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INTRODUCTION: The establishment of neural 
connectivity patterns requires the ability of 
individual neurons to distinguish self from 
nonself. In mammals, clustered Protocadherin 
(Pcdh) genes encode cell surface molecular 
“identifiers” (i.e., barcodes) that allow neural 
“self/nonself” discrimination: Neurites from 
the same cell carrying identical  Pcdh  barcodes  
recognize and repel each other, whereas neu-
rites from different cells carrying distinct Pcdh 
barcodes do not. In mice, there are 116 Pcdh 
genes, 58 on each of the two homologous chro-
mosomes, organized into three tandemly arranged 
clusters (a, b, and  g). Different neural types ex-
pressdistinct repertoires ofPcdh genes to instruct 
their wiring processes. The most noteworthy 
examples of this behavior are the deterministic 
expression of a single Pcdh gene in serotonergic 
neurons (5-HTs) and the stochastic expression 
of a few Pcdh genes in olfactory sensory neurons 
(OSNs). Deterministic expression of Pcdhac2 
provides 5-HTs with a single, shared barcode. 
Using this mechanism, neurites from the same 
cell not only recognize and repel self, but also 
neurites from other 5-HTs, thus favoring non-
overlapping tiled projections of their axons 
throughout the brain. By contrast, stochastic 

and combinatorial expression of distinct rep-
ertoires of Pcdh genes provides each OSN with 
a unique barcode. The generation of this barcod-
ing diversity enables convergence of OSN axons 
into tightly packed, overlapping structures. These 
observations pose a fundamental question: How 
do neurons choose the correct number (and type) 
of Pcdh genes to support their wiring needs? 

RATIONALE: The genomic architecture of Pcdh 
genes poses a fundamental regulatory chal-
lenge: cis-regulatory mechanisms must over-
come genomic-proximity biases imposed by the 
linear arrangement of Pcdh promoters relative 
to distal enhancers. These mechanisms must 
be regulated differently in distinct cell types. 
For instance, in 5-HTs, choice of the Pcdhac2 
gene is genomic-distance biased, because its 
promoter is the most enhancer-proximal pro-
moter in the Pcdha cluster. However, in OSNs, 
genomic-distance biases in promoter choice 
are erased in favor of random selection. Pre-
vious studies have suggested a role for the DNA 
translocase cohesin in regulating Pcdh ex-
pression by mediating enhancer-promoter in-
teractions. Building upon these studies, we 
hypothesized that differential regulation of 

cohesin activity could be a potential mechanism 
by which neurons achieve the Pcdh expression 
programs that support their wiring patterns. 

RESULTS: By genetically targeting components 
of the cohesin complex in 5-HTs and OSNs, we 
revealed that neural type–specific Pcdh expres-
sion and axonal behavior depend on the activ-
ity of cohesin and its unloader, WAPL (wings 
apart-like protein homolog). Given the linear 
arrangement of Pcdh genes, high WAPL in 5-
HTs limits cohesin translocation, thereby fa-
voring the expression of the enhancer-proximal 
Pcdhac2 isoform in all cells and ultimately con-
straining axon arrangements to a tiling pat-
tern. Conditional deletion of WAPL in 5-HTs 
resulted in loss of Pcdhac2 expression and dis-
ruption of axon tiling. By contrast, we found that 
lowWAPL in OSNs enables cohesin transloca-
tion along the locus. Using this mechanism, 
cohesin increases the probability of contacts 
between the enhancers and the more distal 
Pcdh promoters, thereby enabling stochastic 
expression of a larger repertoire of Pcdh iso-
forms and ultimately driving axon convergence 
and assembly of olfactory circuits. In OSNs, con-
ditional ablation of Rad21, an essential subunit 
of the cohesin complex, resulted in loss of Pcdh 
isoform diversity and gain of the biased expres-
sion of the enhancer-proximal Pcdhac2 gene. 
Thus, Rad21 ablation turned the Pcdh expres-
sion profile of OSNs into one reminiscent of 
5HTs. Loss of Pcdh diversity by Rad21 deletion 
resulted in disruption of OSN axon convergence. 
Therefore, by countering enhancer-promoter 
genomic proximity biases, neural type–specific 
regulation of cohesin activity by WAPL tunes 
Pcdh isoform diversity and enables distinct 
modes of neuronal wiring and circuit assembly. 

CONCLUSION: We propose a model in which 
WAPL functions as a rheostat of cohesin pro-
cessivity on DNA to enable structural and tran-
scriptional modularity of the Pcdh gene cluster 
required to establish different patterns of neu-
ral connectivity during brain development. More 
broadly, our data suggest a new class of regu-
latory principles for genes organized in clusters 
in which cells use rheostat-operating logics 
to overcome distance biases in gene selection. 
We speculate that rheostats are solutions to the 
challenges imposed by the complex architec-
tures of these gene clusters that generate the 
transcriptional diversity critical for cellular 
and functional diversification.▪ 
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WAPL functions as a rheostat of cohesin processivity and Pcdh isoform diversity. In 5-HTs, high WAPL 
limits cohesin translocation, which favors Pcdhac2 expression and axon tiling. Loss of WAPL results in 5-HT tiling 
defects. In OSNs, low WAPL enables cohesin translocation, which favors Pcdh isoform diversity and axon convergence. 
Loss of Rad21 (a cohesin subunit) results in OSN convergence defects. Only the Pcdha gene cluster is shown. 
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Neural type–specific expression of clustered Protocadherin (Pcdh) proteins is essential for the 
establishment of connectivity patterns during brain development. In mammals, deterministic expression 
of the same Pcdh isoform promotes minimal overlap of tiled projections of serotonergic neuron axons 
throughout the brain, while stochastic expression of Pcdh genes allows for convergence of tightly 
packed, overlapping olfactory sensory neuron axons into targeted structures. How can the same gene 
locus generate opposite transcriptional programs that orchestrate distinct spatial arrangements of 
axonal patterns? Here, we reveal that cell type–specific Pcdh expression and axonal behavior depend on 
the activity of cohesin and its unloader, WAPL (wings apart–like protein homolog). While cohesin 
erases genomic-distance biases in Pcdh choice, WAPL functions as a rheostat of cohesin processivity 
that determines Pcdh isoform diversity. 

T 
he generation of cellular diversity is vital 
to the many functions of higher organ-
isms, from the detection of microbes by 
the immune system to the  ability to  per-
ceive and interpret the outside world 

by the central nervous system. Stochastic ex-
pression of genes organized in clusters, from 
immunoglobulin to the olfactory receptor to 
clustered Protocadherin (Pcdh) genes, repre-
sents an extraordinary example of a mechanism 
by which cells greatly expand their proteome 
repertoire to achieve unparalleled diversifica-
tion (1–3). There are different challenges that 
these systems must overcome to promote ran-
dom gene choice. While olfactory receptor 
gene choice relies on interchromosomal con-
tacts (2, 4), the genomic architectures of the 
immunoglobulin and Pcdh loci call for cis-
regulatory mechanisms that overcome ge-
nomic distance biases imposed by the linear 
arrangement of these genes relative to their 
cis-regulatory elements. 
In mice, there are a total of 116 clustered 

Pcdh  genes  (120 in humans), 58 on each of the  
two homologous chromosomes, organized 
into three tandemly arranged gene clusters 
(14 Pcdha, 22 Pcdhb, and  22 Pcdhg) spanning  
nearly 1 million base pairs of genomic DNA 

(5, 6) (Fig. 1A). Each cluster is regulated by 
cluster-specific transcriptional enhancers lo-
cated downstream (3′) of the promoters, with 
distances between enhancers and promoters 
that can reach up to 600,000 base pairs (7, 8) 
(Fig. 1A: HS5-1, HS18-22, and HS16-17 are the 
transcriptional enhancers of the Pcdha, Pcdhb, 
and Pcdhg clusters, respectively). 
Clustered Pcdh genes encode cell surface 

proteins that “barcode” individual neurons 
with unique identities (3, 9, 10). This mecha-
nism allows neurons to self-recognize and self-
avoid as they establish proper connections 
with neighboring cells during brain develop-
ment (3, 9, 10). There are two broad classes of 
neuronal contact patterns: tiling and conver-
gence (11–13). In mammals, neural tiling is 
epitomized by serotonergic neurons (5-HTs) 
whose axons must minimize overlap with 
their neighboring 5-HTs to innervate various 
brain regions (14–16). Tiling of 5-HT axons is 
achieved by the deterministic expression of only 
Pcdhac2, the most HS5-1 enhancer–proximal 
Pcdha gene, which conveys an identical Pcdh 
barcode to the cell surfaces of this class of 
neurons (14, 16). Deletion of Pcdhac2 results 
in a marked tiling defect of 5-HT projections 
(14, 16), a self-avoidance phenotype (i.e., neurites 
clumping together) similar to that previously 
observed in starburst amacrine cells upon ge-
netic removal of the Pcdhg genes (17). Con-
vergence is instead exemplified by olfactory 
sensory neurons (OSNs) whose axons express-
ing the same olfactory receptor (OR), but dis-
tinct repertoires of clustered Pcdh genes, must 
coalesce into tightly packed structures known 
as glomeruli (18–21). These distinct Pcdh reper-
toires are generated by stochastic and com-
binatorial Pcdh promoter choice from all 

three clusters (22, 23), which allows individ-
ual OSNs to display different barcodes on 
their cell surface (18). Overriding Pcdh diver-
sity by expressing high levels of specific Pcdh 
isoforms in all OSNs leads to axon conver-
gence defects and disruption of glomeruli 
formation in the olfactory bulb (OB) (18). 
The establishment of these two distinct mech-

anisms of neural wiring, tiling and convergence, 
by clustered Pcdh genes represents an example 
of how cells must be able to commit orthogo-
nal gene regulatory logics. They must either 
promote genomic distance biases in favor of 
deterministic promoter selection to acquire 
the cellular uniformity required to tile, or they 
must overcome such biases in favor of sto-
chasticity to generate the cellular diversity 
required to converge. The regulation of these 
contrasting gene expression processes poses 
a fundamental question: How can both deter-
ministic and stochastic promoter selection 
arise from the same gene cluster? 

Results 
OSN progenitor cells display developmental 
biases in Pcdhac2 promoter choice 

To investigate the process underlying the reg-
ulation of neural type–specific Pcdh expression, 
we first focused on studying the mechanism of 
stochastic Pcdh promoter choice during the 
maturation of OSNs. The mouse olfactory epi-
thelium (OE) is a pseudostratified tissue com-
posed of distinct cell types that represent 
different neurodevelopmental stages of OSNs, 
all of which have finite life spans and are con-
tinuously regenerated from mitotically active 
stem cells within the epithelium. To determine 
the precise developmental stage at which Pcdh 
genes are chosen by individual cells, we per-
formed single-cell RNA sequencing (RNA-seq) 
from an isolated wild-type (WT) OE. Using es-
tablished genetic markers for the distinct cell 
types of the OE, we observed developmentally 
regulated Pcdh gene choice (Fig. 1B). Con-
sistent with previous observations (24), no Pcdh 
expression was observed in the intracellular ad-
hesion protein 1–positive (Icam1+) cells (hori-
zontal basal stem cells, HBCs), which represent 
the quiescent stem cell population of the OE, 
whereas all Pcdha isoforms were stochasti-
cally expressed in postmitotic OSNs, positive 
for the olfactory marker protein (Omp) and 
negative for the growth-associated protein 43 
(Gap43) (mature olfactory sensory neurons, 
mOSNs) (Fig. 1B). However, we observed a tran-
scriptional bias toward choice of the Pcdhac2 
promoter over the rest of the cluster, reminis-
cent of the deterministic expression of Pcdhac2 
in 5-HTs. This bias was first observed in the 
globose basal cells, continued into early OSN 
precursors, and disappeared in mOSNs (Fig. 
1B). Down-regulation of Pcdhac2 in mOSNs 
coincided with the onset of stochastic expres-
sion of the rest of the Pcdha promoters (Fig. 1B). 
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Cohesin erases genomic distance biases in Pcdh 
promoter choice in mature OSNs 
Recent studies have implicated the cohesin 
protein complex in regulating the expression of 
Pcdha genes (24–28). Cohesin is a DNA trans-
locase that has been proposed to regulate 

mammalian three-dimensional (3D) folding of 
the genome through a mechanism known as 
DNA loop extrusion. By this mechanism, cohesin 
loads onto DNA and extrudes chromatin until 
it stalls at boundary elements, usually bearing 
binding sites for the CCCTC-binding factor 

(CTCF) protein that are bound by CTCF (29–32). 
Within the context of the Pcdha gene locus, 
cohesin has been shown to mediate long-range 
engagement between individual promoters 
and their distal HS5-1 enhancer (24–28). To de-
termine whether cohesin functions to promote 
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Fig. 1. Cohesin erases genomic 
distance biases in Pcdh 
promoter choice in mature 
OSNs. (A) Genomic architecture 
of the mouse clustered Pcdh 
gene locus. Pcdha, Pcdhb, and  
Pcdhg variable 5′ exons are 
shown in white, red, and blue, 
respectively. The variable exons 
of the Pcdha and Pcdhg gene 
clusters are further subdivided 
into alternate and c-types, 
the latter of which includes the 
Pcdhac2 gene (orange). Down-
stream of the Pcdhac2 and 
Pcdhgc5 exons, there are three 
small constant exons that splice 
to the chosen variable exons. 
Cluster-specific transcriptional 
enhancers (HS5-1, HS16-17, and 
HS18-22) are shown in gray. 
(B) Pcdha expression during 
OSN maturation in OSN-WT and 
OSN-RAD21-cKO mice. The 
distinct cell types that result in 
mOSNs are schematized on top. 
Heat map shows the Omp 
expression level. UMI, unique 
molecular identifier. (C) Histo-
gram of the number of Pcdh 
isoforms chosen for expression 
per mOSN in OSN-WT and OSN-
RAD21-cKO. Data represent one 
single-cell RNA-seq replicate per 
condition. (D) Left: Subset  of  
Pcdh expression profiles from WT 
OSNs expressing either the OR 
Olfr1264 or Olfr167. Each row 
indicates a single cell, each column 
a Pcdh isoform from all three 
clusters. Right: Schematic  of  
OSN axons from the OE 
projecting to the OB, where OSNs 
expressing the same OR but 
distinct Pcdhs converge into 
glomeruli. (E) As in (D)  but from  
OSN-RAD21-cKO animals. 
(F) Pcdh diversity across all 
OSNs expressing the same OR 
(OSNs converging into the same 
“glomerulus”). (G) IHC against 
VGLUT2 in coronal sections of 
the OB from OSN-RAD21-het 
[Omp(iresCre/+);Rad21fl/+; 
tdTomatofl/+] and OSN-RAD21-cKO [Omp(iresCre/+);Rad21fl/fl;tdTomatofl/+]. Green, VGLUT2; blue, DAPI. Dotted white circle is an example of a glomerulus. Scale bar, 
100 mm. (H) Left: Schematic of the coronal sections of the OB. Right: IHC against OR m71 in coronal sections from OSN-RAD21-het and OSN-RAD21-cKO. Green, m71; blue, 
DAPI. Scale bar, 50 mm. 
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the transcriptional switch from the determi-
nistic expression of Pcdhac2 to the stochastic 
expression of all Pcdhs in mature OSNs, we 
conditionally deleted the Rad21 gene. Rad21 
encodes the kleisin subunit of cohesin, and its 
deletion renders the entire cohesin complex 
inactive. Deletion of Rad21 was accomplished 
using a Cre driver under the control of the Omp 
promoter [Omp(iresCre/+);Rad21fl/fl;tdTomatofl/+, 
OSN-RAD21-cKO] (fig. S1A). As shown by our 
single-cell RNA-seq data, Omp expression ini-
tiates in Gap43+ immature OSNs and con-
tinues as OSNs mature into Omp+,Gap43– 

mOSNs (Fig. 1B). OSNs from WT animals were 
isolated by green fluorescent protein (GFP) 
using Omp(iresGFP/+) mice, and OSNs from 
OSN-RAD21-cKO were isolated using tdTomato 
(fig. S1B). 
To filter for only mOSNs, we computation-

ally selected Omp+,Gap43– cells. From all cells 
identified as mOSNs from WT mice, 95.8% had 
a detectable Pcdh barcode composed of, on av-
erage, three Pcdh isoforms (Fig. 1, C and D, 
and fig. S1C). The probability of each individ-
ual isoform to be expressed was low, except for 
Pcdhb1, which was chosen in 78.4% of mOSNs 
in which a Pcdh barcode was detected (Fig. 1, 
C and D). Our data further showed that Pcdh 
isoform choice was independent from the 
choice of ORs, demonstrating that essentially 
all individual OSNs bear a unique identity 
defined by the expression of both Pcdhs and 
ORs (fig. S1D). 
Upon conditional deletion of the Rad21 gene, 

we observed a loss of Pcdh isoform diversity in 
all three Pcdh gene clusters and an increase 
in the number of mOSNs without a detectable 
Pcdh barcode (OSN-WT, 4.2%; OSN-RAD21-
cKO, 10.4%) (Fig. 1, B to E, and fig. S1C). Al-
though a reduction of promoter choice was 
observed across all three clusters, this loss 
appeared to follow a genomic distance depen-
dent trend in which the most enhancer-distal 
promoters were the most affected (fig. S1E). 
Conversely, the frequency of choice of the 
Pcdhac2 promoter increased ~3-fold (OSN-
WT, 12.3%; OSN-RAD21-cKO, 38.0%) (Fig. 1, D 
and  E, and  fig.  S1E). This  genomic  distance– 
biased expression of Pcdha genes correlated 
with a decrease in chromatin contacts be-
tween the HS5-1 enhancer and the distal 
promoters (fig. S1F). Finally, contrary to the 
rest of the Pcdhb genes, expression of Pcdhb1 
did not change (OSN-WT, 79.4%; OSN-RAD21-
cKO, 78.3%), suggesting that the activation of 
the Pcdhb1 promoter is cohesin  independent  
(Fig. 1, D and E). 
These data suggest that cohesin favors sto-

chastic Pcdh promoter choice by erasing ge-
nomic distance biases in promoter selection 
and that, in the context of the Pcdha gene 
cluster, loss of cohesin activity in mOSNs re-
sults in a Pcdh transcriptional profile remi-
niscent of a different  class of neurons—5-HTs, 

where Pcdhac2  is  the only Pcdha isoform ex-
pressed (14, 16). 

Cohesin activity is required for normal assembly 
of an olfactory map 

OSN axons from the OE project to stereotypic 
positions in the OB, where OSNs expressing the 
same OR converge to form glomeruli (33, 34) 
(Fig. 1D). Pcdh isoform diversity is necessary 
for OSN convergence and glomeruli formation 
(18). Given that we observed a significant loss of 
Pcdh isoform diversity within mOSNs express-
ing the same OR upon Rad21 knockout (Fig. 1F), 
we wondered whether Rad21 deletion resulted 
in any phenotypic abnormalities of the glomeruli 
structures. To investigate this, we compared the 
OB of OSN-RAD21-cKO mice with that of hetero-
zygous littermates [Omp(iresCre/+);Rad21fl/+; 
tdTomatofl/+ , OSN-RAD21-het] in which Pcdh 
expression was not altered relative to OSN-WT 
(fig. S1G). Unlike OSN-Rad21-het, glomeruli 
structures were disrupted throughout the OB 
in OSN-RAD21-cKO mice, as assayed by stain-
ing for the vesicular glutamate transporter 2 
(VGLUT2) (Fig. 1G). Although we cannot ex-
clude that this effect was caused by additional 
changes in gene expression upon Rad21  knock-
out, we note that the expression of OR genes, 
as well as of other axon guidance molecules 
implicated in OSN axon targeting, were un-
changed (fig. S1, H and I). To further probe 
whether OSN axons expressing the same OR 
were capable of projecting to their stereo-
typic positions in the OB, we performed im-
munohistochemistry (IHC) against the mouse 
OR m71 (OLFR151) and observed that these 
OSNs targeted to their predicted positions (Fig. 
1H). Consistent with the VGLUT2 staining, m71 
glomeruli appeared malformed in OSN-RAD21-
cKOmice relative to their  OSN-RAD21-het  litter-
mates (Fig. 1H). These data are consistent with 
the established paradigm that Pcdh protein 
isoform diversity plays a critical role in the as-
sembly of olfactory circuits (18–21) and  suggest  
that the activity of the cohesin protein complex 
generates the Pcdh isoform barcoding diver-
sity required for OSN axons to properly converge 
into glomeruli structures. 
Taken together, these data suggest a logic 

for the regulation of Pcdh promoter choice 
whereby cohesin activity determines the cellu-
lar commitment to either a deterministic and 
uniform Pcdh barcoding profile (where Pcdh 
promoter choice is biased toward the enhancer-
proximal Pcdhac2 promoter) or a diverse 
Pcdh barcoding profile (where Pcdh promoter 
choice is random and enhancer distance 
independent). 

Developmental regulation of WAPL suggests a 
model for the generation of Pcdh diversity 

We next investigated how cohesin activity could 
be regulated to drive the developmental switch 
from the genomic distance–biased expression 

of Pcdhac2 to the stochastic expression of all 
Pcdh genes during OSN maturation. Given the 
linear arrangement of Pcdh promoters span-
ning almost 1 Mb of DNA and the location of 
the transcriptional enhancers (Fig. 1A), we rea-
soned that the distance that cohesin can traverse 
along the cluster could determine the prob-
ability of Pcdh promoters to be chosen in in-
dividual neurons by the enhancers (Fig. 2A). 
One mechanism  known to regulate cohesin  
processivity on DNA is the activity of the 
cohesin “unloader” protein WAPL (wings apart– 
like protein homolog) (35–37). In the context of 
the Pcdh gene locus, our model would predict 
that high WAPL levels would result in frequent 
unloading of the cohesin complex from DNA 
and would limit the distance that cohesin can 
traverse on DNA, therefore restricting the choice 
to the most enhancer-proximal Pcdh promoters 
(Fig. 2A). Conversely, low WAPL levels would 
increase cohesin processivity and promote 
long-distance cohesin translocation on DNA, 
therefore allowing the enhancer-distal Pcdh 
promoters to be chosen. 
On the basis of this model, we wondered 

whether the distinct cell types within the OE 
express different levels of Wapl and Rad21 
mRNAs. We quantified the mRNA levels of 
Wapl and Rad21 in the different cell types 
within the OE from our single-cell RNA-seq 
studies and bulk RNA-seq studies from sorted 
cells (fig. S2, A and B). Although Rad21 mRNA 
levels appeared mostly constant across the 
OE (fig. S2C), we observed a decrease of Wapl 
mRNA levels that correlated with the onset of 
stochastic Pcdh expression whereby globose 
basal cells expressed the highest levels of Wapl 
mRNA and mOSNs the lowest (Fig. 2B). We 
found a correlation between the levels of Wapl 
and the frequency of choice of the Pcdhac2 
promoter in individual cells (Fig. 2C). This 
correlation agreed with the trajectory of OSN 
maturation (Fig. 2C). 
To visualize this correlation spatially in the 

OE, we performed RNA fluorescence in situ 
hybridization (FISH) using probes targeting 
the mRNA of Wapl, Pcdhac2, and Omp. We 
observed that Wapl mRNA levels were high-
est in the cells closer to the basal layer, where 
most early OSN precursors reside, and grad-
ually declined toward the apical layer, where 
most mOSNs reside. This spatial distribu-
tion of Wapl mRNA within the OE positively 
correlated with that of Pcdhac2 mRNA but 
negatively correlated with the levels of ex-
pression of Omp mRNA (fig. S2D). 
Finally, to determine whether WAPL pro-

tein levels correlated with its mRNA levels and 
tissue distribution, we performed IHC in the 
OE for WAPL and OMP. Consistent with the 
single-cell RNA-seq and RNA-FISH data,  WAPL  
protein levels decreased as OSNs matured, as 
evidenced by the loss of staining in the apical 
side of the OE (Fig. 2D). Unlike WAPL, the levels 
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of the RAD21 protein remained constant through-
out the  OE  (Fig. 2D).  

Low WAPL promotes Pcdh isoform 
diversity in OSNs 

To determine whether developmental down-
regulation of WAPL in mOSNs promotes Pcdh 
diversity, we engineered a transgenic mouse line 
in which we overexpressed WAPL in mOSNs 
[Omp(tTa);tetO-WAPL-mCherry, OSN-WAPL-XP] 
and performed both bulk and single-cell RNA-
seq (Fig. 3A and fig. S3, A to C). Consistent with 
our hypothesis, increasing WAPL levels resulted 
in the biased expression of Pcdhac2 over the rest 

of the Pcdha genes in mOSNs (Fig. 3B), in which 
under WT conditions, Pcdha choice is other-
wise random and unbiased (Fig. 1B). We also 
observed a genomic distance–biased expression 
of the Pcdhg and Pcdhb genes (fig. S3D), which 
resulted in a preferential usage of the Pcdh 
clusters that correlated with their genomic sizes 
(Fig. 3C, Pcdhg > Pcdha > Pcdhb). Consistent 
with these changes in Pcdh expression, Pcdh en-
hancers displayed genomic distance biases in 
their contacts with their respective promoters, 
as assayed by in situ chromatin conformation 
capture (Hi-C) (Fig. 3D and fig. S3E). These data 
suggest that high WAPL limits cohesin extrusion 

along the Pcdh locus, thus favoring the expres-
sion of Pcdh promoters located closer, in linear 
genomic sequence, to their respective enhancers. 
If low WAPL levels promote Pcdh isoform 

diversity in individual neurons, then our model 
would predict that decreasing WAPL levels be-
low an already low WT level in mOSNs would 
increase the ability of cohesin to translocate long 
distances along DNA, thus increasing the prob-
ability of choosing promoters that are located 
farther from their respective enhancers rela-
tive to WT. 
To test this, we conditionally deleted WAPL 

in OSNs [Omp(iresCre/+);WAPLfl/fl;tdTomatofl/+ , 
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OSN-WAPL-cKO] (Fig. 4A and fig. S4, A and B). 
Consistent with the role of WAPL in regulat-
ing cohesin processivity (35–37), we observed 
that cohesin enabled a longer reach of the Pcdh 
enhancers along the cluster in OSN-WAPL-cKO 
relative to OSN-WT and OSN-RAD21-cKO, as 
assayed by in situ Hi-C and virtual 4C (Fig. 4B 
and fig. S4C). We next calculated the contact 
probability as a function of genomic distance 
[P(s)] and its derivative to probe the proces-
sivity of cohesin. By this metric, cohesin proces-
sivity in OSN-WAPL-cKO relative to OSN-WT 
increased by almost 3-fold (Fig. 4C). We then 
measured the size of anchored loops and 
observed a 1.5-fold increase between OSN-
WAPL-cKO and OSN-WT (Fig. 4D). Although 
the P(s) in OSN-WAPL-XP remained mostly 
unchanged compared with OSN-WT  (Fig.  4C),  
we observed a reduction in the size of anchored 
loops genome wide (Fig. 4D), consistent with 
the shorter  reach of contacts of Pcdh enhancers  
with their promoters (Fig. 3D and fig. S3E). Fi-
nally, only two anchored loops were detected in 
OSN-RAD21-cKO (Fig. 4D), consistent with pre-
vious studies of cohesin depletion in cells (38). 
Increasing cohesin processivity on the Pcdh 

locus by removing WAPL increased  the prob-
ability of choice of promoters that are located 
farther from their respective enhancers (Fig. 
4E and fig. S4D). These changes scaled with 
the relative distances of each Pcdh promoter 
to  its enhancer across all  three clusters and  
were consistent with the increased loop sizes 
observed at the Pcdh locus and genome wide. 
The distal Pcdhb promoters, which are located 
farthest from their respective enhancers (up 
to 600,000 bp away), had a larger fold change 
in activation, whereas the Pcdhg promoters, 
which are located nearest to their enhancers 

(up to 200,000 bp away), were the least af-
fected, as assayed by bulk and single-cell RNA-
seq (Fig. 4E and fig. S4D). These changes were 
also evidenced by the mean number of isoforms 
expressed per cell whereby mOSNs displayed 
an increase in only the Pcdhb isoforms in OSN-
WAPL-cKO compared with OSN-WT (fig. S4, 
E and F). 
To measure the impact of WAPL levels on 

Pcdh isoform diversity, we quantified the prob-
ability of choice of Pcdh promoters in OSN-WT, 
OSN-WAPL-XP, and OSN-RAD21-cKO relative 
to OSN-WAPL-cKO. Increasing WAPL levels 
resulted in cluster biases in Pcdh diversity that 
reflected the genomic size of the individual Pcdh 
gene clusters and the relative distances of their 
promoters with their respective cluster-specific 
enhancers (Fig. 4F, Pcdhg > Pcdha > Pcdhb, 
OSN-WT versus OSN-WAPL-XP). The distance 
biases in Pcdh isoform diversity that were de-
pendent on WAPL concentration required 
cohesin activity (Fig. 4F, OSN-RAD21-cKO). 
These data indicate that during OSN devel-

opment, cohesin processivity by WAPL tunes 
Pcdh isoform diversity and suggest a model 
for how the deterministic expression of the 
enhancer-proximal Pcdhac2 could be favored 
in other neural types (e.g., in 5-HTs). 

High WAPL favors deterministic Pcdhac2 
expression and axon tiling in serotonergic neurons 

Unlike OSN axons, which converge, 5-HT axons 
tile (Fig. 5A). To determine whether Pcdhac2 
expression and axon tiling of 5-HTs require 
high WAPL, we first investigated whether Wapl 
mRNA was differentially expressed between 
5-HTs and mOSNs. We compared published 
RNA-seq data from fluorescence-activated cell 
sorting (FACS)–isolated 5-HT nuclei (39) with  

our RNA-seq data from FACS-isolated mOSNs 
and found that Wapl expression was ~5-fold 
higher in 5-HTs compared with mOSNs (Fig. 
5B and fig. S5A). To determine whether high 
WAPL promotes Pcdhac2 expression, we con-
ditionally removed Wapl in 5-HTs using a Cre 
driver under the control of the promoter of the 
serotonin transporter Slc6a4 [Sert(Cre/+); 
Waplfl/fl;tdTomatofl/+, 5-HT-WAPL-cKO] (Fig.  
5C, top,  and fig.  S5B).We then  used  RNA  FISH  
to measure the levels of Pcdhac2 mRNA using 
tryptophan hydroxylase 2 (Tph2) as a marker 
for serotonergic somas in the raphe. Consistent 
with our model (Fig. 2A), removal of WAPL 
resulted in down-regulation of expression of 
Pcdhac2 (Fig. 5, C and D). 
If high WAPL favors the biased expression 

of Pcdhac2 in 5-HTs by promoting low cohesin 
processivity, then Pcdhac2 promoter choice 
should be independent of cohesin activity in 
these neurons, as we show to be the case in 
mOSNs (Fig. 1B). To test this, we removed Rad21 
in 5-HTs [Sert(Cre/+);Rad21fl/fl;tdTomatofl/+ , 
5-HT-RAD21-cKO] (fig. S5C). Consistent with 
our hypothesis, ablation of Rad21 did not change 
Pcdhac2 expression compared with Pcdhac2 
expression in Rad21 heterozygous littermates 
[Sert(Cre/+);Rad21fl/+;tdTomatofl/+, 5-HT-RAD21-
het] (fig. S5D). 
5-HT axons project pervasively from the 

raphe nuclei through a tiling distribution to 
several other regions in the brain, including the 
hippocampus (14, 16). To investigate whether 
reduced Pcdhac2 expression upon Wapl dele-
tion results in 5-HT wiring defects, we exam-
ined the ability of 5-HT axons to project to the 
hippocampus (Fig. 5A). We found that 5-HT 
axons from 5-HT-WAPL-cKO animals presented 
a clumping phenotype (Fig. 5E) that qualitatively 
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Fig. 3. WAPL overexpression in mature 
OSNs results in distance-biased Pcdh 
expression. (A) Schematic of the transgenic 
mouse line used to overexpress WAPL in mOSNs 
(OSN-WAPL-XP) and its mechanistic prediction. 
(B) Change in Pcdh expression of Pcdha genes 
between OSN-WT and OSN-WAPL-XP as a 
function of the relative distance of their 
promoters to the HS5-1 enhancer. A total of 
seven and eight biological replicates of  OSN-WT  
and OSN-WAPL-XP were used. (C) Relative 
usage of Pcdh gene clusters between OSN-
WAPL-XP and OSN-WT. The distance between 
the cluster-specific enhancer to the most 
distal promoter of that same cluster is shown 
in parentheses. (D) Change in contact proba-
bility determined by in situ Hi-C between Pcdh 
promoters and their respective enhancers as a 
function of the genomic distance between 
enhancer-promoter pairs. 
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phenocopied the deletion of the Pcdhac2 gene 
(14, 16). 
These data suggest that high WAPL in 5-HTs 

limits cohesin translocation along the Pcdh clus-
ter to promote the biased expression of Pcdhac2 
and 5-HT axon tiling. 

Discussion 

The generation of cell surface protein isoform 
diversity as a mechanism to promote neural 
self-avoidance and axon wiring is a strategy 

shared across evolution, from invertebrates to 
vertebrates (11). In flies, neurons that require 
cell surface barcoding diversity for their cir-
cuit assembly leverage the massive alternative 
splicing of the Dscam1 pre-mRNA that alone 
can generate >18,000 distinct protein isoforms 
(40–42). Conversely, neurons that require an 
identical cell surface  barcode to tile harness  
the Dscam2 gene (43), which instead only has 
two isoforms. By contrast, in mice, the single 
Pcdh gene locus produces the barcoding pro-

grams necessary for different neural wiring 
patterns, from tiling to convergence (14, 18). 
Here, we uncovered the molecular logic for 
how the Pcdh gene cluster achieves transcrip-
tional modularity (Fig. 6). Given the astonishing 
diversity of neural patterns in the brain and the 
role that Pcdh proteins play in neural self-
avoidance, we propose that different neural 
types tune cohesin activity, and thereby its pro-
cessivity, to generate the extent of Pcdh isoform 
diversity that meets their vastly differing wiring 
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requirements. We uncovered WAPL as a key 
modulator of Pcdh isoform diversity (Fig. 6). 
However, given the many cohesin subunits 
and known protein regulators, we speculate 
that other mechanisms might exist, beyond 
that of modulating WAPL levels, that define 
the combinatorial space of Pcdh isoform 
diversity. 
In support of this proposal, there are sev-

eral observations that implicate genetic var-
iants of the cohesin protein complex and its 
regulators associated with cohesinopathies, 
including Cornelia de Lange syndrome and 
Roberts syndrome (44), with dysregulation of 
Pcdh expression. It was found that clustered 
Pcdh genes are down-regulated in cells derived 
from Cornelia de Lange syndrome patients 
(45), in NIPBL (a cohesin loader)–heterozygous 

mouse models of Cornelia de Lange Syndrome 
(46),  and in brains isolated from the  cohesin-
STAG1 core subunit null embryos (47). On 
the basis of these observations and the data 
presented here, it is reasonable to speculate 
that the severe intellectual impairments as-
sociated with cohesinopathies arise from the 
dysregulation of clustered Pcdh expression. 
Thus, the implications of our findings extend 
beyond the mechanism of regulating healthy 
brain development and establish a biochem-
ical ground between the genetic variants of 
the cohesin protein complex and Pcdh dysreg-
ulation. More broadly, we also wonder whether 
our proposed model could provide a molec-
ular framework for the recently suggested 
link among cohesin, 3D genome structure, 
maturation, and function of mouse cortical 

neurons that extends beyond the regulation of 
Pcdh gene expression (48, 49). 

Rheostats as strategies to overcome 
transcriptional biases and achieve stochasticity 
of genes arranged in clusters 

We revealed an activity of the cohesin protein 
complex and its unloader, WAPL, in the di-
versification of cell surface proteomes required 
for brain wiring. Aspects of our proposed mech-
anism extend beyond the Pcdh gene locus and 
apply more generally  to  the  regulation of  other  
gene clusters with expression programs that 
are required for cellular diversification and 
fate. There is precedence for such a process 
in B cells, which also control their cohesin 
activity through WAPL to maximize antibody 
diversity using V(D)J recombination during 
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intensity (right) of Pcdhac2 mRNA in Tph2+ cells in 5-HT-WT and 5-HT-WAPL-cKO 
5-HTs. Each dot represents data from an individual Tph2+ cell, with two biological 
replicates per condition. (E) 5-HT wiring defects in 5-HT-WAPLcKO mice relative to 
5-HT-WT. Left: 5-HTs are indicated by IHC against SERT. White, SERT; blue, 
DAPI. CA1, cornu  ammonis  1; CA3, cornu  ammonis  3; DG, dentate  gyrus.  Right:  
Binary mask of SERT signal in presented images. SR, stratum radiatum; SLM, 
stratum lacunosum moleculare; MO, molecular layer. Red arrows indicate clumping 
of 5-HT axons. Scale bar, 100 mm. 
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maturation (50, 51). In that context, cohesin 
promotes contraction of the mouse immuno-
globulin locus to facilitate random contacts 
between the VH genes and the recombined 
DJH segments by the recombination center 
located at the 3′ end of the locus (51). Also in 
this context, WAPL has been proposed to reg-
ulate the distance that cohesin can extrude 
along the immunoglobulin locus to maximize 
antibody diversification (50, 51). These obser-
vations suggest a rheostat-like function of 
WAPL also in the regulation of V(D)J recombi-
nation and antibody diversity. 
In addition, there is a parallel in the logic 

of promoter stochasticity between Pcdh genes 
and OR genes. In fact, single OR choice in 
OSNs necessitates the anatomically regulated 
rheostatic-like activity of the NFIA, B, and X 
transcription factors that regulate the gradi-
ent of heterochromatin assembly and genome 
compartmentalization along the dorsoventral 
axis of the OE to promote zonal OR promoter 
choice (52). Our studies suggest that proper 
assembly of olfactory maps requires the devel-
opmental regulation of yet another rheostat, 
that of WAPL, which enables Pcdh diversity in 
mOSNs by controlling cohesin processivity on 
the Pcdh locus. 

On the basis of these previous studies and our 
present results, we propose that a rheostat-
operating logic is used by cells to enable 
promoter stochasticity in gene clusters, the 
architectures of which demand mechanisms 
to overcome transcriptional biases. Given that 
rheostat-operating mechanisms might require 
large changes in the concentration of protein 
factors with activity that is also  essential  for  
cell division (53), as is the case for WAPL, we 
hypothesize that the use of such strategies 
could be confined to noncycling cells such as 
B cells and postmitotic neurons. 

Materials and methods 
Animals 

Mice were treated in compliance with the rules 
and regulations of the institutional animal 
care and use committee under protocol num-
ber AN-170364-03F. For all experimental pro-
cedures performed in OSNs, both male and 
female animals between 3 and 24 weeks of age 
were used. For experiments performed to in-
vestigate Pcdh expression in 5-HTs, both male 
and female animals between 2 and 4 weeks of 
age were used.  Primary  FACS-sorted  cells  were  
obtained from dissected main OE. OSNs were 
sorted from Omp(iresGFP/+) mice. Rad21 cKO 

OSNs were achieved as described previously 
(24). Briefly, Rad21 conditional allele mice were 
crossed to Omp(iresCre/+) mice (Omptm1(cre)Jae). 
Recombined cells were purified by including 
a Cre-inducible tdTomato allele [ROSA26-
tdtomato, Gt(ROSA)26Sortm14(CAG–tdTomato)Hze/J] 
in the cross and selecting tdTomato+ cells by 
FACS. In the text and the figures, we refer to the 
Rad21 cKO in OSNs as OSN-RAD21-cKO for 
homozygous deletion of the floxed allele and as 
OSN-RAD21-het for heterozygous deletion of the 
floxed allele. The WAPL-overexpressing mouse 
was obtained by microinjection of a linear-
ized DNA plasmid containing the tetO-WAPL-
mCherry cassette using the Gladstone mouse 
facility core at the University of California San 
Francisco (UCSF). A total of four transgenic 
founders were characterized with two to three 
biological replicates each. When crossed to 
Omp(tTa) mice, WAPL-overexpressing OSNs 
were sorted using mCherry. The WAPL condi-
tional allele mouse was generated as described 
previously (54). WAPL floxed mice were crossed 
to Omp(iresCre/+) or to Sert(Cre) (JAX strain 
014554) mice to conditionally delete WAPL in 
OSNs or 5-HTs, respectively. In the text and the 
figures, we refer to the WAPL cKO as OSN-WAPL-
cKO and 5-HT-WAPL-cKO for homozygous 
deletion of the floxed allele in OSNs and 5-HTs, 
respectively. Primers used for genotyping are 
listed in table S1. 

FACS sorting of mouse OSNs 

Cells were dissociated into a single-cell sus-
pension by incubating freshly dissected main 
OE with papain for 30 to 40 min at 37°C ac-
cording to the Worthington Papain Dissoci-
ation System. After dissociation and filtering 
through a 35-mm cell strainer, cells were re-
suspended in 1× phosphate-buffered saline 
(PBS) with 2% fetal bovine serum (FBS) with 
DNase (0.0025% final concentration) and 4′,6-
diamidino-2-phenylindole (DAPI). For in situ 
Hi-C experiments, upon dissociation, cells were 
fixed with 1% formaldehyde for 10 min at room 
temperature (RT). Formaldehyde was quenched 
by adding glycine to a final concentration of 
0.125 M for 5 min at RT. Cells were then washed 
once and resuspended in cold PBS with 2% FBS 
and DNase (0.0025% final concentration). Fluo-
rescent cells were then sorted on a FACSAria II 
cell sorter (BD Biosciences). 

RNA isolation and sequencing studies 

RNA was isolated from tissue using TRIzol. Cell 
lysate was extracted with bromo-chloropropane, 
and RNA was precipitated with 100% isopropa-
nol supplemented with 10 mg of glycoblue for 
10 min at RT and then pelleted at 16,000g for 
30  min at 4°C. The RNA pellet was  washed  
once with 75% ethanol and then resuspended 
in RNase-free water to a maximal concentration 
of 200 ng/ml. Genomic DNA contaminants were 
removed by Turbo DNase. Removal of Turbo 
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the choice of Pcdh promoters that are located closer to their enhancers. In 5-HTs, high WAPL favors the 
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diversity increases. In OSNs, low WAPL favors stochastic Pcdh promoter choice independent of enhancer-
promoter distance, a mechanism that generates sufficient Pcdh protein isoform diversity required for convergence 
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WAPL rheostat. Barcodes correspond to the colors of the Pcdha isoform chosen. 
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DNase was performed by phenol:chloroform 
extraction, and RNA was precipitated as de-
scribed above, resuspended in RNase-free water, 
and stored at  –80°C. 
Sequencing libraries for total RNA were made 

using the SMARTer Stranded Total RNA-Seq 
Pico input mammalian RNA kit v2. The quality 
and quantity of all libraries were assessed by 
Bioanalyzer and Qubit. Libraries were sequenced 
on a NextSeq 500/550 (UCSF Gladstone Ge-
nomic Core). Unless otherwise stated, RNA-
seq data represent two biological replicates 
per condition. 

Single-cell RNA-seq studies 

Cells were dissociated from the main OE from 
8- to 12-week-old female mice as described 
above. About 16,000 cells were FACS purified 
for OSNs, submitted for 10x Genomics GEM 
generation using the Single Cell 5′ Gene Expres-
sion set-up, and sequenced using a NovaSeq 
SP100 PE50 (UCSF  Gladstone  Genomic  Core  
and the UCSF Center for Advanced Technol-
ogy) and a NextSeq2000 P2 200. The data 
were analyzed using 10x Genomics Cell Ranger 
6.0.1 with a recovery of 4000 to 8000 cells per 
experiment. Data analysis was performed 
using Seurat (55–58) and custom scripts. Pcdh 
isoform choice in mOSNs was defined as 
the detection of UMI-corrected reads in cells 
of high Omp expression (Omp+ , Gap43–). 
Single-cell RNA-seq analysis and statistics 
are provided in table S2. Data for single-cell 
experiments represent one biological repli-
cate per condition. 

In situ Hi-C 

About 500,000 sorted OSNs were lysed and in-
tact nuclei were processed through an in situ 
Hi-C protocol as previously described with a 
few modifications (59). Briefly, cells were lysed 
with lysis buffer [50 mM Tris, pH 7.5, 0.5% 
igepal, 0.25% sodium deoxycholate, 0.1% so-
dium dodecyl sulfate (SDS), 150 mM NaCl, and 
protease inhibitors]. Pelleted intact nuclei 
were then resuspended in 0.5% SDS and in-
cubated for 20 min at 65°C for nuclear perme-
abilization. After quenching with 1.1% Triton-X 
for 10 min at 37°C, nuclei were digested with 
6 U/ml of DpnII in 1x DpnII buffer overnight 
at 37°C. After the initial digestion, a second 
DpnII digestion was performed at 37°C for 
2 hours. DpnII was heat-inactivated at 65°C 
for 20 min. For the 1.5 hours fill-in at 37°C, 
biotinylated dATP (Jena Bioscience) was used 
instead of dATP to increase ligation efficiency. 
Ligation was performed at 25°C for 4 hours. 
Nuclei were then pelleted and sonicated in 
sonication buffer (10 mM Tris pH 7.5, 1 mM 
EDTA, 0.25% SDS) on a Covaris S220 (peak 
power 105.0; duty factor 2.0; cycle/burst 200; 
treatment time 960 s; temperature 4 to 8°C). 
DNA was reverse cross-linked overnight at 
65°C with proteinase K and RNAse A. Re-

verse cross-linked DNA was purified with 2× 
AMPure beads following the standard pro-
tocol. Biotinylated fragments were enriched 
using Dynabeads MyOne Streptavidin T1 beads. 
The biotinylated DNA fragments were pre-
pared for next-generation sequencing on the 
beads by using the Nugen Ovation Ultralow 
kit protocol with some modifications. After 
end repair, magnetic beads were washed twice 
at 55°C with 0.05% Tween, 1 M NaCl in Tris/ 
EDTA, pH 7.5. Residual detergent was removed 
by washing the beads twice in 10 mM Tris, 
pH 7.5. End repair buffers were replenished 
to original concentrations, but the enzyme 
and enhancer was omitted before adapter liga-
tion. After adapter ligation, beads underwent 
five washes with 0.05% Tween, 1 M NaCl in Tris/ 
EDTA, pH 7.5, at 55°C and two washes with 
10  mM  Tris, pH 7.5. DNA  was amplified  by  
10 cycles of polymerase chain reaction irre-
spective of starting material. Beads were re-
claimed, and amplified DNA fragments were 
purified with 0.8× AMPure beads. The OSN-
WAPL-cKO and OSN-WAPL-XP Hi-C datasets 
were generated using the Arima Hi-C kit ac-
cording to the manufacturer’s instructions. 
Quality and concentration of libraries were 
assessed by Agilent Bioanalyzer and Qubit. 
Samples were paired-end sequenced on a 
NextSeq 550 and 2000 and a NovaSeq (UCSF 
Gladstone Genomic Core and the UCSF Center 
for Advanced Technology). Hi-C analysis and 
statistics are provided in table S3. For OSN-
WAPL-XP, two Hi-C biological replicates were 
performed using cells FAC sorted from seven 
and five animals per replicate. For OSN-WAPL-
cKO, two Hi-C biological replicates were per-
formed using cells FAC sorted from one animal 
per replicate. 

Bioinformatic analysis of sequencing data 

For RNA-seq experiments, raw FASTQ files were 
aligned with STAR using the mm10 reference 
genome. The initial four base pairs of both 
paired reads were trimmed before alignment. 
Differential expression analysis was performed 
using DESeq2 (60). When comparing OSNs 
and 5-HTs, seven biological replicates from 
FACS-isolated OSNs and three published data-
sets from FACS-isolated raphe nuclei from 5-
HTs were used (39). When comparing OSN-WT 
with OSN-RAD21-cKO, OSN-RAD21-het, OSN-
WAPL-XP, or OSN-WAPL-cKO, seven biological 
replicates from FACS-isolated OSN-WT, two 
biological replicates from FACS-isolated OSN-
RAD21-cKO and OSN-RAD21-het, eight biological 
replicates from FACS-isolated OSN-WAPL-
XP, and two biological replicates from FACS-
isolated OSN-WAPL-cKO were used. 
For in situ Hi-C experiments, raw FASTQ files 

were processed using HiC-Pro (61, 62) (table S3).  
The Hi-C  maps were generated  from  raw Hi-C  
matrices in the cooler format by binning valid 
pairs into 5-kb bins. Raw matrices for the two 

replicates were merged (using cooler merge) 
and iteratively corrected (using cooler bal-
ance) (63). The normalized matrices were then 
smoothed and interpolated for visualization 
(using cooltools adaptive_coarsegrainand interp_ 
nan, https://doi.org/10.5281/zenodo.5214125). The 
contact probability as a function of genomic 
separation P(s) was computed using cooltools. 
expected_cis. Loop sizes were estimated based 
on the position of the peak in the log-derivative 
of P(s), with a correction factor equal to 0.6 ac-
cording to (64). Anchored loops were called 
using Mustache (65) on the balanced cool files 
of two merged Hi-C replicates binned at 5-kb 
resolution. The threshold P value for an in-
teraction to be reported was  set at 0.05 (using  
option –pt). Distances between anchors were 
computed based on the midpoints of the an-
chor coordinates. 

Preparation of mouse brain tissue sections 

Animals were perfused using standard trans-
cardial perfusion with ice-cold PBS and 4% 
paraformaldehyde (PFA), and brain tissue was 
immediately dissected. For experiments using 
OE and OB tissues, the OE/OB were dissected 
and immersion fixed in 4% PFA for 8 min, 
washed in PBS for 5 min three times at RT and 
incubated in 30% sucrose overnight at 4°C. 
The following day, samples were incubated in 
a 1:1 30% sucrose and optimal cutting tempera-
ture (OCT) solution for 1 hour and then moved 
to OCT for 1 hour before freezing. Samples were 
frozen in embedding molds using isopropanol 
and dry ice. For experiments targeting 5-HT 
neurons in the raphe and hippocampus, whole 
brains were dissected and placed in 4% PFA 
overnight at 4°C. The  brains  were  then  washed  
in PBS for 5 min three times at RT and trans-
ferred to 30% sucrose at 4°C overnight. Once 
sunk, OB tissue was removed from 30% su-
crose, incubated in a tube containing a 1:1 
solution of 30% sucrose and OCT embedding 
compound (Sakura, #4583) for 1 hour at RT, 
followed by another hour of RT incubation 
in an embedding mold containing pure OCT. 
Whole brains,  once  sunk, were directly trans-
ferred from 30% sucrose solution to an em-
bedding mold containing 2:1 30% sucrose and 
OCT. To freeze the tissue in its embedding 
solution, the mold was flash frozen in dry ice 
and isopropanol. Tissue was stored at –80°C 
until sectioning. Samples in OCT were placed 
in a Leica cryostat (Leica Microsystems, Wetzlar, 
Germany) for 30 to 45 min before sectioning 
to equilibrate. OCT was used to freeze samples 
to cryostat chucks. Sectioning was performed 
with a chamber temperature of –21°C and an 
object temperature of –17°C. Samples were 
sectioned coronally at 16 mm (OE and OB) and 
at 20 mm (hippocampus and raphe). All sec-
tions were mounted onto Superfrost Plus slides 
(Fisher Scientific, #12-550-15) and stored at 
–20°C until downstream use. 
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Immunohistochemistry 
For immunostaining of OB tissue, sections 
were fixed with 4% PFA in PBS, washed for 
5 min three times with PBS containing 0.1% 
Triton X-100, and blocked in 4% donkey 
serum in PBS plus 0.1% Triton X-100 for 30 min 
at RT. For immunostaining of the hippocam-
pus region, sections were directly washed with 
PBS plus 0.1% Triton X-100 and incubated with 
the  same blocking  serum  for 30min  at  RT.  After  
the blocking step, the slides were incubated in 
a humid chamber with primary antibodies di-
luted in blocking serum for 24 hours at 4°C. The 
following primary antibodies were used: rabbit 
anti-SERT (1:500, Millipore Sigma, #PC177L100UL), 
guineapiganti-VgGLUT2(1:2000, MilliporeSigma, 
#AB2251-I), guinea pig anti-m71 (1:1000, from 
the laboratory of G. Barnea), rabbit anti-WAPL 
(1:400, Invitrogen, #MA5-38145), rabbit anti-
RAD21 (1:100, Invitrogen, #PA528344), goat 
anti-OMP (1:1000, Fujifilm Wako Chemicals, 
#544-10001), and rabbit anti-GAP43 (1:500, 
Abcam, #ab75810). After extensive washing 
with PBS plus 0.1% Triton X-100, sections were 
incubated with Alexa Fluor–conjugated sec-
ondary antibodies diluted in blocking serum for 
2 hours before being washed again and mounted 
with Vectashield Antifade Mounting Medium 
with DAPI (Vector Laboratories). Alexa Fluor 
488 donkey immunoglobulin G (IgG) anti-rabbit 
(1:2000, Invitrogen, #A21206), and Alexa Fluor 
647 goat anti–guinea pig IgG (1:2000, Invitrogen, 
#A21450) were used as secondary antibodies. For 
all immunohistochemistry experiments, at least 
two biological replicates were characterized, 
and representative images are shown. 

Hybridization chain reaction experiments 
on fixed tissue sections 

RNA-FISH experiments were performed using 
hybridization chain reaction (HCR) technol-
ogy from Molecular Instruments. Fixed tissue 
sections from postnatal day 20 mice were 
stored at –20°C and allowed to dry at RT for 
5 min. An HCR protocol (dx.doi.org/10.17504/ 
protocols.io.8epv59725g1b/v2) was then per-
formed. The following probes and matching 
hairpins ordered from Molecular Instruments 
were used: Tph2 (lot number PRE854), Pcdhac2 
(lot number PRK987), Omp (lot number PRK986), 
and Wapl (lot number PRQ058). The hairpin am-
plification systems used for Tph2 and Pcdhac2 
were B1 at 647 nm and B3 at 488 nm, respec-
tively. The B4 546-nm hairpin amplification 
system was used for both Omp and Wapl. 

Imaging studies 

Sections from the OB and raphe were imaged 
using a Yokogawa CSU-W1 SoRa spinning disk 
confocal microscope. Sections from the hippo-
campus were imaged using a Leica DMi8 in-
verted microscope and stitched using the LAS 
X software platform. All images were postpro-
cessed in Fiji software. 

Quantification of Pcdhac2 expression in the 
raphe nuclei 
Pcdhac2 and Wapl mRNA expression levels in 
individual 5-HT neurons were quantified using 
a custom CellProfiler pipeline (66). The pipe-
line categorized input images from HCR ex-
periments into groups of three as follows: (i) 
images containing Pcdhac2 or Wapl mRNA 
signal, (ii) images containing the Tph2 mRNA 
signal, and (iii) manual segmentations of 5-HT 
somas based on Tph2 expression performed in 
Fiji. The pipeline first identified 5-HT somas 
from the manual segmentations using the 
two-class Otsu thresholding method with a 
correction factor of 1.0. These somas were then 
used as a mask over the Pcdhac2/Wapl images, 
only keeping signal residing within 5-HT somas. 
The masked Pcdhac2/Wapl images were then 
enhanced for speckle features with a maxi-
mum size of  10 pixels to make mRNA puncta  
easier to identify. Pcdhac2 and Wapl puncta 
were identified using the robust background 
thresholding method with a correction factor 
of 1.0, lower and upper outlier fractions of 
0.05, and 3 SDs for Pcdhac2 images. Five SDs 
were  used  for Wapl images to account for the  
slightly lower signal-to-noise ratio generated 
by the Wapl probes relative to the Pcdhac2 
probes. Clumped puncta were distinguished 
by shape, and dividing lines between clumped 
objects were drawn based on intensity. Finally, 
the RelateObjects module was used to assign 
Pcdhac2 and Wapl puncta to their parent 5-HT 
somas. Data for all Pcdhac2 and Wapl puncta 
and Tph2 soma objects were exported using 
the ExportToSpreadsheet module. To quantify 
Pcdhac2 and Wapl mRNA abundance, both 
the number of puncta in Tph2+ somas and the 
total intensity of all puncta within a soma were 
measured. Both metrics agreed on the reported 
effects on Pcdhac2 and Wapl expression. 
To  determine sample size for  experiments  

comparing Pcdhac2 and Wapl expression in 
5-HT neurons, the number of cells required to 
have an 80% power, at probability level 0.05, 
of detecting a difference of 10 puncta per cell 
between an experimental condition and a con-
trol condition with a mean of 60 puncta per 
cell was calculated, with both conditions having 
SDs of 20 puncta.  Our calculations estimated  
65 cells per condition, and between 65 and 
140 cells per condition from two biological 
replicates were used in each experiment. The 
mean and SD values were determined from 
pilot experiments in WT tissue. 

Quantification of IHC and RNA-FISH signal 
in the OE 

For quantification of IHC images, signal inten-
sity profiles were generated in Fiji and aver-
aged across three biological replicates. WAPL, 
RAD21, and OMP signals were quantified using 
equally sized rectangular selections spanning 
from the basal lamina of the OE to the apical 

sustentacular cell layer. For quantification of 
RNA-FISH signal, Pcdhac2, Wapl, and Omp 
puncta were identified using the same Cell-
Profiler pipeline as described above. Two im-
ages were quantified for each mRNA, with each 
being from a different biological replicate. In 
each of these images, a line was manually drawn 
in Fiji outlining the basal lamina of the OE. 
These lines were exported as a series of (x,y) 
coordinates. For each punctum identified in 
the CellProfiler pipeline, the shortest distance 
was calculated between the punctum and the 
basal lamina using the punctum’s (x,y) coordi-
nates and the coordinates of the basal line. 
These distances were plotted as histograms 
with 25 bins for each RNA. 

Quantification and statistics 

Statistical tests were performed using two-
sided Wilcoxon rank-sum tests. Statistically 
significant effects are reported in the respective 
figure panels using asterisks as *P < 0.05,  
**P < 0.01, ***P < 0.001, and ****P < 0.0001; 
otherwise, the P values associated with the 
observed transcriptional changes  are provided  
in Figure 5B. 
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Editor’s summary 
Neural self-nonself discrimination requires the generation of cell surface “barcoding” diversity. Neurons expressing the 
same barcode avoid each other to maximize interactions with other neurons. In mammals, clustered Protocadherin 
(Pcdh) proteins function as barcodes. By studying the expression regulation of Pcdh genes in mouse serotonergic and 
olfactory sensory neurons, Kiefer et al. uncovered that the combinatorial space of Pcdh isoform diversity in individual 
cells rests on the DNA translocation activity of cohesin and its unloader, WAPL. These findings expand the repertoire 
of molecular logic that generates the protein isoform diversity required for cell fate and function. —Di Jiang 
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