(zh20), and sdn-1(zh20) animals containing cat-2p::sdn-1 transgenes with intact
and missing cytoplasmic domains (Acyto) and sdn-1 transgenes with C-terminal (op/s770) and N-terminal (GFP::SDN-1) GFP tags. (Right) scatter plots of CFH-1::GFP
fluorescence peak locations in WT, gpn-1(ok377), lon-2(e678), sdn-1(zh20), sdn-1(zh20);hst-3.1(tm734), sdn-1(zh20), and WT animals with transgenes containing
cat-2p::sdn-1 transgenes and sdn-1(zh20) animals with transgenes containing cat-2p::sdn-1 transgenes with missing cytoplasmic domains (Acyto). Also indicated is
the comparison of CFH-1::GFP fluorescence peak locations between sdn-1(zh20) single and sdn-1(zh20);hst-3.1(tm734) double mutants that shows no
significant difference (upper bracket). (C) Scatter plots showing no significant differences between inversin/NPHP-2 lengths in sdn-1(zh20) single mutant
and sdn-1(zh20);cfh-1(em14) and sdn-1(zh20),;hst-3.1(tm734) double mutants. The error bars indicate 95% Cls. The significance is indicated by brackets
with asterisks as follows: *P < 0.1, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns indicates no significant difference from WT.
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localization in mouse retina. To identify CFH localization in the
retina, eye sections from WT and cfh™~ knockout mice (21- and
19-wk-old males, respectively) were stained with CFH antibodies. In
agreement with previously published data, antibodies to CFH in-
tensely stained photoreceptor inner segments in WT retina (46, 47),
and this staining was absent in the retina of cth™~ mice (Fig. 54),
indicating that the inner-segment antibody staining is dependent on
the presence of CFH and not an immunofluorescence artifact.

To test whether CFH has a role in maintenance of inversin/
NPHP-2 localization in mouse photoreceptors similar to that
described above for CFH-1 in C. elegans sensory neurons, retina
sections from WT and cfh™" knockout mice with no sign of
photoreceptor degeneration were stained with well-characterized
antibodies to inversin/NPHP-2 (48, 49) and rhodopsin (used as a
marker for photoreceptor outer segments). Inversin/NPHP-2 ap-
pears concentrated exclusively in photoreceptor inner segments in
WT animals. In contrast, inversin/NPHP-2 is found ectopically in
photoreceptor outer segments in cfh™~ mice (Fig. 5B). This
finding suggests that CFH has an evolutionarily conserved role in
preventing inversin/NPHP-2 accumulation in ectopic cellular
compartments in multiple neuronal cell types in both invertebrate
and vertebrate species and that the relationship between these two
proteins is apparently conserved even outside the context of cilium
structure.

Inversin Localization Is Defective in High-AMD—-Risk Y402H Photoreceptors.
Two regions of CFH, within CCP 7 and CCP 19 to 20, mediate
interaction with cell surface HS (10). Sequence variants in these re-
gions not only reduce interaction with HS but are also thought to
result in an elevated risk for AMD (6). Humans homozygous for
CFH Y402H, where tyrosine 402 in CCP 7 is replaced by a histidine,
for example, have a sixfold increase in AMD risk compared to Y402
homozygotes, although the mechanism that links decreased HS
binding to AMD pathogenesis remains unclear (1-4). Since the ob-
servations in C. elegans described above indicate that CFH-1 and HS
modification regulate inversin/NPHP-2 localization, we wanted to
determine whether amino acid Y402 in human CFH has a significant
role in localization of inversin/NPHP-2. Comparison of postmortem
retina sections from two Y402 and two Y402H individuals with no
sign of disease [unrelated males between 52 and 68 y old (50)]
revealed distinct patterns of inversin/NPHP-2 distribution. Inversin is
concentrated in puncta in the outer segments of low-AMD-risk Y402
photoreceptors, with little or no staining detected in photoreceptor
inner segments. In contrast, inversin has a diffuse distribution with
abundant staining throughout photoreceptor inner and outer seg-
ments in the Y402H homozygous high-AMD-risk background
(Fig. 5C). This suggests that, in addition to its roles in mediating
CFH-HS interactions and AMD risk, Y402 inhibits ectopic locali-
zation of inversin/NPHP-2 in human photoreceptors. The reason for
the distinct localization of inversin/NPHP-2 in the outer and inner
segments of human and mouse photoreceptors, respectively, is not
clear. However, distinct distributions for several other photoreceptor
components have been identified that make it worth considering
whether differences in molecular organization and physiological
function might be responsible for the distinct photoreceptor pheno-
types that result from the same genetic lesions in the two species and
contribute to some of the challenges in establishing a widely accepted
mouse AMD model (51-53).

Discussion

The experiments described here investigate the function of CFH-
1, a C. elegans protein with structural similarity to vertebrate
CFH, sharing N-terminal signal sequences followed by 20 tan-
dem CCP modules. Although this structural homology is striking,
the sequences within the 20 tandem CCP modules are divergent
(81 Appendix, Fig. S1), making evolutionary orthology appear
uncertain, despite an earlier analysis that makes this claim (29).
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Observations of noncanonical functions for vertebrate CFH, in
tandem with the absence of homologs of vertebrate CFH-
interacting proteins CFI and C3 in C. elegans, suggests that
CFH-1 may also have functions and interact with partners that
are outside of the alternative complement pathway (17, 18, 54).
In this respect, the expression of CFH-1 by a class of dopami-
nergic mechanosensory neurons in C. elegans (Fig. 1) is unex-
pected and intriguing since, to our knowledge, vertebrate CFH
has no established neuronal functions. Interestingly, earlier work
by others indicates that the eight tandem CCP modules found in
the C. elegans LEV-9 protein are required for organization of
postsynaptic acetylcholine receptors, demonstrating that some
CCP protein modules have ancient, noncanonical functions in
organizing sensory machinery at neuromuscular junctions that
predate separation of the nematode and vertebrate lineages (55).

CFH-1-Mediated Regulation of Inversin/NPHP-2 Assembly. As far as
we can tell, GFP::CFH-1 does not have a synaptic localization
like LEV-9 (55); however, the localization of GFP::CFH-1 on
mechanosensory neuron cilia (Fig. 1) suggests that CFH-1 may
also function in the structural organization of a sensory appa-
ratus. Ectopic assembly of inversin/NPHP-2 in two distinct cfh-1
null mutants that is rescued by introduction of a WT cfh-1
transgene (Fig. 2) supports this suggestion and indicates that
CFH-1 may have a role in maintaining inversin compartment
boundaries or in a poorly understood mechanism that regulates
the length of inversin/NPHP-2 fibrillar structures (28). This
CFH-1 function seems to be specific for inversin/NPHP-2 regu-
lation since two ciliary proteins in adjacent locations, ARL-13
and TRP-4, seem surprisingly unaffected by loss of CFH-1.
Moreover, the role of CFH-1 in modulating inversin/NPHP-2
assembly appears to be evolutionarily conserved, since loss of
CFH function is also associated with ectopic accumulation of
inversin/NPHP-2 in mouse and human photoreceptors (Fig. 5).
The association between inversin/NPHP-2 and CFH in mouse
photoreceptors is particularly striking since both proteins are
associated with the inner segment of the photoreceptors, pro-
viding evidence for an association between CFH and inversin/
NPHP-2 that can occur even outside the cilium. Interestingly,
accumulation of inversin/NPHP-2 in the distal ciliary compart-
ment appears to be age dependent in C. elegans. Although ec-
topic inversin/NPHP-2 accumulation in mouse and human
photoreceptors was not examined at different time points, the
age-dependent increase in accumulation seen in C. elegans
(Fig. 2) may have implications for the progressive dysfunction of
photoreceptors in humans with AMD (see below).

Interaction of CFH-1 with HS. HS are linear repeats of glucuronic
and N-acetylglucosamine disaccharides with heterogenous
structures due to variations in disaccharide repeat length and in
multiple modifications that include epimerization, acetylation,
and sulfation by selective 2-, 3-, and 6-O HS sulfotransferases
(13). Although 3-O modification contributes only an estimated
0.5% of sulfate in HS, evolutionary conservation of seven hst-3
genes in vertebrates suggests that this modification has impor-
tant developmental and/or homeostatic functions (13, 56). It is
thought that 3-O modification regulates HS ligand specificity and
has roles in neuronal synaptogenesis and branching in C. elegans
(43, 57).

Although we have not established direct binding between
CFH-1 and HS or SDN-1, the identification of mutations in /st-
3.1 that disrupt CFH-1 and inversin/NPHP-2 localization suggest
that CFH-1 is a ligand whose functional interaction with HS is
potentially regulated by HS 3-O modification, at least in C. ele-
gans. Defective CFH-1 and inversin/NPHP-2 localization in a
null mutant of 7ib-1, a gene that encodes an exostosin glycosyl-
transferase required for HS elongation, supports this role.
Moreover, rescue of a hst-3.1 mutant with a hst-3.1 transgene
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Fig. 5. CFH restricts inversin/NPHP-2 distribution in vertebrate photore-
ceptors. (A) Antibody staining of WT and CFH™'~ mouse retina with Santa
Cruz anti-CFH antibody (SC-17951) demonstrates that photoreceptor inner-
segment staining (arrows) is dependent on the presence of intact CFH gene.
(B) Antibody staining of mouse retina sections reveal that inversin/NPHP-2 is
restricted to inner segment of WT mouse photoreceptors (Top, arrows) but is
detected in both inner and outer segments (brackets) of photoreceptors in
cfh™~ mice. (Right) Scatter plot of ratio of relative NPHP-2 fluorescence
levels in inner segment divided by outer segment in WT and cfh™~ mutant
animals. The error bars indicate 95% Cls. The significant difference from WT
is indicated by brackets with asterisks as follows: ***P < 0.001. (C) Antibody
staining of human retina sections reveals that inversin/NPHP-2 is concen-
trated in puncta in outer segments (brackets) of low-AMD-risk Y402 ho-
mozygotes (Top) with little or no detectable staining in photoreceptor inner
segments (arrows). In contrast, inversin/NPHP-2 has a diffuse distribution in
high-AMD-risk Y402H homozygotes with abundant staining detected in
photoreceptor inner segments (arrows). (Right) Ratio of NPHP-2 fluorescence
levels in IS divided by OS in Y402 and Y402H human retinas. The error bars
indicate 95% Cls. The significant difference from WT is indicated by brackets
with asterisks as follows: ****P < 0.0001 (Scale bar, 20 pm). Posterior is
oriented up in all images.

expressed under the control of two neuron-specific promoters
indicates that the HST-3.1 enzyme likely modifies HS attached to
a proteoglycan core protein produced by neurons that acts as a
receptor for CFH-1. Analysis of inversin/NPHP-2 and CFH-1 lo-
calization in a sdn-1(zh20) mutant background suggests (but does
not prove) that syndecan/SDN-1 is the core proteoglycan modified
by HST-3.1 that not only recruits CFH-1 but also mediates CFH-
1-dependent localization of inversin/NPHP-2 (Fig. 4).

This is supported by the overlap and age dependence of cfh-1,
hst-3.1, and sdn-1 phenotypes by the demonstration that dopa-
minergic neuron-specific expression of a cat-2p::sdn-1 transgene
rescues the sdn-1 mutant phenotype and that deletion of the
syndecan/SDN-1 cytoplasmic domain disrupts ability of the
transgene to rescue this phenotype (Fig. 4). Although direct
binding has not been established, the lack of enhancement of
sdn-1(zh20) phenotypes in double mutants with cfh-1(em14) and
hst-3.1(tm734) supports the suggestion that these three proteins
function in the same pathway or pathways with significant
overlap. A schematic summarizing the localization of HS modi-
fied syndecan/SDN-1 core proteoglycan, CFH-1, and inversin/
NPHP-2 is shown in Fig. 6.
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Interestingly, a syndecan paralog and inversin/NPHP-2 are
respectively required in zebrafish and mouse cilia to establish
left-right axes during embryogenesis, suggesting that syndecans
and inversin/NPHP-2 may also have functional overlap in ver-
tebrate cilia that are related to those described here (26, 58).

Noncanonical Role for CFH Interaction with HS and Its Possible
Implications for AMD. A CFH Y402H variant that is simulta-
neously thought to reduce HS binding (10) and result in a sixfold
increase in AMD risk is shown to have ectopic inversin/NPHP-2
accumulation in human photoreceptors (Fig. 5). This data sug-
gests that the role for CFH-1 and HS in modulation of inversin/
NPHP-2 accumulation in C. elegans mechanosensory neurons
may be evolutionarily conserved in human photoreceptors.

A substantial fraction of neurodegenerative retinal disease
results from defects in cilia structure and trafficking (59), making
the concept that cilia defects also contribute to the pathogenetic
mechanism of photoreceptor degeneration seen in AMD seem
worthy of consideration. The concept that a defect in inversin/
NPHP-2 regulation contributes to defects in photoreceptor function
and survival seems reasonable since a mutation in inversin/NPHP-2
is associated with Retinitis Pigmentosa in at least one patient with
Senior-Loken syndrome (60). Although photoreceptor dysfunction
in AMD is thought to be the consequence of a primary defect
in retinal pigmented epithelial (RPE) cells caused by
proinflammatory fatty deposits (i.e., drusen) at RPE basal surfaces
(8, 17), the results presented here dovetail with studies showing
that the symptoms of macular degeneration, including RPE and
choroid defects, can result from primary structural and signaling
defects in photoreceptors and their primary cilia (20, 21, 61).
Although the accumulation of lipid-rich drusen at RPE basal
surfaces is the first clinical sign of disease, it is conceivable that
there are molecular changes in RPE and/or photoreceptor func-
tion that occur prior to the histologic changes used for AMD di-
agnosis. It may be noteworthy that defects in RMDA have been
detected in AMD patients with the CFH Y402H variant prior to
the appearance of other clinical AMD symptoms such as drusen
accumulation (19).

In further support of this concept, a recent study indicates that
in addition to AMD, individuals with the CFH Y402H variant
also have an elevated risk for the neurodegenerative retinal
ciliopathy, Retinitis Pigmentosa (62). Based on the canonical
function of CFH, the authors suggest that defective regulation of
the alternative complement pathway may contribute to the
pathogenesis of Retinitis Pigmentosa (62). However, data pre-
sented here suggest another possible interpretation: The Y402H
variant of CFH results in a photoreceptor cilia defect that in-
creases risk for both AMD and Retinitis Pigmentosa.

Materials and Methods

C. elegans Strains. A list of the C. elegans strains used in this work is included
in SI Appendix, Table S1.

CRISPR-Cas9. CRISPR-Cas9 technology was used to delete 7 nt of genomic
sequence from the F36H2.3 gene (F36H2 25890-25896) to create a frameshift
in cfh-1 coding sequence and nonsense codon and Xba-1 restriction site.
CRISPR-Cas9 technology was also used to insert GFP in frame into cfh-1
coding sequence at the same location as described (32). The sequence of
the crisper RNA (crRNA) was AACAGCACAATACCGTATCT (Dharmacon). The
repair template used to create the deletion had a 35 nt overlap with en-
dogenous sequence on both sides of the Cas9 cleavage site and had the
sequence, GCGTGGTTTTGACAACTCAACAGCACAATACCGTATCTAGATTTA-
TCAGTACGAGGATATGAAAGAACAGAAAGTG (Integrated DNA Technologies).
The forward and reverse primers used to amplify GFP also had 35 nt overlaps
with endogenous sequence on either side of the Cas9 cleavage site,

GTGGTTTTGACAACTCAACAGCACAATACCGTATCCGAGCTCGAATTCAAG-
TACC

and CTTTCATATCCTCGTACTGATAAATCTTCATCCGACCAGGACATGTAA-
GCTTGTG.

Acker et al.

A complement factor H homolog, heparan sulfation, and syndecan maintain inversin

compartment boundaries in C. elegans cilia


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016698118/-/DCSupplemental
https://doi.org/10.1073/pnas.2016698118

Ciliary
membrane

\( \( ].Y—Iinks
r

axoneme

B Ciliary
membrane

N/ \( }Y—Iinks

} axoneme

A CFH-1
@ |nversin/NPHP-2
| Syndecan/SDN-1

s HS

Fig. 6. A schematic diagram summarizing relative locations of inversin/
NPHP-2, CFH-1, and HS-modified syndecan/sdn-1 on sensory neuron cilia. (A)
In WT animals, CFH-1 (green triangle) is in a fairly restricted region located to
the distal end of the inversin/NPHP-2 compartment (red ovals). HS (blue line)
attached to syndecan proteoglycan (black line) has a diffuse distribution in
regions flanking the proximal and distal ends of the inversin/NPHP-2 com-
partment. (B) In the absence of SDN-1, HS, or HS modification by HS 3-O
sulfotransferase, CFH-1 has a diffuse distribution on the cilia membrane, and
inversin/NPHP-2 accumulation is no longer restricted to a small region of the
MS but extends into the DS. Note that the schematic diagrams depict half of
a cilium with ciliary membrane, axoneme, and Y-links in each image.

Cas9 nuclease was a generous gift from Dominique Rasoloson and Geraldine
Seydoux. Injection mixtures were prepared as described, including dpy-10
crRNA and repair template as coinjection markers, and injected into the
gonad of N2 hermaphrodites (32, 63). dpy-10 progeny were screened by
PCR for insertion of cfh-1 repair templates.

Generation of ARL-13:mNeonGreen Using CRISPR/Cas9. Worm-optimized
mNeonGreen (mNG) (64) was knocked in to the endogenous arl-13 locus
to generate arl-13(oq118)/ARL-13::mNG using a dpy-10 co-CRISPR strategy
(32). Custom synthesized crRNA specific to the 3’ end of arl-13 (GTGAAAAAA-
GGAGGTTATTT) was ordered from IDT. High-fidelity PCR was used to gen-
erate a linear mNG repair template with 35 bp homology arms using the
following primers: TTCAAAACGTTCTGAACAATCGAGTAGTGCCAAAAGGAA-
CCGGAGGTGGCGGATCTGG and aagtgtttatggcttcaaaagtgaaaaaaggaggTCAC-
TTGTAGAGTTCATCCATTC. Sanger sequencing confirmed the accuracy of the
knock-in allele.

Analysis of Calcium Responses with GCaMP6s. Transgenic WT and cfh-1 mu-
tant adults containing a plasmid expressing GCaMP-6s under the control of
the dat-1 promoter were placed on an agar plate with small patches of food
and allowed to freely crawl between lawn patches. The plate was placed on
an inverted microscope and imaged with a 5x objective, on a custom-built
microscope (BioVision). Images were acquired with an Orca Flash 4.0 comple-
mentary metal oxide semiconductor camera (Hamamatsu) at 5 Hz with a 50 ms
exposure to decrease motion artifacts and manually tracked with a motorized
stage (Applied Sciences). Samples were illuminated with a Sola light-emitting
diode (Lumnecor) and enhanced GFP filter set (ET49002, Chroma). Neurons
were tracked and quantified using custom software (MATLAB).

Basal Slowing Assay. Basal slowing assays were performed as described (40).
Animals of various ages were washed in M9 buffer and placed in the center
of a 2 cm ring of HB101 bacteria. A “blinded” experimenter who did not
know the genotype of the different worm strains counted the number of
body bends in a 20 s interval before and 20 s interval after the worms en-
tered the bacteria. The experiment was repeated three times with n = 10
animals per experiment.
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Mutant Screening and Identification. Young adult animals containing an in-
tegrated NPHP-2::mCherry transgene expressed under the control of dat-1 5’
regulatory sequence in tandem with a CRISPR-Cas9-mediated insertion of
GFP into cfh-1 coding sequence (described above) were mutagenized
with ethyl methanesulfonate. F2 animals were anesthetized with phe-
noxypropanol and placed on a 5% agar pad on a microscope slide. Ani-
mals were screened for abnormal NPHP-2::mCherry localization on an
Olympus BX51 microscope, and individual mutant animals were recov-
ered from the slide, cloned to an individual plate, and allowed to recover.
The progeny of cloned mutant animals were checked for NPHP-
2::mCherry and CFH-1::GFP mislocalization on a Nikon A1R confocal mi-
croscope with Nikon Elements Software.

The hst-3.1 mutation was identified by a combination of whole-genome
sequencing and mapping via MIP-MAP (42). Briefly, the mutation-bearing
strain was crossed to strain VC20019, and mutant (homozygous) F2 progeny
were transferred to a new plate with food. Upon starvation, the worms were
washed from the plate and used for genomic DNA isolation. Mapping
libraries were constructed with MIP designed to detect VC20019-derived
single-nucleotide polymorphisms (SNPs). In parallel, standard next-
generation sequencing (NGS) libraries were constructed using TruSeq
DNA sample prep kit version 2 or TruSeq ChIP sample prep kit (lllumina)
for whole-genome sequencing. The MIP and NGS libraries were pooled
and subjected to single-end 50 bp sequencing (HiSEq. 2500; Illumina),
producing >1,000 and >25x coverage, respectively. SNP frequencies
from the MIP library were plotted against the physical map, revealing a
mapping interval between 2 and 8 Mbp on chromosome IlI. Six candidate
mutations (homozygous, nonsynonymous coding variants) from the NGS
library were identified as described (65) using a pipeline of BBMAP
(https://sourceforge.net/projects/lbbmap/), SAMtools (66), FreeBayes (67), and
ANNOVAR (68). Mutations in candidate genes were examined for pheno-
typic overlap with the isolated em15 mutant, and on this basis, hst-3.7 was
selected for further study.

Immunofluorescence and Microscopy. Adult C. elegans were immobilized for
10 min with 15 pM levamisole (LKT Laboratories) in M9 buffer and placed on
a 5% agar pad on a microscope slide. Imaging was performed with a Nikon
A1R confocal microscope with Nikon Elements software.

Postmortem human and mouse eyes were embedded in paraffin and
sectioned as described (47, 50). Sectioned eyes were deparaffinized in Xylene
and hydrated through 100, 95, 70, and 50% ethanol washes (3 min each).
After washing in PBS, sections were postfixed in 4% paraformaldehyde in
PBS and blocked in 5% goat or donkey serum in PBS containing 0.3%
Triton-X-100. Sections were stained with mouse monoclonal antibody 4D2
to rhodopsin (Novus Biologicals), rabbit polyclonal antibody to inversin
(Proteintech 10585-1-AP), or Santa Cruz anti-CFH antibody (5C-17951) and
secondary goat or donkey anti-mouse and anti-rabbit IgG with fluorescent
tags. After mounting in KPL fluorescent mounting medium, slides were
imaged using a Nikon A1R confocal microscope with Nikon Elements
Software.

Transmission electron microscopy of the CEP cilium was conducted on
chemically fixed day 1 adult worms as previously outlined (69).

Statistical Analysis. One-way ANOVA followed by Tukey’'s or Dunnett’s
multiple comparisons test and correlation analysis were performed using
GraphPad Prism version 8.0.0 for Windows (GraphPad Software, https:/
www.graphpad.comy/).

Data Availability. All study data are included in the article and/or S/ Appendix.
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