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Regeneration requires cells to regulate proliferation and patterning
according to their spatial position. Positional memory is a property
that enables regenerating cells to recall spatial information from
the uninjured tissue. Positional memory is hypothesized to rely on
gradients of molecules, few of which have been identified. Here,
we quantified the global abundance of transcripts, proteins, and
metabolites along the proximodistal axis of caudal fins of uninjured
and regenerating adult zebrafish. Using this approach, we un-
covered complex overlapping expression patterns for hundreds of
molecules involved in diverse cellular functions, including develop-
ment, bioelectric signaling, and amino acid and lipid metabolism.
Moreover, 32 genes differentially expressed at the RNA level had
concomitant differential expression of the encoded proteins. Thus,
the identification of proximodistal differences in levels of RNAs,
proteins, and metabolites will facilitate future functional studies of
positional memory during appendage regeneration.
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dult members of several species of fish and salamanders can
regenerate properly patterned appendages after injury.

Patterning during regeneration is regulated by positional mem-
ory, a cellular property that enables wounded tissue to recall its
former location in the uninjured appendage and accordingly
influence proliferation and patterning during outgrowth (1).

Positional memory imparts two key properties on regenerating
tissue (2-5). First, amputations proximal to the body result in
faster regrowth than distal amputations. Second, new tissue is
patterned such that only structures distal to the injury site are
regenerated. Thus, only structures lost because of injury are regrown.
Although considerable research has focused on understanding how
regeneration is initiated in different organisms (6-11), and compu-
tational models have predicted how positional information can
regulate regenerative outgrowth (12, 13), much less is known about
the cellular mechanisms underlying positional memory (2-5, 14).

Positional memory is proposed to be established by molecules
that exist in a gradient in uninjured appendages (15-18). These
gradients are interpreted by the masses of mesenchymal stem
cells (blastemas) that form at the distal tip of amputated append-
ages. Blastemas use this positional information to subsequently
grow, differentiate, and pattern into the fully formed appendage.

The transmembrane receptor Prodl is the only bona fide ef-
fector of positional memory. Prod1 is expressed in a proximally
enriched gradient in salamander limbs, and experimental ma-
nipulation of Prodl expression alters proximodistal-dependent
behaviors in blastema confrontation assays in vitro (19, 20). Also,
overexpression of Prodl in blastema cells that are fated to mi-
grate distally enables migration into proximal structures (21).
However, homologs of Prod1 have yet to be identified outside of
salamanders (22), suggesting that this mechanism of positional
memory may not be conserved among species.

In addition to Prodl, the small molecule retinoic acid (RA) was
also reported as an effector of positional memory in amphibian
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limbs (23-26). Hyperactivation of RA signaling results in dupli-
cation of structures proximal to the amputation plane in regen-
erating amphibian limbs (23-26). This result suggests that RA
can alter the positional memory of regenerating cells to a more
proximal state, i.e., “proximalize” regenerating tissue. The ability
of RA to proximalize regenerating tissue is due, at least in part,
to increased expression of the transcription factors Meisl and
Meis2 (27). Interestingly, Meisl and Meis2 directly bind the
Prodl promoter and activate transcription (28).

RA may also play a role in positional memory in zebrafish.
Fish treated with exogenous RA during fin regeneration suffer
dramatic bone patterning defects, but not an overall change in
fin size (29, 30). However, these patterning defects may be due to
RA-induced proximalization of regenerating tissue or to the role
of RA signaling in the differentiation of preosteoblasts (31). In
addition, it is unclear how RA signaling would set up a pattern of
positional memory before injury because no gradient of endog-
enous RA signaling has been demonstrated in intact salamander
limbs or zebrafish fins.

Despite these data on Prodl and RA, there have been no re-
ports of molecules that regulate positional memory, have pat-
terned expression in uninjured appendages, and are conserved
among species. The prevailing hypothesis of the mechanisms of
positional memory predicts that gradients of molecules exist in
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uninjured appendages. Thus, we measured the global abundances
of RNAs, proteins, and metabolites along the proximodistal axis
of caudal fins in adult zebrafish, identifying numerous differen-
tially patterned molecules. This information provides a rich re-
source for the field of regenerative biology.

Results

Mapping Positional Information Along the Proximodistal Axis of the
Caudal Fin. We and others (15, 17, 18) hypothesized that molec-
ular effectors of positional memory are expressed in gradients
along the proximodistal axis of uninjured appendages. To iden-
tify candidate molecules that might be involved in this process,
we performed RNA sequencing (RNA-seq) and label-free
quantification (LFQ) proteomics on proximal, middle, and distal
regions of uninjured zebrafish caudal fins (Fig. 14 and Fig. S1).
We quantified 23,926 RNAs and 3,061 proteins (Datasets S1-

S12 and Datasets S13-S25, respectively). These screens identi-
fied 566 transcripts and 238 proteins that were present in prox-
imally enriched or distally enriched gradients (Fig. 1B and
Datasets S5 and S21). Here, we define gradients broadly as a
unidirectional increase or decrease in gene expression across the
proximal, middle, and distal regions, regardless of the overall
differences in abundance among neighboring regions. This def-
inition includes patterns such as linear and exponential gradients.
Notably, we also discovered middle-enriched and middle-de-
pleted expression patterns, compared with the proximal and
distal regions (Fig. S2 and Datasets S6 and S21). Principal
component analysis (PCA) showed large variations in transcript
(Fig. 1C) and protein (Fig. 1D) abundance between proximal and
distal regions of the fin. Transcripts in the middle region clus-
tered as a distinct group, but were more similar to the proximal
than distal region (Fig. 1C). The largest variation in differentially
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Fig. 1. Transcriptomic and proteomic mapping of positional information in uninjured caudal fins. (A) Illustration of the three regions of the fin that were

harvested for RNA-seq or LFQ proteomics (see also Fig. S1). (B) Heat maps of 566 transcripts or 238 proteins with proximally enriched (green) or distally
enriched (blue) gradients. Each transcript was differentially expressed (FDR < 1%) between each region, and in the same direction across regions. The
transcript values shown are the average RPM from all biological replicates, normalized to the middle region, and then log, transformed. The average protein
abundance from all technical replicates is shown as log, abundance normalized to the middle region. All protein values for the heat map are derived from
experiment 3 only (Fig. S1). Each protein was differentially expressed (FDR < 5%) between proximal and distal regions (see Dataset S21 description for more
details). (C and D) PCA for RNA-seq (C) or proteomics (D) data. In C, the points represent biological replicates. In D, the points represent technical replicates
from different experiments (indicated by numbers 1, 2, and 3). Experiments 2 and 2* are samples from the same group of fish analyzed on different mass
spectrometers. (E and F) Volcano plots showing the relative abundances of transcripts (E) or proteins (F). Transcripts were considered differentially expressed
at FDR < 1% and fold change > 3 between proximal and distal regions, whereas proteins were considered differentially expressed at FDR < 5%. Selected
transcripts and proteins are highlighted with the gene or protein name.
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abundant molecules occurred between the proximal and distal
regions, including 1,424 transcripts and 113 proteins (Fig. 1 E and
F and Datasets S4 and S20). Thus, genomic expression quantita-
tively differs throughout the proximodistal axis of the caudal fin.

To generate a high confidence list of molecules whose levels
differ along the proximodistal axis, we compared the proximal
and distal RNA-seq and LFQ proteomics datasets. We restricted
our analysis to transcripts and proteins present in similar pat-
terns in both datasets. The RNA-seq screen was more compre-
hensive and quantified 88% of the proteins quantified by LFQ
proteomics. Conversely, LFQ proteomics only quantified 13% of
the transcripts quantified in the RNA-seq data (Fig. S3A4).
Among the proteins and transcripts measured in both experi-
ments, 54 proteins and 66 transcripts were proximally enriched,
and 29 proteins and 51 transcripts were distally enriched (Fig. S3
B and C). In both the proximal and distal regions, fewer than
50% of the differentially expressed transcripts were found to
have similar differentially expressed proteins. This observation is
consistent with the reported degree of overlap for RNA and
protein abundance comparisons in other systems (32-36) and
suggests a high degree of posttranscriptional regulation in these
regions of the caudal fin. The overlap between these lists yielded
a high confidence list of 32 molecules that had statistically sig-
nificant differences in RNA and protein abundances between
proximal and distal regions of the fin (Fig. S3 B and C and Table
1). Of these 32 hits, 21 were present in a gradient across proxi-

mal, middle, and distal regions at the RNA level (Fig. 1B and
Table 1).

Bioinformatic Characterization of Molecules Identified by RNA-seq
and LFQ Proteomics. RA signaling and Prodl are thought to be
involved in establishing positional memory. We identified tran-
scripts and proteins related to RA and Prodl among the high-
confidence list of candidate effectors in zebrafish caudal fins.
The mRNA and protein for aldhla2 (also known as raldh2),
which encodes the rate-limiting enzyme in RA production (37),
were expressed in proximally enriched gradients (Fig. 1 E and F
and Table 1). In contrast, the mRNA and protein for bcol, which
encodes an enzyme that converts vitamin A to retinal, the sub-
strate of Aldhla2 (38), were distally enriched (Fig. 1 E and F and
Table 1), suggesting complex regulation of RA metabolism and
signaling. Several other members of the RA pathway also
showed evidence of differential expression but did not meet our
selection criteria (Dataset S10). These patterns suggest that the
regulation of RA signaling may be even more complex involving
differential regulation at multiple levels of the pathway. In addi-
tion, the mRNA and protein for agr2, which encodes the putative
ligand for the transmembrane protein Prodl (39), were expressed
in proximally enriched gradients (Fig. 1 £ and F and Table 1).
Additional transcripts and proteins present in our high-confi-
dence list have roles in development and fin size homeostasis
that are consistent with roles in positional memory. Caudal

Table 1. Top hits common to RNA-seq and LFQ proteomics

Gene log,FC RNA P value RNA log,FC protein P value protein

Proximally enriched
agr2 3.841 2.88e-25 3.229 2.27e-07
aldh1a2” 2.954 6.07e-19 2.683 6.15e-06
aldh1i1” 3.209 1.56e—-148 2.232 5.13e-04
bgnb* 2.128 2.83e-28 2.698 2.50e-03
bhmt" 1.927 4.96e—-66 2.596 5.54e-08
4" 3.531 9.67e-29 1.122 2.27e-02
capni2” 2.712 9.97e-116 5.402 1.09e-14
fabp1b.2 10.572 8.32e-22 1.517 8.42e-02
fgfbp2a* 2.355 3.90e-40 3.831 6.75e—08
gygib” 3.981 3.56e-68 2.876 2.73e-04
hapinta® 3.557 2.45e-55 7.948 5.33e-15
hgd” 1.852 6.21e-60 3.399 5.77e-09
hsd17b7 2.304 2.28e-17 2.840 3.03e-05
mbpa” 2.480 1.72e-67 2.501 7.02e-03
muc5.2* 6.864 5.482 5.44e-14
myh11b 3.485 1.00e-4 2.127 2.47e-06
paplnb 7.086 2.42e-07 2.475 1.15e-02
ppplric’ 3.477 9.60e-53 1.738 3.96e-03
si:dkey-65b12.6" 6.237 4.092 1.93e-06
si:dkeyp-93a5.3 4.302 5.74e-4 1.664 1.73e-04
vcanb” 2.194 2.48e-23 3.772 1.29e-09
vim® 1.722 1.75e-21 1.910 1.05e-03
zgc:136930 2.127 1.76e-21 2.635 3.04e-04
zgc:172244 7.378 9.32e-12 5.125 8.44e-15

Distally enriched
and1 8.188 9.01e-104 2.511 2.75e-02
and2 17.327 2.25e-36 2.617 2.82e-03
anxalc” 1.743 4.36e-56 1.700 7.49e-12
bcol” 2.759 1.68e-80 1.644 1.00e-02
ca2" 1.922 2.57e-31 1.849 7.28e-07
krt93” 4.738 2.25e-23 3.868 8.93e-07
krt94 3.533 2.00e-42 2.940 6.59e-13
tgfbi” 2.720 3.49e-119 2.097 1.47e-03

*Indicates genes present in a gradient across proximal, middle, and distal regions at the RNA level, as shown

in Fig. 1B.
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fins continue to grow throughout the life of zebrafish and new skeletal
ray segments arise at the distal tip of the fin rays around unmineral-
ized actinotrichia fibrils (40, 41). The genes actinodin 1 (andl) and
actinodin 2 (and2) encode proteins involved in the development and
regeneration of actinotrichia (42, 43). Both and! and and2 were
among the 15 candidates with the largest enrichment in the distal
region compared with the proximal region of the fin in both the
mRNA and protein analyses (Fig. 1 E and F and Table 1). Likewise,
the mRNA and protein for haplnla were proximally enriched in
zebrafish caudal fins (Fig. 1 E and F and Table 1). haplnla encodes an
extracellular matrix protein that functions downstream of the gap
junction protein Cx43 (Connexin 43), the gene of which is mutated in
shortfin (sof) fish (44). Thus, our data are consistent with expression
patterns predicted for effectors of positional memory from salaman-
der studies and known developmental patterning genes in fish.

Evidence for Possible Multifactorial Contributions to Positional Memory.
Experimental manipulation of effectors of positional memory is
predicted to induce abnormal patterning during regeneration (1).

Consistent with this prediction, Gene Ontology (GO) term
analyses showed biological processes involved in patterning, such as
“anatomical structure development” and “cell-cell signaling” (Fig.
24). Thus, we analyzed the RNA-seq data to identify the types of
molecules that are differentially expressed along the proximodistal
axis of the caudal fin.

Transcription factors are master regulators of cell identity and,
thus, are top candidates for effectors of positional memory. Of
the 693 mRNAs encoding transcription factors quantified in our
RNA-seq data, 53 were differentially expressed between proxi-
mal and distal regions of the fin (Fig. 2B and Dataset S7). Seven
of these transcription factors, dlx5a, dlx6a, meisla, msxla, hoxbl3a,
raraa, and Imx1bb, are directly implicated in patterning developing
appendages (45-50), consistent with the prediction that mecha-
nisms from development may regulate positional memory in adult
structures.

Transmembrane proteins are good candidates for effectors of
positional memory because of their roles as receptors for major
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Fig. 2. Complex differential expression of RNAs identified along proximodistal axis of caudal fin. (A) Annotations for GO Biological Process terms were
performed for RNA. Proximally enriched (green) and distally enriched (blue) RNAs (FDR < 1% and fold change > 3.0) were examined as separate groups by
using g:Cocoa (under g:Profiler) with “Best per parent group” hierarchical filtering. Statistically significant GO terms had P < 0.05. (B-G) Bar graphs show
proximally enriched (green) and distally enriched (blue) transcripts identified by RNA-seq (FDR < 1% and fold change > 3) for transcription factors (B),
membrane bound receptors (C), ion channels (D), RA signaling pathway (E), Wnt signaling pathway (F), and for Fgf genes (G). For B-D, only the top 20 scored

RNAs are shown (Datasets $7-59).
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signaling pathways. Additionally, some transmembrane proteins
form channels that tune bioelectric signaling, which has been
shown to pattern developing and regenerating tissues (51, 52).
The GO terms “ion transport” and “cation homeostasis” were
annotated in proximally enriched genes in the caudal fin (Fig.
2A4). RNAs corresponding to 80 of 964 transmembrane receptors
and 55 of 222 ion channel proteins were differentially expressed
between proximal and distal regions (Datasets S8 and S9, re-
spectively). These hits included glutamate and dopamine re-
ceptive G protein coupled receptors and several Ca** and K*
permeable channels (Fig. 2 C and D). In addition, we found
differential expression of transmembrane proteins associated
with cell signaling pathways not previously implicated in growth
control or regeneration, such as ephrin and ednrab.

Cell-cell communication is controlled through signal trans-
duction pathways. Several of these pathways, such as RA, WNT,
and FGF signaling, have known roles in growth control and
patterning during appendage development and regeneration (10,
18, 53). Therefore, we manually curated lists of genes with
known roles in RA, WNT, and FGF signaling (Datasets S10, S11,
and S12, respectively). These lists included 55, 52, and 41 genes
for RA, WNT, and FGF signaling pathways, respectively. From
these lists, we identified complex, opposing gradients of tran-
script abundance for 12 RA, 13 WNT, and 10 FGF signaling
pathway genes (Fig. 2 E-G). Future work resolving these ex-
pression domains to the cellular level should help elucidate how
these complex patterns interact.

Patterns of Aldh1l1 and Ca2 in Multiple Fins of Wild-Type and Mutant
Fish. We predicted that heretofore-unidentified markers of po-
sitional memory may be conserved in fins with different shapes
and sizes. The enzyme Aldh111 was among the list of high-confidence
candidates that were proximally enriched. Aldhl1l1 is an alde-
hyde dehydrogenase that converts 10-formyltetrahydrofolate to
tetrahydrofolate, a critical factor in folate metabolism (54).
Maternal folate deficiency during human prenatal development
can cause major patterning abnormalities, largely due to neural
tube defects (55). Therefore, we analyzed Aldhlll in more de-
tail. We verified that aldhll] transcripts were more abundant in
proximal compared with distal regions of the uninjured adult
caudal fin (Fig. 34). Moreover, we verified that Aldhlll protein
was present in a proximally enriched gradient in caudal fins by
using Western blot (Fig. 3B). We hypothesized that patterns of
candidate effectors should be conserved in different fins. Indeed,
Aldhll1 protein was in a proximally enriched gradient in dorsal
and pectoral fins of uninjured zebrafish (Fig. 3C).

We also performed further analysis of the enzyme Ca2, one of
the distally enriched candidates from the high-confidence list.
Ca2 catalyzes the hydration of carbon dioxide, and defects in ca2
are associated with a heritable disorder with cerebral, skeletal,
and renal phenotypes (56). We verified that the abundances of
Ca2 transcripts (Fig. 34) and protein (Fig. 3B) were distally
enriched. Moreover, Ca2 protein was distally enriched in both
the dorsal and pectoral fins (Fig. 3C).

We also examined whether the opposing gradients of Aldh1l1
and Ca2 are maintained in fish with mutations that alter fin size.
sof and longfin (lof) fish have short and long caudal fins, re-
spectively (Fig. 3D) (40, 41, 57). We found that the opposing
gradients of Aldhlll and Ca2 were maintained in fins of both
strains of mutant fish (Fig. 3D). In addition, the overall expres-
sion of Aldh111 was lower in fins of sof fish compared with lof fish
(Fig. 3D). This observation suggests that positional information
can be scaled to fit fins altered in size because of mutations
rather than having complete misregulation of the normal differ-
ential expression patterns. These data demonstrate that the
abundances of Aldh1l1l and Ca2 are markers for position along
the proximodistal axis across multiple zebrafish fins and in fin-size
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Fig. 3. Aldh1l1 and Ca2 abundance in WT and mutant fins. (A) Graphs of
the relative abundance of aldh1/1 and ca2 transcripts in proximal compared
with distal regions of uninjured fins determined by RT-gPCR. Data are nor-
malized to the abundance of actb2 transcripts. Data are mean + SEM of n=6
experiments for aldh1/1 and n = 3 for ca2, with >8 fish per experiment.
(B and C) Representative Western blots showing Aldh1l1 and Ca2 protein in
the proximal (P), middle (M), and distal (D) regions of uninjured caudal fins
(B) and uninjured pectoral and dorsal fins (C). Actb2 was used as a loading
control. (D) Representative images of sof and lof uninjured caudal fins, with
Western blots showing Aldh111 and Ca2 protein in the proximal (P), middle
(M), and distal (D) regions of these mutant fins.

mutants and suggest that these enzymes may play a role in
establishing positional memory during regeneration.

Relative Metabolite Abundance Measured Along Proximodistal Axis
of Caudal Fins. In addition to genetically encoded cues, metabolic
products may contribute to positional memory. For example, vi-
tamin D metabolism is important for establishing anteroposterior
positional information in the pectoral fin (16). We found that
several metabolic enzymes, including aldhlill, were differentially
expressed along the proximodistal axis of caudal fins. Moreover,
GO term analysis of proximally enriched proteins identified
proteins related to amino acid metabolism and lipid transport
(Fig. 44).

We used mass spectrometry to profile metabolites in proximal,
middle, and distal regions of the uninjured caudal fin. We were
able to quantify 125 metabolites in individual fish fin samples
(Datasets S26 and S27). PCA clustered the metabolite abun-
dances from proximal and distal fin regions into distinct groups
(Fig. 4B). The abundances of several individual metabolites dif-
fered between the proximal and distal region; 26 were proximally
enriched and 16 were distally enriched (Fig. 4C and Dataset S28).
Arginine, the most proximally enriched metabolite measured
(Dataset S29), is required for wound healing (58) and induces
proliferation in multiple cells types (59-61). Glutamine and leu-
cine function with arginine to promote proliferation (62) and were
also proximally enriched (Dataset S29). Conversely, orotate,
which increases in abundance in arginine-depleted tissues (63),
was the most distally enriched metabolite measured (Dataset
S29). Thus, metabolites may function to maintain proximal tissues
in a metabolically poised state for more rapid proliferation.

Protein Abundance During Early Regeneration. We predicted that
the pattern of expression of markers of positional memory in the
uninjured fin should be retained during the early stages after
injury. To test this prediction, we performed LFQ proteomics on
segments of regenerating fins at 1 and 3 d after amputation
(dpa), during the periods of blastema formation and outgrowth,
respectively (Fig. 54 and Datasets S15, S22, and S23). To reduce
potential variability between fish, we sampled dorsal-proximal
and ventral-distal regions of regenerating fins from the same fish
(double amputation). We found that 97, 11, and 2 of 3,061
proteins were differentially expressed between dorsal-proximal
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Fig. 4. Metabolites are differentially expressed along the proximodistal axis of the fin. (A) Annotations for GO Biological Process terms were performed for
protein. Proximally enriched (green) and distally enriched (blue) proteins (FDR < 5%) were examined as separate groups by using g:Cocoa (under g:Profiler)
with Best per parent group hierarchical filtering. Statistically significant GO terms had P < 0.05. (B) PCA of metabolite abundance from proximal (green) and
distal (blue) regions; points represent individual fish. (C) Heat maps of 42 metabolites with proximally enriched (green) or distally enriched (blue) gradients.
Each metabolite was differentially abundant (FDR < 5%) between proximal and distal regions. The metabolite values shown are the abundance averages
from all biological replicates, normalized to the middle region, and then log, transformed.

and ventral-distal positions at 0, 1, and 3 dpa, respectively
(Datasets S15, S22, and S23). These differences were due to
proximodistal differences rather than dorsoventral differences
because we observed in an independent LFQ proteomics ex-
periment that none of the 3,061 quantified proteins were dif-
ferentially expressed between the entire dorsal and ventral lobes
of the fin (Fig. S4 and Datasets S24 and S25). PCA of protein
expression at different times during regeneration showed that
samples from 1 and 3 dpa clustered into distinct groups with little
variation between proximal or distal regions, whereas more
variation existed between proximal and distal regions in un-
injured fins (0 dpa) (Fig. 5B). These clustering patterns suggest
that the molecular regenerative program in blastemas largely
overrides positional information maintained along the prox-
imodistal axis in uninjured fins.

Nevertheless, of the 11 proteins differentially expressed at
1 dpa, 6 were also differentially expressed in uninjured fins
(0 dpa). Three of the genes encoding these proteins, aldhlill,
hsd17b7, and muc5.2 (Fig. 5C), were also measured by RNA-seq
and found to be differentially expressed as transcripts in un-
injured fins (Table 1 and Dataset S4). At 3 dpa, only two proteins
were differentially expressed between the two regions (Dataset
S23). One of these hits, an uncharacterized protein with the
UniProt ID F1R4E4, was the only protein that was differentially
expressed at 0, 1, and 3 dpa (Fig. 5D). FIR4E4 has >30% sim-
ilarity to human Legumain, an asparaginyl endopeptidase. Thus,
these six proteins uniquely meet all of the criteria as candidates
for bona fide effectors of positional memory.

Discussion

Outgrowth is tightly controlled during appendage regeneration
in vertebrates to ensure that the tissue recovers to the appro-
priate preinjury size. Controlled outgrowth is regulated by po-
sitional memory in tissues remaining after injury. With the goal
of searching for molecules that may participate in positional
memory, we quantified the transcriptome, proteome, and metab-
olome along the proximodistal axis of zebrafish caudal fins, and
the proteome of regenerating fins at different times after injury.
Comparing these datasets led to the identification of RNAs,
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proteins, and metabolites that display different steady-state levels
along the proximodistal axis (Fig. 6).

Despite the observed roles of Prodl and RA signaling in posi-
tional memory, previous studies (23-26, 39) do not report expres-
sion gradients of agr2 or RA signaling pathway molecules in
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Fig. 5. Proteomic analyses of proximal and distal regions of regenerating
caudal fins identifies proteins that maintain differential expression after
injury. (A) Diagram showing the regions of fins collected before (0 dpa) or
during (1 and 3 dpa) regeneration for analysis by LFQ proteomics. (B) PCA of
samples from proximal (green) and distal (blue) regions at the indicated
times. The points represent technical replicates of 20 fish per region and
time point. (C and D) Graphs of differences in protein abundances between
proximal and distal regions. Protein abundance is plotted as the absolute
value of the difference between the log, transformed protein abundance.
The colors of the bars indicate proximally enriched (green), or distally
enriched (blue) proteins. *FDR < 5%. The genes graphed in C are the ones
found with proximally enriched protein expression at 0 and 1 dpa, and also
have proximally enriched RNA expression in uninjured fins. The gene
graphed in D is the only protein that was differentially expressed between
proximal and distal regions at 0, 1, and 3 dpa.
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Fig. 6. Molecular gradients identified in the fin. Summary of transcripts,
proteins, and metabolites found in the illustrated patterns along the prox-
imodistal axis of the caudal fin; ND, not detected.

uninjured tissues. However, we identified differential expression
of agr2 and many RA pathway genes in the uninjured caudal fin.
Closer scrutiny of these gene products in the uninjured amphibian
limb may identify similar expression gradients. Additionally, se-
creted anterior gradient protein is the ligand for the Prodl re-
ceptor in salamanders, but not all members of this protein family
are secreted robustly, or at all (64). It will be interesting to learn
whether zebrafish Agr2 is secreted in the fin and if so, what re-
ceptor(s) it is binding.

To understand outgrowth during regeneration, we also need to
understand the molecular factors that control homeostasis of
tissue size in uninjured adult tissues. There are likely many fac-
tors that must be expressed at homeostatic levels to maintain size
proportions in adults. For example, inhibiting Fgf signaling in
uninjured adult zebrafish fins results in a gradual reduction of fin
size due to a loss of distal structures (65). Importantly, we
identified eight distally enriched Fgf transcripts in uninjured fins,
consistent with their role in homeostasis of the distal fin region.
This spatially restricted phenotype highlights the importance of
patterned expression gradients in the adult fin and suggests that
there are upstream factors controlling the expression of Fgf li-
gands in uninjured tissues.

Transcription factors required for development may maintain
patterned expression in adult tissues and play a role in tissue size
homeostasis and/or positional memory. Notably, an analysis of
global gene expression identified transcription factors with roles
in fin development with spatially restricted expression in adult
pectoral fins (16). Likewise, we found 53 transcription factors
that were differentially expressed along the proximodistal axis in
the caudal fin, several of which are implicated in patterning
developing appendages. Two of these factors, dlx5a and msxla,
are known to be up-regulated in early blastemas (2 dpa) during
caudal fin regeneration (66). Additionally, among this identified
set were raraa, an RA receptor that regulates transcription of RA
targets, and meisla, an RA target that activates Prod1 expression
(27). Further analysis of these transcription factors may yield
insight into how their expression is spatially restricted in adult
tissues and the roles of these proteins in patterning regenerating
appendages and stabilizing adult structures.

In contrast to the role of RA signaling in salamanders and
frogs, hyperactivation of RA signaling does not induce overgrowth
of regenerating zebrafish fins. This difference may be due to ge-
netic or morphological differences among species. However, RA
signaling is important for fin development and regeneration (67—
70). We identified several members of the RA signaling pathway
with opposing patterns of differential expression along the prox-
imodistal axis of uninjured fins. Thus, complex regulation of RA
signaling and the pleiotropic roles of RA in fin morphogenesis
may provide an alternate explanation as to why global activation
of RA signaling does not proximalize regenerating tissue in
zebrafish. Experiments in which RA signaling is activated in sin-
gle-fin rays or specific cell types during fin regeneration may ad-
dress this issue.

Rabinowitz et al.

Patterning and size control during development and re-
generation are also regulated by bioelectric signaling (52, 71-78).
Mutations in two strains of zebrafish with fin size phenotypes
map to genes involved in bioelectric signaling (41, 79). The another
longfin (alf) mutation maps to the gene encoding the potassium
channel protein, Kcnk5b, which directly increases potassium
conductance, and causes fin overgrowth (80). In contrast, the sof
mutation occurs in cx43, which encodes a protein involved in gap
junction formation, and produces short fins (81). Our data iden-
tified mRNAs for 55 ion channel genes that were differentially
expressed in uninjured caudal fins. Thus, these proteins may
regulate bioelectric signaling to maintain size homeostasis in
adult fins.

It remains unclear how the molecular patterns described here
are established and maintained in the adult fin. Some of these
patterns may arise from the underlying morphology of the fin.
For example, proximal rays have wider hemirays, accommodating
more fibroblasts, than distal rays. Thus, the abundance of proxi-
mally enriched factors stimulating RA signaling (e.g., aldhla2)
could be directly due to the increased fibroblast population and
bone matrix production that are prevalent in the proximal rays
(31). Accordingly, cyp26al and cyp26bl are distally enriched, in-
dicative of their roles in osteoblast proliferation and positioning
as observed during life-long growth at the distal end of the fin (31,
82). However, it is also possible that these patterns are retained
from development, because the same expression patterns for
aldhla2 and cyp26bl are seen in developing limb buds (83).
Understanding how these molecular distributions are regulated in
the uninjured adult fin remains an important question for the
study of positional memory and investigations of tissue homeo-
stasis in adult structures.

In conclusion, our data catalog global patterns of gene prod-
ucts and metabolites through one axis of a complex adult tissue
and reveal candidate effectors of positional memory. This list of
candidates offers a resource of potential markers and effectors
with roles in regeneration and organ size control in adult
appendages.

Materials and Methods

Zebrafish Lines, Husbandry, and Surgeries. AB WT fish (Zebrafish International
Resource Center) between 6 and 15 mo old were used for all transcriptomic,
proteomic, and metabolomic screens. For Western blots, AB WT, Tupfel lof,
and sof fish were used as indicated. Fish husbandry was done by using
standard procedures. All amputations were done as described (3, 84) and
approved by the University of Washington Institutional Animal Care and
Use Committee.

RNA-seq. RNA-seq was performed on five biological replicates for each of
three positions along the proximodistal axis of the caudal fin: proximal,
middle, and distal (15 total samples). Each biological replicate was a pool of
fin regions cut from two male and two female zebrafish. Collected fins were
flash frozen in liquid nitrogen and stored at —80 °C. Total RNA was extracted
from fin samples and rRNA-depleted by using the Ribo-Zero Gold rRNA
Removal Kit (lllumina). Sample libraries were made by using TruSeq Con-
structions Kits and sequenced by using the HiSeq platform (lllumina) with
20-30 million 50 bp, paired-end sequences per sample. RNA extraction, rRNA
depletion, library construction, and sequencing were done by Covance Ge-
nomics Laboratory. Differential gene expression analyses were performed as
follows: FASTQ reads were aligned to Zebrafish GRCz10 by using Tophat
2.0.13 (85) with default settings. HTSeq count (86) was used to get read
counts for each sample. Ensembl GRCz10 gene annotation file was used for
gene expression quantification. Differential analysis was performed with
DESEq (87).

Proteomics. Three separate biological experiments were performed to
quantify protein expression along the proximodistal axis in the uninjured fin
(Fig. S1). Experiment 1 collected and pooled proximal and distal regions
from eight age-matched fish. Experiment 2 collected and pooled dorsal-
proximal and ventral-distal regions from 20 age- and gender-matched fish.
Samples from experiment 2 were run on two independent mass spectrom-
etry machines (2 and 2*; see below). Experiment 3 collected and pooled
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proximal, middle, and distal regions from 20 age- and gender-matched fish.
The middle region was only sampled in Experiment 3. For 1 and 3 dpa
regenerating samples, dorsal-proximal and ventral-distal double amputa-
tions were done at day 0. Twenty age- and gender-matched fish were am-
putated for each regeneration time point, and the proximal and distal
regenerating samples were collected on the appropriate day. Of note, col-
lections at 1 and 3 dpa included one to two ray segments of existing stump
tissue (Fig. 5). One biological experiment was performed to quantify protein
in dorsal, central, and ventral regions of the caudal fin with regions pooled
from 20 age- and gender-matched fish (Fig. S4). Fin sections were pestle
ground, sonicated, and heated to 60 °C for 30 min in 1 M urea, 50 mM
ammonium bicarbonate, pH 7.8. Cell debris was removed by centrifugation
(10,000 x g, 2 min). Following a BCA, normalized quantities of protein were
reduced with 2 mM DTT, alkylated with 15 mM iodoacetamide, and digested
overnight with a 1:50 ratio of trypsin to total protein. The resulting peptides
were desalted on Waters Sep-Pak C18 cartridges. Peptides were measured by
nano-liquid chromatography-MS/MS (LC-MS/MS) on a Q Exactive (experi-
ments 1, 2, and regenerating samples; ThermoFisher Scientific) or Orbitrap
Fusion (experiments 2* and 3; ThermoFisher Scientific). Peptides were sep-
arated online by reverse phase chromatography by using a heated 50 °C
30-cm C18 column (75-mm ID packed with Magic C18 AQ 5 uM/100 A beads)
in a 120-min gradient [1% (vol/vol) to 45% (vol/vol) acetonitrile with 0.1%
(vol/vol) formic acid] separated at 250 nL/min. The Q Exactive was operated
in the data-dependent mode with the following settings: 70000 resolution,
300-2,000 m/z full scan, Top 10, and a 1.8 m/z isolation window. The Fusion
Orbitrap was operated in data-dependent mode with a 60,000 resolution,
400-1,600 m/z full scan, top speed of 3 s, and 1.8 m/z isolation window.
Identification and LFQ of peptides was done with MaxQuant 1.3.0.5 (88) by
using a 1% false discovery rate (FDR) against the Danio rerio Swiss-Prot/
TrEMB database downloaded from Uniprot on June 10, 2013. We analyzed
three to eight technical replicates per condition. Peptides were searched for
variable modification of n-term protein acetylation, oxidation (M), deami-
dation (NQ), with a six ppm mass error and a match between run window
of 4 min. Proteins that were significantly regulated between conditions
were identified by using a permutation-based t test (S1, FDR < 5%) in
Perseus 1.4.1.3.

Real-Time Quantitative PCR. Proximal or distal regions from 8 to 12 fish for
each biological replicate were collected and pooled. aldh1/1 was run on six
total biological replicates and ca2 was run on three. Total RNA was extracted
from each sample by using TRIzol (ThermoFisher Scientific) according to the
manufacturer’s protocol. cDNA was synthesized by using 0.5-1.0 pg of pu-
rified RNA with the RevertAid First Strand cDNA Synthesis Kit (ThermoFisher
Scientific) and a 1:1 ratio of oligo-dT and random hexamer primers. Real-
time quantitative PCR (RT-gPCR) was performed by using LightCycler 480
SYBR Green | Master mix (Roche) on a LightCycler 480 Instrument (Roche).
Fold change was calculated by using the AACT method, relative to actb2.
Statistical significance was calculated by using Student's t test with P < 0.05.
aldh1l/1-forward primer (5-GCTCTGTGTTCTTCAATAAGGG-3); aldh1/1-reverse
primer (5'-TTTCGCTAACCACTCTTTCC-3'); ca2-forward primer (5'- CGATAAGC-
ATAACGGCCCAGACAA-3'); ca2-reverse primer (5'- CTATTGGAGACTGGCGAG
AGCCG-3); actb2-forward primer (5'- GGTATGGGACAGAAAGACAG-3'); actb2-
reverse primer (5- AGAGTCCATCACGATACCAG -3').

Western Blot Analyses. For all caudal, dorsal, and pectoral fin experiments,
proximal, middle, and distal regions were harvested and pooled from 10 age-
and gender-matched fish, for each biological replicate, with three total
replicates tested. Protein was isolated by using radioimmunoprecipitation
assay (RIPA) lysis buffer (50 mM Tris pH 8.0, 1% Triton X-100, 0.1% SDS, 0.2%
deoxycholate, 150 mM sodium chloride, 2 mM EDTA) with one cOmplete,
Mini, EDTA-free Protease Inhibitor Mixture tablet (Roche) and one PhosSTOP
tablet (Roche) added per 10 mL of RIPA buffer. Samples were normalized by
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using Pierce BCA Protein Assay Kit (ThermoFisher Scientific). Five to 15 mi-
crograms of protein was run per sample on NuPAGE Novex 4-12% (wt/vol)
Bis-Tris (Invitrogen) gels, and proteins were transferred to 0.45 pM nitro-
cellulose membranes. Membranes were blocked with 5% (wt/vol) nonfat dry
milk powder in PBTw (1x PBS with 0.1% Tween 20) for 30-60 min and
washed three times for 5 min each by using PBTw. Then, membranes were
incubated with antibodies targeting Aldh111 at 1:1000 (Sigma MABN495) or
Ca2 at 1:16000 (89) diluted in 5% (wt/vol) BSA and 0.02% sodium azide in
PBTw overnight on a shaker at 4 °C. The next day, membranes were washed
three times for 10 min each with PBTw and then incubated with HRP-con-
jugated antibodies targeting mouse 19G (H+L) (Jackson ImmunoResearch
111-035-146; 1:2000) or rabbit IgG (H+L) (Jackson ImmunoResearch 111-035-
144; 1:3000) for 1 h on a shaker at room temperature in 5% nonfat dry milk
powder in PBTw. For loading controls, HRP-conjugated antibodies targeting
Actb2 (Santa Cruz sc-47778 HRP; 1:20000), diluted in 5% (wt/vol) BSA in
PBTw, were incubated for 1 h at room temperature. Membranes were then
washed six times for 10 min each with PBTw, treated with Pierce ECL
Western Blotting Substrate (Life Technologies) and exposed on Blue Basic
Autorad film (Bioexpress).

Metabolomics. Proximal, middle, and distal regions were harvested separately
from six adult fish (three male and three female). For each fish, tissue samples
were transferred to Eppendorf tubes, immediately flash frozen in liquid
nitrogen, and then stored at —80 °C. For metabolite extraction, samples were
placed on ice, resuspended in 300 uL of 80% (vol/vol) methanol in water and
homogenized by using an Ultra-Turrax homogenizer with three 5-s pulses
per sample. Samples were kept on ice for 10 min and then spun at 4 °C for
15 min at high speed. Supernatant (250 pL per sample) was transferred to a
new tube and dried down by using a speed vacuum at 30 °C. Dried samples
were stored at —80 °C. The LC-MS/MS data were collected by using a stan-
dard targeted metabolic profiling MS method in the Northwest Metab-
olomics Research Center as described (90, 91). Briefly, the LC-MS/MS
experiments were performed on an Agilent 1260 LC (Agilent Technologies)
AB Sciex QTrap 5500 MS (AB Sciex) system. Each sample had 10 pL injected
for analysis by using negative ionization mode and 2 pL injected for analysis
by using positive ionization mode. Both chromatographic separations were
performed by using hydrophilic interaction chromatography (HILIC) on the
SeQuant ZIC-cHILIC column (150 x 2.1 mm, 3.0 um; Merck KGaA) with a flow
rate of 0.3 mL/min. The mobile phase was composed of solvents A [5 mM
ammonium acetate in 89.9% H,0, 9.9% (vol/vol) acetonitrile, 0.2% acetic
acid] and B [5 mM ammonium acetate in 89.9% (vol/vol) acetonitrile, 9.9%
H,0, 0.2% acetic acid]. After the initial 2-min isocratic elution of 90%
(vol/vol) B, the percentage of solvent B decreased to 50% (vol/vol) at t =
5 min. The composition of solvent B maintained at 50% (vol/vol) for 4 min (t =
9 min), and then the percentage of B gradually went back to 90% (vol/vol),
to prepare for the next injection. The metabolite identities were confirmed
by spiking the pooled serum sample used for method development with
mixtures of standard compounds. The extracted multiple reaction monitor-
ing peaks were integrated by using MultiQuant 2.1 software (AB Sciex). Of
the 199 metabolites targeted, we were able to identify and quantify 125 in
zebrafish fin tissue. Each metabolite was normalized to the average concen-
tration for all 125 measured metabolites per sample. Subsequent analyses
were performed by using MetaboAnalyst 3.0 (92). Differentially expressed
metabolites were identified by using FDR < 5%.
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