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ABSTRACT The microtubule motor cytoplasmic dynein-1 transports and positions various
organelles, but the molecular basis of this functional diversity is not fully understood. Cargo
adaptors of the Hook protein family recruit dynein to early endosomes (EE) in fungi and
human cells by forming the FTS–Hook–FHIP (FHF) complex. By contrast, the Caenorhabdi-
tis elegans Hook homologue ZYG-12 recruits dynein to the nuclear envelope (NE) in the
meiotic gonad and mitotic early embryo by forming a Linker of Nucleoskeleton and Cy-
toskeleton (LINC) complex. Here, we demonstrate that ZYG-12 recruits dynein to EE in
epithelia. We identify and functionally characterize the homologues of FTS (UBC-19) and
FHIP (FHIP-1) that constitute the C. elegans FHF complex, validate the predicted FHIP-1–
RAB-5 binding interface in vivo, and show that ZYG-12 forms FHF via a conserved segment
that precedes, and is distinct from, its C-terminal NE targeting domain. Finally, we show
that C-terminal ZYG-12 splice isoforms differ in their ability to target to the NE and EE.
We conclude that the C. elegans Hook adaptor evolved to recruit dynein to two distinct
organelles, and that cargo specificity of ZYG-12 is regulated by alternative splicing.

SIGNIFICANCE STATEMENT

� The microtubule motor cytoplasmic dynein-1 transports a multitude of cargos, but the molec-
ular basis of this functional diversity is not fully understood.

� The authors show that C. elegans ZYG-12/Hook forms two distinct complexes to recruit
dynein to early endosomes and the NE, and that this dual role of the adaptor is regulated in
a tissue-specific manner by alternative splicing of its C-terminal cargo binding domain.

� The characterization of the C. elegans FTS–Hook–FHIP complex provides molecular insight
into dynein recruitment to early endosomes in animals and reveals alternative splicing as a
mechanism to regulate cargo specificity of dynein adaptors.
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INTRODUCTION
As the major microtubule minus end-directed motor, cytoplasmic
dynein-1 (dynein) is critical for numerous cellular processes, in-
cluding organelle positioning, endocytic and exocytic trafficking,
mitotic spindle assembly, and maintenance of cell polarity. The
dynein complex is built around a single type of heavy chain motor
subunit (DHC) and requires adaptor proteins for recruitment to its
diverse cargo (Reck-Peterson et al., 2018). Because the number of
dynein cargos surpasses the number of adaptors, some adaptors
have evolved to recognize more than one type of cargo (Reck-
Peterson et al., 2018), raising the question of how cargo specificity
is regulated.

Activating adaptors are dimeric coiled-coil proteins with a bi-
partite architecture: the N-terminal region forms a complex with
dynein and its obligatory cofactor, the dynactin complex, while
the C-terminal region links to cargo (Carter et al., 2016). The pro-
cessive transport machine containing the adaptor N-terminal re-
gion forms through interactions that are similar across different
adaptor families. One universally conserved interaction involves
the binding of a dynein light intermediate chain (DLIC) C-terminal
helix to the adaptor N-terminus as it emerges from the dynactin
filament (Lee et al., 2018). On the adaptor side, the DLIC helix
can be accommodated by different N-terminal domains, including
the Hook domain that defines the Hook adaptor family described
below.

In contrast to the overall similar structure of dynein–dynactin–
adaptor assemblies, adaptor–cargo interactions are more diver-
gent. The Hook family of activating adaptors binds cargo in the
context of the FTS–Hook–FHIP (FHF) complex (Xu et al., 2008),
which in addition to the Hook dimer contains one copy each of
the proteins FTS (an E2 ubiquitin-conjugating enzyme variant) and
FHIP. In human cells, three Hook paralogues (HOOK1–3) form com-
binatorial complexes with four FHIP paralogues (FHIP1A, 1B, 2A,
2B), which in turn interact with different membrane cargo, includ-
ing early endosomes (EE), ER-to-golgi vesicles, and mitochondria
(Christensen et al., 2021). The FTS–HOOK1/3–FHIP1B complex is
recruited to EE through a direct interaction between FHIP1B and
GTP-bound Rab5 (Christensen et al., 2021). The structure of human
FHF, recently determined by cryo-EM (Abid Ali et al., 2025), shows
that the HOOK3 C-terminus is buried within FTS and FHIP1B, while
the opposing side of FHIP1B is predicted to interact with Rab5.
Work in the filamentous fungi A. nidulans and U. maydis, which
express one homologue each of FTS, Hook and FHIP, has shown
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that FHF is critical for dynein-mediated EE transport (Bielska et al.,
2014; Yao et al., 2014; Zhang et al., 2014).

Caenorhabditis elegans ZYG-12 was the first Hook protein
implicated in dynein recruitment (Malone et al., 2003). In con-
trast to its vertebrate and fungal homologues, ZYG-12 contains
a C-terminal transmembrane domain followed by a KASH mo-
tif, which mediates targeting to the nuclear envelope (NE) (Fig-
ure 1A; Malone et al. 2003). In the perinuclear space, the KASH
motif binds the protein SUN-1, which in turn traverses the inner nu-
clear membrane to complete the bridge between cytoplasm and
nucleoplasm (Minn et al., 2009). In the meiotic gonad, the Linker
of Nucleoskeleton and Cytoskeleton (LINC) complex formed by
this SUN/KASH pair transmits forces that move chromosomes, fa-
cilitate homologue pairing, and prevent nonhomologous synapsis
(Penkner et al., 2007, 2009; Sato et al., 2009). ZYG-12–mediated
recruitment of dynein to the NE is also required to maintain syncy-
tial gonad architecture and keep centrosomes attached to the nu-
cleus in the dividing early embryo (Malone et al., 2003; Zhou et al.,
2009). Consequently, ZYG-12 inhibition causes severe meiotic and
mitotic chromosome mis-segregation and is embryonically lethal
(Malone et al., 2003). Whether ZYG-12 has functions beyond cell
division is unknown.

Here, we show that, in epithelia, ZYG-12 functions as part of
the FHF complex. Deleting a conserved ZYG-12 segment that pre-
cedes the C-terminal NE targeting domain and is predicted to bind
UBC-19 (FTS) and FHIP-1 abrogates ZYG-12 recruitment to EE with-
out perturbing LINC complex function. FHIP-1 is strictly required
for ZYG-12 recruitment to EE, whereas UBC-19 only becomes es-
sential when the FHIP-1 binding motif in ZYG-12 is mutated. We
also show that ZYG-12 recruitment to EE and the NE is regulated
by alternative splicing of its C-terminal region. Our study delineates
molecular determinants governing dynein recruitment to EE in an-
imals and reveals alternative splicing of adaptors as a mechanism
to regulate the specificity of dynein–cargo interactions.

RESULTS
The Hook domain protein ZYG-12 recruits dynein to the
nuclear envelope and early endosomes in a tissue-specific
manner
The sole C. elegans Hook domain protein ZYG-12 forms a LINC
complex with SUN-1 at the NE (Figure 1A). To determine whether
ZYG-12 function is restricted to the NE, we tagged endogenous
ZYG-12 with GFP and examined its subcellular localization in dif-
ferent tissues. In the embryo, GFP::ZYG-12 localized to the NE
and was additionally enriched around mitotic centrosomes (Malone
et al., 2003), presumably reflecting its localization to ER mem-
brane that also contains SUN-1, referred to as the centriculum
(Maheshwari et al., 2023) (Figure 1B). In the meiotic hermaphrodite
gonad, GFP::ZYG-12 also localized to the NE, where it formed
prominent patches in the transition zone that colocalized with en-
dogenous mCherry-tagged DHC-1 (Figure 1C). These patches re-
flect the association of the LINC complex with chromosomal re-
gions that promote pairing and synapsis (Sato et al., 2009). In con-
trast to the gonad and early embryo, GFP::ZYG-12 was absent
from the NE in the epidermal hyp7 and seam syncytia and instead
colocalized with mCh::DHC-1 in cytoplasmic puncta (Figure 1C).
mCh::DHC-1 was delocalized in the DLI-1(F392A/F393A) mutant
(Figure 1, D and E), which prevents the DLIC C-terminal he-
lix from binding to adaptor N-termini (Celestino et al., 2019),
suggesting that dynein recruitment to cytoplasmic GFP::ZYG-12
puncta requires the interaction between DLI-1 and the ZYG-12
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FIGURE 1: The Hook domain protein ZYG-12 recruits dynein to the nuclear envelope and early endosomes in a
tissue-specific manner. (A) Schematic illustrating ZYG-12’s role in dynein recruitment to the nuclear envelope through
formation of a LINC complex with SUN-1. (B) Image of a one-cell embryo just prior to NEBD expressing endogenously
tagged GFP::ZYG-12. Scale bar, 5 μm. (C, D) Images of the gonad and epidermis in L4 animals coexpressing
GFP::ZYG-12 and endogenously tagged mCherry::DHC-1 (dynein heavy chain). wt, wild-type. Scale bars, 5 μm (C) and 2
μm (D). (E) mCherry::DHC-1 intensity on GFP::ZYG-12 puncta in hyp7, quantified in images such as (D). Measurements
of individual puncta from at least 10 animals are shown along with mean ± 95% CI (total number of puncta = 119 and
154 for wt and FF/AA, respectively). Statistical significance was determined by the Mann–Whitney test. ****P < 0.0001.
CI, confidence interval. (F) Images of hyp7 in L4 animals coexpressing GFP::ZYG-12 and transgenic mKate2-tagged
probes for EE (RAB-5) or lysosomes (CTNS-1). Similar results were observed in at least 10 animals for each condition.
Scale bar, 2 μm. (G) Image of the developing vulva in an early L4 animal coexpressing GFP::ZYG-12 and transgenic
mKate2::RAB-5. AC, anchor cell. Scale bar, 5 μm.
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Hook domain. Epidermal GFP::ZYG-12 colocalized with transgenic
mKate2::RAB-5 but not CTNS-1::mKate2 (a marker for lysosomes)
(Figure 1F), revealing that the cytoplasmic ZYG-12 puncta corre-
spond to EE. Aside from the larval epidermis, GFP::ZYG-12 also
localized to cytoplasmic puncta (but not to the NE) in the intes-
tine, rectum, and the developing uterus and vulva (Figure 1G;
Supplemental Figure S1, A and B). In these epithelia, GFP::ZYG-
12 puncta were predominantly concentrated on the apical side.
Expression of transgenic mKate2::RAB-5 in the L4-stage vulva re-
vealed prominent apical enrichment of this marker (Figure 1G; Sup-
plemental Figure S1B), suggesting that the polarized distribution of
GFP::ZYG-12 reflects its association with EE. Taken together, these
results show that ZYG-12 localizes to two distinct organelles and
indicate that this dual function of the dynein adaptor is regulated
in a tissue-specific manner.

FHIP-1 recruits ZYG-12 to early endosomes but is
dispensable for ZYG-12 function at the nuclear envelope
ZYG-12′s localization to EE suggested that it does so in the con-
text of the FHF complex, as described for Hook proteins in ver-
tebrates and fungi (Figure 2A). Sequence searches identified the
uncharacterized proteins UBC-19 and C05D11.8 as the likely ho-
mologues of the FHF subunits FTS and FHIP, respectively. Like FTS
homologues in other species, UBC-19 contains an ubiquitin E2
variant domain (entry cd23814 in the conserved protein domain
database; https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml;
Wang et al., 2022). C05D11.8 was already annotated in WormBase
as an FHIP family protein and is hereafter referred to as FHIP-1.

Insertion of GFP into an internal loop of FHIP-1 revealed colo-
calization with mKate2::RAB-5 in the larval epidermis (Figure 2B),
whereas no GFP signal was detectable in the gonad and early em-
bryo (Supplemental Figure S1C). To probe the function of FHIP-1,
we generated a knockout (ko), which was fully viable and fertile
(Supplemental Figure S1D). In fhip-1(ko) animals, GFP::ZYG-12
was absent from epidermal mKate2::RAB-5 puncta (Figure 2, C
and D) but localized normally to the NE in the gonad and one-cell
embryo (Figure 2E). Furthermore, L4 fhip-1(ko) animals lacked the
polarized apical localization of GFP::ZYG-12 in the developing
vulva (Figure 2F). Immunoblotting confirmed that total GFP::ZYG-
12 levels are unaffected by fhip-1(ko) (Supplemental Figure S1E).
We conclude that FHIP-1 is required for ZYG-12 recruitment to EE
but dispensable for ZYG-12 function at the NE. This demonstrates
that ZYG-12 recruitment to the two organelles involves distinct
mechanisms.

Structure prediction identifies FHIP-1 residues important
for recruitment to RAB-5
Prior work on the human FHF complex showed that FHIP1B binds
to GTP–Rab5 (Christensen et al., 2021). To gain molecular insight
into this interaction, we used AlphaFold 3 (AF3) (Abramson et al.,
2024) to predict the structure of FHIP-1 in complex with GTP–RAB-
5 and mutated three surface-exposed FHIP-1 residues at the pre-
dicted binding interface (Figure 3A). G282 and A285 were mutated
to the bulkier glutamine, and R292 was mutated to glutamate to
reverse charge (“QQE” mutant). Immunoblotting showed that the
GFP-tagged FHIP-1 mutant is expressed, albeit at reduced levels
(Supplemental Figure S1E). FHIP-1(QQE)::GFP was mostly delo-
calized from epidermal mKate2::RAB-5 puncta (Figure 3, B and
C) and no longer exhibited polarized localization in the L4 vulva
(Figure 3D). These results support the idea that the mutated FHIP-
1 residues form part of the RAB-5 binding interface.

ZYG-12 recruitment to early endosomes and the nuclear
envelope is mediated by distinct C-terminal domains
Further structure prediction analysis suggested that RAB-5 and
ZYG-12/UBC-19 interact with FHIP-1 on opposite sides (Supple-
mental Figure S2A), in agreement with the recently determined
cryo-EM structure of human FHF (Abid Ali et al., 2025). The ZYG-
12 region predicted to interact with FHIP-1 and UBC-19, referred
to here as the FHF domain, is located just before a flexible linker
that in turn precedes the transmembrane domain and KASH motif
(Figure 4A). To determine the functional relevance of ZYG-12′s FHF
domain, we deleted residues 686–730, leaving the linker, trans-
membrane domain, and KASH motif intact. Similar to what we ob-
served in fhip-1(ko) animals, GFP::ZYG-12(�686–730) was largely
absent from epidermal mKate2::RAB-5 puncta (Figure 4, B and C)
but localized normally to the NE in the gonad and one-cell embryo
(Figure 4D). Mutant animals were fully viable and fertile (Supple-
mental Figure S1D), and immunoblotting confirmed robust overall
expression of the mutant (Supplemental Figure S1E). We conclude
that zyg-12(�686–730) is a separation-of-function mutant that se-
lectively perturbs ZYG-12 recruitment to EE.

The FTS homologue UBC-19 becomes essential for ZYG-12
recruitment to early endosomes when the FHIP-1 binding
site in ZYG-12 is mutated
The FHF domain of human HOOK3 makes distinct contacts with
FTS and FHIP1B (Abid Ali et al., 2025). FHIP1B binding is mediated
by a short helical segment at the C-terminus of the FHF domain,
which is highly conserved among Hook proteins, including ZYG-
12 (Figure 4A). Consistent with this, AF3 predicts the interaction
between the ZYG-12 helix and FHIP-1 with high confidence (Sup-
plemental Figure S2B). To determine the functional importance
of this interaction, we mutated all of the conserved residues in
the ZYG-12 helix to alanine (6A mutant; Figure 4A). Unexpectedly,
GFP::ZYG-12(6A) localized normally to epidermal mKate2::RAB-5
puncta (Figure 4, E and F) and exhibited robust polarized local-
ization in the vulva of L4 animals (Figure 4G). These results sug-
gested that ZYG-12 can be recruited to EE without directly binding
to FHIP-1, which prompted us to examine the role of UBC-19. In a
ubc-19(ko) background, wild-type GFP::ZYG-12 was partially delo-
calized, while the GFP::ZYG-12(6A) mutant largely failed to localize,
essentially mimicking the effect of �686–730 (Figure 4, E–G). We
conclude that while FHIP-1 is strictly required for ZYG-12 recruit-
ment to EE, UBC-19 plays a more auxiliary role. In the human FHF
structure (Abid Ali et al., 2025) and the predicted structure of C.
elegans FHF (Supplemental Figure S2A), FTS wraps around Hook,
thereby tethering it to FHIP. The role of UBC-19 as a seat belt for
ZYG-12 may explain why mutating the ZYG-12 helix does not per-
turb ZYG-12 recruitment to EE as long as UBC-19 is present.

FHF inhibition affects early endosome distribution in vulval
precursor cells
We next used the fhip-1(ko) and zyg-12(�686–730) mutants to
assess the importance of FHF for EE distribution. At the larval
L3 stage, vulval precursor cells (VPCs) exhibited enrichment of
mKate2::RAB-5 puncta on their apical side (Supplemental Fig-
ure S3A), which was less pronounced in fhip-1(ko) and zyg-
12(�686–730). The arrangement of VPCs in a single row facili-
tated quantification of EE distribution by line scan analysis along
the apical-basal axis, which confirmed a decrease, albeit mod-
est, in apical mKate2::RAB-5 signal in the mutants (Supplemental
Figure S3B). We also assessed dynein-mediated EE movements
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FIGURE 2: The C. elegans FHIP homologue recruits ZYG-12 to early endosomes but is dispensable for ZYG-12 function
at the nuclear envelope. (A) Schematic of the human FHF complex recruited to EE by Rab5. Names of C. elegans
homologues are in brackets. (B) Image of hyp7 in an L4 animal coexpressing endogenously tagged FHIP-1::GFP and
transgenic mKate2::RAB-5. Scale bar, 2 μm. (C) Images of hyp7 in L4 animals coexpressing GFP::ZYG-12 and transgenic
mKate2::RAB-5. wt, wild-type; ko, knockout. Scale bar, 2 μm. (D) GFP::ZYG-12 intensity on mKate2::RAB-5 puncta in
hyp7, quantified in images such as (C). Measurements of individual puncta from at least 10 animals are shown along
with mean ± 95% CI (total number of puncta = 118, 98, and 99 for wt, ko, and ko/no GFP, respectively). Untagged
ZYG-12 was included as a control for autofluorescence when imaging in the GFP channel. Statistical significance was
determined by ANOVA on ranks (Kruskal–Wallis nonparametric test) followed by Dunn’s multiple comparison test. ****P
< 0.0001. CI, confidence interval. (E) Images of GFP::ZYG-12 in the L4 meiotic gonad and one-cell embryo. Similar
localization was observed in gonads and embryos of at least 10 animals for each condition. Scale bars, 2 μm. (F)
Differential interference contrast (DIC) and fluorescence images of the L4 vulva in animals expressing GFP::ZYG-12. DIC
images on the left correspond to the wt fluorescence images on the right. Similar localization was observed in at least
10 animals for each condition and developmental stage. Scale bars, 5 μm.

toward mitotic centrosomes during the first embryonic division
(Kimura and Kimura, 2011; Barbosa et al., 2017). EE move-
ments were still observed in fhip-1(ko) embryos (Supplemental
Figure S3C), consistent with the absence of detectable FHIP-
1::GFP expression at this developmental stage (Supplemental Fig-
ure S1C). These observations suggest that FHF contributes to the
polarized EE distribution in VPCs, whereas FHF is dispensable for
centrosome-directed EE motility in the early embryo.

ZYG-12 recruitment to early endosomes and the nuclear
envelope is regulated by C-terminal splicing
In addition to the full-length ZYG-12 isoform B that contains the
FHF domain (encoded by exons 6 and 7), a flexible linker (exon 9),
the transmembrane domain (exons 9 and 10), and the KASH motif
(exon 10), two shorter splice isoforms exist: isoform A terminates
just after the FHF domain (using the two residues and STOP en-
coded by the alternative exon 8), whereas isoform C skips exon 9
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FIGURE 3: Structure prediction identifies residues in FHIP-1 important for recruitment to RAB-5. (A) AF3 model and
Predicted Alignment Error (PAE) plot of FHIP-1 in complex with GTP-bound RAB-5. Full-length protein sequences were
used for the prediction, but some disordered regions are not shown for clarity. In the PAE plot, aligned and scored
residues are on the vertical and horizontal axis, respectively. Note that FHIP-1 has a large internal flexible loop, the start
of which is marked in the PAE plot by residue 723. Three FHIP-1 residues at the RAB-5 binding interface and the
mutations introduced by genome editing are highlighted. (B) Images of hyp7 in L4 animals coexpressing FHIP-1::GFP
and transgenic mKate2::RAB-5. wt, wild-type. Scale bar, 2 μm. (C) FHIP-1::GFP intensity on mKate2::RAB-5 puncta in
hyp7, quantified in images such as (B). Measurements of individual puncta from at least 10 animals are shown along with
mean ± 95% CI (total number of puncta = 146 and 155 for wt and QQE, respectively). Statistical significance was
determined by the Mann–Whitney test. ****P < 0.0001. CI, confidence interval. (D) Images of the early (top) and mid
(bottom) L4 vulva in animals expressing FHIP-1::GFP. Similar localization was observed in at least 10 animals for each
condition and developmental stage. Scale bar, 5 μm.

(Figure 5A). As a consequence, isoform C lacks the flexible linker,
and the N-terminal six residues of its transmembrane domain are
predicted to be encoded by exon 7, resulting in partial overlap be-
tween the transmembrane domain and the FHIP-1-binding helix at
the C-terminus of the FHF domain (Figure 5A).

In prior work, expression of transgenic GFP::ZYG-12 was used
to show that isoform A fails to localize to the NE but retains its
ability to localize to centrosomes, while isoforms B and C localize
to both the NE and centrosomes (Malone et al., 2003). To address
how splice isoforms contribute to EE recruitment of ZYG-12, we
used genome editing to restrict isoform expression to isoforms B
and C (exon 8 deletion, �ex8) or isoform C only (exon 8 and 9
deletion, �ex8+9) (Figure 5A). Immunoblotting confirmed robust
overall expression of either mutant (Supplemental Figure S1E). In
�ex8 animals, GFP::ZYG-12 showed reduced recruitment to epi-
dermal mKate2::RAB-5 puncta and was mostly absent from the
vulva (Figure 5, B–D). This suggests that isoform A is the main iso-
form in the vulva and contributes to EE localization of ZYG-12 in the
larval epidermis. In �ex8+9 animals, GFP::ZYG-12 was strongly re-
duced at epidermal mKate2::RAB-5 puncta and completely absent
from the vulva (Figure 5, B–D). By contrast, �ex8+9 did not affect
GFP::ZYG-12 recruitment to the NE or centrosomes (Figure 5E),
and animals were fully viable and fertile (Supplemental Figure S1D).
This demonstrates that isoform C is sufficient for ZYG-12 function
at the NE and is likely the predominant isoform in the gonad and

early embryo. Moreover, the difference in GFP::ZYG-12 intensity
on mKate2::RAB-5 puncta between �ex8 and �ex8+9 shows that
isoform B contributes to EE recruitment in the epidermis (Figure 5,
B and C). In summary, our results suggest that isoform A targets
exclusively to EE, isoform B targets to both EE and the NE, and
isoform C targets exclusively to the NE (Figure 5F). We conclude
that ZYG-12 recruitment to EE and the NE is regulated by alterna-
tive splicing of its C-terminal cargo binding domain.

DISCUSSION
Hook proteins constitute one of the most widely conserved family
of dynein adaptors. In filamentous fungi, human cancer cells, and
cultured rat neurons, Hook proteins have been shown to function
as part of the FHF complex, which provides the link to membrane
cargo by associating with small GTPases (Bielska et al., 2014; Yao et
al., 2014; Zhang et al., 2014; Guo et al., 2016; Olenick et al., 2019;
Mattera et al., 2020; Christensen et al., 2021). Here, we show that
the sole C. elegans Hook protein ZYG-12 has two distinct func-
tions, only one of which involves FHF. In the larval epidermis and
the developing vulva, ZYG-12 requires the FHIP homologue FHIP-
1 to target to EE, a function which ZYG-12 shares with its fungal
and vertebrate counterparts. By contrast, FHIP-1 is dispensable for
ZYG-12′s evolutionarily divergent function at the NE in the gonad
and early embryo, first described two decades ago (Malone et al.,
2003). The fhip-1(ko) mutant demonstrates that FHF is not essential
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FIGURE 4: ZYG-12 recruitment to early endosomes and the nuclear envelope is mediated by distinct C-terminal
domains. (A) Schematic of the ZYG-12 C-terminal domains (top) and sequence alignment with HOOK3 homologues
(bottom). The segment in human HOOK3 that binds FHIP1B is indicated above the alignment, and residues mutated in
ZYG-12 to prevent binding to FHIP-1 (6A mutant) are indicated below. TM, transmembrane domain. (B, E) Images of
hyp7 in L4 animals coexpressing GFP::ZYG-12 and transgenic mKate2::RAB-5. wt, wild-type; ko, knockout. Scale bars, 2
μm. (C, F) GFP::ZYG-12 intensity on mKate2::RAB-5 puncta in hyp7, quantified in images such as (B) and (E),
respectively. Measurements of individual puncta from at least 10 animals are shown along with mean ± 95% CI (total
number of puncta = 118 and 86 for wt and �686–730, respectively, in C; n = 131, 96, 97, and 93 for wt/wt, 6A/wt,
wt/ko, and 6A/ko, respectively, in F). Statistical significance was determined by the Mann–Whitney test (C) or by
ANOVA on ranks (Kruskal–Wallis nonparametric test) followed by Dunn’s multiple comparison test (F). ****P < 0.0001;
ns = not significant, P > 0.05. CI, confidence interval. (D) Images of GFP::ZYG-12 in the L4 meiotic gonad and one-cell
embryo. Similar localization was observed in gonads and embryos of at least 10 animals for each condition. Scale bars,
2 μm. (G) Images of the early (top) and mid (bottom) L4 vulva in animals expressing GFP::ZYG-12. Similar localization
was observed in at least 10 animals for each condition and developmental stage. Scale bar, 5 μm.
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FIGURE 5: ZYG-12 recruitment to early endosomes and the nuclear envelope is regulated by C-terminal splicing. (A)
Schematic of exons 6–10 of the zyg-12 locus with the three (a,b,c) splice isoforms (top) and corresponding proteins
(bottom). The effect of deleting specific exons (�ex) on isoform expression is indicated. The transmembrane (TM)
domain was predicted separately for each isoform using the SMART server (Simple Modular Architecture Research Tool;
http://smart.embl-heidelberg.de/). Note that the N-terminal residues of the TM domain in isoforms B and C are
encoded by different exons. (B) Images of hyp7 in L4 animals coexpressing GFP::ZYG-12 and transgenic
mKate2::RAB-5. wt, wild-type. Scale bar, 2 μm. (C) GFP::ZYG-12 intensity on mKate2::RAB-5 puncta in hyp7, quantified
in images such as (B). Measurements of individual puncta from at least 10 animals are shown along with mean ± 95% CI
(total number of puncta = 131, 92, and 97 for wt, �ex8, and �ex8+9, respectively). Statistical significance was
determined by ANOVA on ranks (Kruskal–Wallis nonparametric test) followed by Dunn’s multiple comparison test. ****P
< 0.0001. CI, confidence interval. (D) Images of the early (top) and mid (bottom) L4 vulva in animals expressing
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for viability, and fhip-1(ko) animals are superficially normal, which
contrasts with ZYG-12′s critical LINC function at the NE and hints
at additional pathways for EE positioning.

We mapped the region in ZYG-12 responsible for EE targeting
(FHF domain) to residues 686–730, which agrees well with the re-
cently determined structure of human FHF, in which the analogous
region in HOOK3 associates with FTS and FHIP1B (Abid Ali et al.,
2025). Further functional dissection of FHF showed that ZYG-12 is
still discernable at EE in the absence of the FTS homologue UBC-
19, implying that ZYG-12 directly binds to FHIP-1. Mutation of a
short ZYG-12 helix at the C-terminus of the FHF domain, predicted
to mediate the only direct contact between ZYG-12 and FHIP-1
(and, respectively, between human HOOK3 and FHIP1B), did not
affect EE targeting of ZYG-12, provided that UBC-19 was present.
This suggests that the extensive FTS–FHIP and FTS–Hook contacts
within FHF (Abid Ali et al., 2025) can compensate for the absence
of a direct Hook–FHIP interaction. Finally, we used structure pre-
diction and mutagenesis to map the RAB-5 binding site on FHIP-1,
which lies on the opposite side of the ZYG-12 and UBC-19 bind-
ing sites. Taken together, our functional characterization of FHF in
vivo, using targeted mutagenesis and endogenously tagged sub-
units, suggests that FHIP-1 links ZYG-12 to RAB-5 and that UBC-19
stabilizes the FHIP-1–ZYG-12 interaction, in agreement with bio-
chemical and structural analysis of fungal and human FHF (Xu et
al., 2008; Yao et al., 2014; Mattera et al., 2020; Christensen et al.,
2021; Abid Ali et al., 2025). Our FHF mutants should be useful for
examining the contribution of this conserved complex to the vari-
ous membrane trafficking events in which Hook proteins have been
implicated, including endocytic cargo sorting and endosome mat-
uration (Krämer and Phistry, 1996, 1999; Sunio et al., 1999; Ge et
al., 2010; Baron Gaillard et al., 2011; Maldonado-Báez et al., 2013;
Bielska et al., 2014).

ZYG-12’s dual role as a dynein adaptor for two distinct mem-
brane compartments parallels the multifunctionality of the Bi-
caudal D adaptor, which in case of vertebrate BICD2 recruits
dynein to the NE and golgi-derived vesicles (Reck-Peterson et al.,
2018). In BICD2, the C-terminal binding sites for Nup358 (also
called RanBP2) at the NE and Rab6 on vesicles show significant
overlap, and the two components compete for binding (Gibson et
al., 2022, 2023; Zhao et al., 2024). By contrast, the NE and EE tar-
geting domains in ZYG-12 are distinct, which allows for regulation
of cargo specificity by alternative splicing. The short isoform A ter-
minates after the FHF domain, precluding its recruitment to the NE
but still allowing centrosome targeting (Malone et al., 2003). The
long isoforms B and C only differ by a flexible linker, which in iso-
form B separates the FHF and transmembrane domains. Our gene
editing experiments show that isoforms A and B are the predom-
inant isoforms localized at EE in epithelia, and that isoform C is
sufficient for LINC complex function at the NE in the gonad and
early embryo. Taken together with prior analysis of isoform local-
ization in the embryo (Malone et al., 2003), these results suggest
that isoform B is able to target to both the NE and EE, whereas iso-
form C is likely specialized for NE targeting. We speculate that the
flexible linker in isoform B acts as a spacer, ensuring that FHF bind-
ing to RAB-5 and insertion of the ZYG-12 transmembrane domain
into the EE lipid bilayer do not interfere with each other (Figure 5F).
The presence of a bifunctional isoform B, alongside the organelle-

specific isoforms A and C, suggests that during certain stages of
development ZYG-12 may recruit dynein to the NE and EE within
the same cell type. Our findings highlight alternative splicing of
adaptors as a mechanism for tissue-specific regulation of dynein–
cargo interactions.

MATERIALS AND METHODS
Request a protocol through Bio-protocol

C. elegans strains
Strains (Supplemental Table S1) were maintained at 20°C on stan-
dard nematode growth media (NGM) plates seeded with OP50
bacteria. CRISPR/Cas9-mediated genome editing (Supplemental
Table S2) was performed as described (Arribere et al., 2014; Paix et
al., 2014; Dokshin et al., 2018) using crRNAs (Integrated DNA Tech-
nologies), home-made Cas9 protein, and a repair template consist-
ing of an oligonucleotide (Integrated DNA Technologies), a gBlock
(Integrated DNA Technologies), or a partially single-stranded PCR
product (Dokshin et al., 2018). All edits were confirmed by se-
quencing.

A Mos1 transposon-based strategy (Frøkjaer-Jensen et al.,
2012) was used to generate strains expressing transgenic
mKate2::RAB-5 (prtSi260) and CTNS-1::mKate2 (prtSi261) in the
epidermis from the dpy-7 promoter (1.38 kb), and mKate2::RAB-5
(prtSi294) in the vulva from the nmy-1 promoter (3.16 kb). Expres-
sion cassettes were cloned into pCFJ151 for insertion on chromo-
some V (oxTi365).

Embryonic viability and brood size
Brood size and embryonic viability assays were performed at 20°C.
L4 hermaphrodites were grown for 40 h on NGM plates contain-
ing OP50 bacteria. Single adults were then placed on new plates
with a small amount of OP50, removed 6 h later, and the plates
were incubated for another 18 h to give viable embryos time to
hatch. Embryonic viability was calculated by dividing the number
of hatched larvae by the total number of progeny on the plate.

Fluorescence microscopy
For imaging of the epidermis, gonad, and vulva, hermaphrodites at
the L4 stage (or L3 stage for Supplemental Figure S3) were immo-
bilized with 5 mM levamisole for 10 min. For imaging of embryos,
gravid adults were dissected in M9 buffer (86 mM NaCl, 42 mM
Na2HPO4, 22 mM KH2PO4, 1 mM MgSO4). Animals or embryos
were then mounted on a freshly prepared 2% (wt/vol) agarose pad
and covered with an 18 mm × 18 mm coverslip (No. 1.5H, Marien-
feld). Imaging was performed at 20°C on a Nikon Eclipse Ti micro-
scope coupled to an Andor Revolution XD spinning disk confocal
system, composed of an iXon Ultra 897 CCD camera (Andor Tech-
nology), a solid-state laser combiner (ALC-UVP 350i, Andor Tech-
nology), and a CSU-X1 confocal scanner (Yokogawa Electric Corpo-
ration), controlled by IQ3 software (Andor Technology). A 60× NA
1.4 Plan-Apochromat objective was used to acquire z-stacks of 3.4
μm (step size 0.2 μm), 12.4 μm (step size 0.18 μm) and 7 μm (step
size 1 μm) for the epidermis, vulva, and embryos, respectively. A
100× NA 1.45 Plan-Apochromat objective was used to acquire a
z-stack of 6.7 μm (step size 0.18 μm) for VPCs. For time-lapse imag-
ing of mCherry::RAB-5 in embryos, images were acquired with the

GFP::ZYG-12. Similar localization was observed in at least 10 animals for each condition and developmental stage. Scale bar, 5 μm. (E) Images
of GFP::ZYG-12 in the L4 meiotic gonad and one-cell embryo. Similar localization was observed in gonads and embryos of at least 10 animals
for each condition. Scale bars, 2 μm. (F) Summary of the proposed endomembrane targeting capacities of the three ZYG-12 isoforms.
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60× objective at 2 frames per second in a single z-plane such that
the centrosomes were in focus.

Image analysis
Image analysis was performed on unprojected z-stack images us-
ing Fiji software. To quantify the signal intensity of puncta in the
hyp7 syncytium of L4 animals (Figures 1E, 2D, 3C, 4, C and F,
5C), two circles, differing in radius by 1 pixel, were drawn around
well-isolated puncta of GFP::ZYG-12 (for mCh::DHC-1 measure-
ments) or mKate2::RAB-5 (for GFP::ZYG-12 or FHIP-1::GFP mea-
surements). The integrated fluorescence intensity of the region be-
tween the two circles was considered background and was sub-
tracted from the integrated fluorescence intensity of the inner circle
after normalization to the inner circle area. To quantify EE distribu-
tion in VPCs of L3 animals (Supplemental Figure S3B), a straight
line with a thickness approximately corresponding to the nuclear
diameter was drawn along the apical-basal axis, and intensity val-
ues along the line were recorded using the Plot Profile function. In-
dividual line scan profiles were aligned relative to the apical peak,
and intensity values were normalized to the average intensity of
the apical peak in controls. Images in figures correspond to single
z-sections. Images of controls and mutants were scaled equally for
brightness and contrast.

Immunoblotting
Freshly starved mixed-stage animals were washed with M9 buffer
(42 mM Na2HPO4, 22 mM KH2PO4, 1 mM MgSO4, 86 mM NaCl)
from a 60-mm petri dish into a 15-ml conical, pelleted for 5 min at
4000 rcf, transferred into a 1.5-ml tube, and washed again with 3
× 1 ml M9 buffer. To 100 μl of worm suspension, 33 μl 4× SDS–
PAGE sample buffer (200 mM Tris-HCl pH 6.8, 40% [vol/vol] glyc-
erol, 8% [wt/vol] SDS, 400 mM DTT, 0.4% [wt/vol] bromophenol
blue) and ∼20 μl of glass beads were added. Samples were in-
cubated for 3 min at 95°C, vortexed for 2 × 5 min, and clari-
fied at 20,000 rcf for 1 min at room temperature. A total of 10
μl of supernatant were resolved by 10% SDS–PAGE and proteins
were transferred to 0.2-μm nitrocellulose membranes (GE Health-
care). Membranes were blocked with 5% nonfat dry milk in TBS-
T (20 mM Tris-HCl pH 7.5, 140 mM NaCl, 0.2% [vol/vol] Tween
20) for 1 h and probed overnight at 4°C with rabbit polyclonal
anti-GFP (OD158; 1:3000) and mouse monoclonal anti-α-tubulin
antibody (clone B-5-1-2; Merck T5168; 1:5000). Membranes were
washed 4 × 7 min with TBS-T and incubated for 1 h at room
temperature in 5% nonfat dry milk/TBS-T containing goat poly-
clonal anti-rabbit IgG (111-035-003) and anti-mouse IgG (115-
035-003) coupled to horseradish peroxidase (Jackson ImmunoRe-
search; 1:10,000). Membranes were washed again 4 × 7 min with
TBS-T and incubated with Clarity Western ECL Substrate (Bio-Rad).
Proteins were visualized using the Bio-Rad ChemiDoc XRS+ system
controlled by Image Lab software.

Structure prediction
AlphaFold 3 (Abramson et al., 2024) was used for structure pre-
diction (alphafoldserver.com). The input for the GTP–RAB-5–FHIP-
1 complex (Figure 3A) consisted of one copy each of full-length
C05D11.8/FHIP-1 (UniProt Q11187), full-length RAB-5 (UniProt
P91857), and GTP ligand. The input for the GTP–RAB-5–FHF com-
plex (Supplemental Figure S2A) additionally consisted of one copy
of full-length UBC-19 (UniProt Q9U1U4) and two copies of ZYG-
12 residues 649–736 (UniProt Q23529-2). The input for the FHIP-
1–ZYG-12 helix complex (Supplemental Figure S2B) consisted of
one copy of FHIP-1 residues 275–523, one copy of FHIP-1 residues

749–920, and one copy of ZYG-12 residues 714–736. Structures
were visualized with UCSF ChimeraX (Pettersen et al., 2021).

Statistical analysis
Statistical analysis was performed with Prism 10.0 software (Graph-
Pad). Statistical significance was determined by the Mann–Whitney
test or by ANOVA on ranks (Kruskal–Wallis nonparametric test) fol-
lowed by Dunn’s multiple comparison test, where ****P < 0.0001,
***P < 0.001, **P < 0.01, *P < 0.05, and ns = not significant, P >

0.05. The analytical method used is specified in the figure legends.
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