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The essential functions of polycomb repressive complex 1
(PRC1) in development and gene silencing are thought to involve
long non-coding RNAs (lncRNAs), but few specific lncRNAs that
guide PRC1 activity are known. We screened for lncRNAs, which
co-precipitate with PRC1 from chromatin and found candidates
that impact polycomb group protein (PcG)-regulated gene expression in vivo. A novel lncRNA from this screen, CAT7, regulates
expression and polycomb group binding at the MNX1 locus during
early neuronal differentiation. CAT7 contains a unique tandem
repeat domain that shares high sequence similarity to a non-syntenic zebrafish analog, cat7l. Defects caused by interference of
cat7l RNA during zebrafish embryogenesis were rescued by human
CAT7 RNA, enhanced by interference of a PRC1 component, and
suppressed by interference of a known PRC1 target gene, demonstrating cat7l genetically interacts with a PRC1. We propose a
model whereby PRC1 acts in concert with specific lncRNAs and
that CAT7/cat7l represents convergent lncRNAs that independently evolved to tune PRC1 repression at individual loci.
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Cellular specification during development is an intricate process involving many layers of genomic regulation, including
gene repression and chromatin modification by the PcG9 complexes (1). Recent evidence suggests that a diverse class of
lncRNAs may tune repression in a cell-type specific manner by
initiating or stabilizing binding of PcG complexes to individual
gene loci (2). Most of this work focuses on the polycomb repressive complex 2 (PRC2) family of PcG complexes, which methylates lysine 27 of histone H3 (H3K27me3) but whose activity is
not sufficient to silence chromatin. The PRC2 family of complexes interacts with thousands of coding and non-coding transcripts in vivo, with varying degrees of specificity in vitro (3– 6),
making it difficult to discern which specific lncRNAs functionally impact PcG biology via interaction with PRC2.
In contrast, the potential for lncRNAs to influence PRC1
function or targeting has been less studied despite the clear
mechanistic importance of PRC1 to stable gene silencing. PRC1
family complexes are functionally and compositionally diverse
(7, 8) (Fig. 1A) and either ubiquitylate histone H2A or compact
nucleosomes in vitro. This activity is necessary for stable
repression in vivo, presumably limiting access of the transcriptional machinery to DNA (9 –11). The complexes are guided to
chromatin by various mechanisms, including binding to
H3K27me3 deposited by PRC2 (12) and PRC2-independent
mechanisms (13). Recent studies have reported a handful of
RNAs that functionally affect gene silencing and might directly
impact PRC1 targeting to specific loci (14 –16). Defining additional lncRNAs that affect recruitment or silencing by PRC1
may provide novel insights into the regulation of PcG repression during development.

9

The abbreviations used are: PcG, polycomb group; lncRNA, long non-coding
RNA; PRC1 and PRC2, polycomb repressive complex 1 and 2, respectively;
CAT, chromatin-associated transcript; TRD, tandem repeat domain; GRIP,
gradient RNA immunoprecipitation; qPCR, quantitative PCR; FDR, false discovery rate; hESC, human embryonic stem cell; hpf, hours post fertilization;
MO, morpholino; RACE, rapid amplification of cDNA ends; IP, immunoprecipitate; RPKM, reads per kilobase per million.
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Identifying lncRNAs that impact PRC1 biology is challenging
because it is not known which specific component(s) of PRC1
(or ancillary factors) might interact with RNA, limiting the utility of in vitro approaches or UV-cross-linked cross linked IP
approaches. To address this challenge, we developed a method
to systematically identify lncRNAs, which are both in close
physical proximity to PRC1 family complexes on chromatin
and which affect PRC1 function regardless of the exact components that interact with RNA. We isolated candidate lncRNAs
via an immunoprecipitation from cross-linked, purified chromatin with antisera specific for the BMI1 subunit of PRC1. We
identified a number of co-precipitating lncRNAs, referred to as
CATs (chromatin-associated transcripts), and tested the ability
of these lncRNAs to influence regulation of PRC1 function. We
focused on a lncRNA from this screen called CAT7, which contains a tandem repeat domain (TRD) found in both humans and
zebrafish. Using RNA depletion experiments, we showed that
human CAT7 expression is necessary for full repression of the
nearby PcG-target gene, MNX1, during neuronal differentiation, and that cat7l, the independently evolved zebrafish analog
of CAT7, interacts genetically with zebrafish bmi1a/b to affect
brain development. Deficiency of cat7l during zebrafish
embryogenesis can be functionally rescued by human CAT7
RNA or suppressed by depletion of a bmi1a/b target gene, indicating convergence of both the lncRNA sequence and function
between species. These results implicate CAT7/cat7l in modulating PRC1-mediated gene repression in humans and zebrafish
and thus provide a model where rapidly evolving lncRNAs may
specifically regulate PRC1 in various developmental and evolutionary settings.

Results
To enrich for RNAs that might affect PRC1 function, we
identified RNAs that are bound to chromatin in the vicinity of
PRC1 using a gradient RNA immunoprecipitation (GRIP) protocol biochemically tailored for chromatin/RNA interactions.
It is not known whether any of the numerous components of
canonical or variant PRC1 complexes have the ability to bind
specifically to RNA, nor is it known whether auxiliary binding
proteins confer allosteric changes or provide direct binding
surfaces necessary for RNA binding specificity, as has been suggested for PRC2 (17). Therefore, we formaldehyde-cross-linked
cells to preserve RNA-protein complexes as they are composed
on chromatin. Our initial experiments were performed in HeLa
F-17 cells, which ectopically express murine FLAG-Bmi1 (18).
We focused on BMI1 as a proxy for PRC1 family complexes
because BMI1 is found both in variant PRC1 family complexes
that ubiquitylate H2A and in canonical PRC1 complexes that
compact chromatin (7, 9) (Fig. 1A). We isolated chromatin
from HeLa nuclei via a CsCl density gradient to reduce cytosolic
and nucleoplasmic RNA contaminants. We confirmed that
BMI1 co-migrated on the gradient with other PcG subunits,
histones, chromatin-bound RNAs, and bulk DNA but not with
free RNAs and unbound protein (Fig. 1, B–H). We then immunoprecipitated BMI1 alongside cross-linked protein/RNA from
the resulting BMI1-rich fractions. For comparative purposes,
we performed two separate IPs from the chromatin fractions,
one using antisera against endogenous BMI1 and one targeting
SEPTEMBER 9, 2016 • VOLUME 291 • NUMBER 37

FLAG-Bmi1. The co-precipitating RNA from the two IPs (Fig.
1, I–P) was sequenced, and the results were cross-validated;
RNAs truly present at PRC1-bound chromatin were expected
to be enriched above input signal in both IPs.
We identified RNAs enriched in the two IPs by de novo peak
calling and analysis of annotated regions. Input-normalized IP
enrichment (reads in IP/reads in input) was high and correlated
well between BMI1 and FLAG-Bmi1 IPs at overlapping de novo
peaks (R ⫽ 0.65; 545/12,606-fold change ⬎4 and q-value
⬍0.05) and at previously annotated lncRNAs (R ⫽ 0.92; 102/
422-fold change ⬎4 and q-value ⬍0.05). In contrast, mRNA
exons were not strongly enriched (R ⫽ 0.32; 8/5637-fold change
⬎4 and q-value ⬍0.05, Fig. 1, M–P, supplemental Table 1),
suggesting that nascent mRNAs are not prominently found at
sites of PRC1 binding. To test the reproducibility and specificity
of this screen, we replicated the BMI1 IP alongside control IPs
targeting the widely bound chromatin protein CTCF (not
known to interact with PRC1) or an IgG control (Fig. 1, Q and
R). We performed RT-qPCR on 64 candidates and controls,
which we call CATs, and validated 43 candidates that co-precipitated with BMI1/PRC1 but not with controls (Fig. 1R,
supplemental Table 2). These candidates included the REP-E
region of the known PcG-interacting lncRNA XIST (Fig. 1, I, M,
and R). The strong enrichment for lncRNAs among these candidates, as opposed to mRNA exons, contrasts with previous
genome-wide observations for PRC2 (4, 19) and indicates that
lncRNAs might be selectively associated with sites of PRC1bound chromatin.
To assess whether the co-precipitating lncRNAs impact
expression of PcG-regulated genes, we individually knocked
down 17 of the 43 candidates and sequenced total RNA after
48 h (Tables 3 and 4). We identified differentially expressed
genes in cells treated with pooled siRNAs targeting the lncRNA
versus cells treated with a scrambled control. Knockdown of at
least 5 novel candidates distinctly and reproducibly altered
PcG-target gene expression (p-value ⬍ 0.001, hypergeometric
probability). For these 5 candidates, PcG-target genes were
among the top 10 overrepresented categories of genes from
6176 previously curated gene sets from HeLa and other cell
types (20) (FDR ⬍ 0.001 hypergeometric probability, Fig. 2, C
and D), a feature not observed after knockdown of several
mRNA/lncRNA controls or between scrambled knockdown
controls (supplemental Table 4). We conclude that multiple
candidates from our screen cause distinct, widespread molecular phenotypes upon knockdown, characteristic of perturbations to PcG-regulated gene networks (21, 22). We note that
this screen cannot discriminate between direct and indirect
changes to PcG target gene expression, and we anticipate that
some observed changes in expression are indirect/cascading
effects typical of lncRNAs that perturb PcG-silenced master
regulators (6, 23).
Description of Purified lncRNAs—We anticipated that
lncRNAs that impact PcG biology would be primarily localized
to the nucleus and likely expressed in a tissue-specific manner
in cells from across the body. We characterized the 64 candidates selected as above with respect to cellular localization and
expression in various tissues and also examined transcript
abundance and possible sequence motifs. To query nuclear
JOURNAL OF BIOLOGICAL CHEMISTRY
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localization, we examined cell-fractionated RNA-seq data from
ENCODE and found that 53/59 of the candidates (for which
there was sufficient signal) were primarily or exclusively
observed in the nuclear fraction (supplemental Table 2, Fig.
2B). This set included all 43 candidates that were validated in
the biological replicate of the BMI1 gradient RNA IP. Nuclear
localization might be expected from RNAs identified via a chromatin fractionation and co-precipitated by a nuclear factor.
However, in contrast, PRC2 binds many (possibly nascent)
mRNA exons (4, 19), which are primarily transported to the
cytoplasm to enact their known functions. The nuclear localization supports the hypothesis that the primary functional
roles of the candidates identified in this screen likely occur
within the nucleus. We also analyzed the sequences of the candidates but were not able to find compelling specific sequence
motifs. Many candidates (22 of 43; supplemental Table 2), such
as CAT7 and XIST REP-E (Fig. 1, F and G, supplemental Fig.
2C), contained unique tandem repeats, which are much less
likely to be contained in mRNA exons. Although the different
characteristics of the RNAs that interact with PRC1 and PRC2
may partially be attributed to the technical implementation of
GRIP versus prior IP techniques, it is possible that PRC1 and
PRC2, known to have distinct activities, also have distinct functional interactions with RNAs.
We further tested RNA expression of several candidates
across a variety of adult and embryonic tissues by RT-qPCR
and found that the lncRNA candidates were expressed in a
highly tissue-specific manner (data not shown). We found
that expression levels of the 64 candidates varied widely in
the input fraction (supplemental Table 1). This demonstrates that the candidates we identified are expressed at a
large range of abundances (⬎100-fold range of expression in
input, measured in RPKM).
CAT7 Regulates MNX1 Expression in Neuronal Lineages—
To further explore possible regulatory relationships between
the candidate lncRNAs and PRC1, we focused on the 1.6-kb,
polyadenylated, single-exon lncRNA, CAT7 (RACE-PCR
results in Fig. 1J). We selected CAT7 from the five candidates
above because its knockdown reproducibly impacted many
PcG-regulated genes (supplemental Table 4) and because it
contains a TRD that is unique to a single locus in the genome
yet is present in several organisms (see below). We hypothesized that CAT7 may positively influence PcG binding at
gene(s) whose expression increased after CAT7 knockdown.
We examined the relationship between CAT7 and the up-regulated PcG-target, MNX1, which stood out because of its proximity to the CAT7 gene (⬃400 kb) and the precedent for

lncRNAs to regulate gene expression over a long range in cis
(24). MNX1 is essential for formation of both pancreatic beta
islets and motor neurons, and its dysfunction is implicated in
neonatal diabetes (25) and the dominant developmental disorder, Currarino syndrome (26). Moreover, CAT7 is located
inside a gene desert region between SHH and RNF32. This
region, extending beyond RNF32 toward MNX1 (a target of
SHH) is highly cross-regulatory (27), supporting the hypothesis
that there could exist a regulatory relationship between CAT7
and the MNX1 locus.
During early motor neuron differentiation from human
embryonic stem cells (hESCs), MNX1 is initially silenced
(28). CAT7 expression commences at day 2 (estimated ⬃5
copies/cell), whereas the rapid up-regulation of MNX1 did
not commence until day 6 (Fig. 3A). We hypothesized that
CAT7 impacts the temporal regulation of the MNX1 locus.
Specifically, as with many genes silenced in hESCs, PcG proteins are associated with MNX1, but further mechanisms are
required to modulate PcG silencing as cells traverse through
differentiation (28). Thus, CAT7 might help to maintain PcG
repression before cells become fully committed to the motor
neuron lineage. To test this, we knocked down CAT7 in
hESCs (day 0) and exposed the cells to posteriorizing neural
differentiation conditions (29). Subsequently, we harvested
the cells after 72 h of differentiation (before de-repression of
MNX1 under normal conditions).
After CAT7 knockdown, expression profiling by RNA
sequencing showed an increase in expression of MNX1 in the
posteriorized neural culture relative to the scrambled control
(supplemental Table 4). We confirmed this result by quantifying MNX1 up-regulation by RT-qPCR alongside two other
SHH/PcG-regulated genes, ISL1 and IRX3, which were up- or
down-regulated after CAT7 knockdown, respectively (Fig. 3B),
and which show analogous expression patterns in primary
mature motor neurons (28). Additionally, we saw similar
expression changes across the genes in hESC-derived motor
neuron progenitors generated from an alternative differentiation protocol, in neuronal cells treated with a variety of antisense oligos, and in HeLa cells after CAT7 knockdown (Fig. 3,
B–D). CAT7 knockdown did not significantly alter expression
of SHH, a known regulator of MNX1 (28), suggesting that the
effect on MNX1 is not a consequence of SHH up-regulation
(supplemental Table 4) and that CAT7 might regulate the
MNX1 locus.
If the observed up-regulation of MNX1 was caused by
impaired PRC1-mediated repression after CAT7 knockdown,
we might expect to see lowered PcG binding at the MNX1 pro-

FIGURE 1. PRC1 co-precipitates with RNAs on chromatin. A, PRC1 family complexes (adapted from Ref. 13). B–H, HeLa nuclear lysate was applied to a CsCl
density gradient. Fractions were probed by Western blot (C), Bradford assay (D), absorbance at 260 nm (E), DNA purification and agarose gel electrophoresis (F),
RNA purification and electrophoresis (via Agilent Bioanalyzer) (G), and RT-qPCR of various long non-coding RNAs or controls (H). In A, SUZ12 is a subunit of the
related complex, PRC2; PHC1 is another PRC1 component; H3 is representative of bulk histones; CTCF is a widely bound chromatin protein that is not known
to interact with PRC1. I–K, RNAs co-precipitating with BMI1 and FLAG-Bmi1 (using fractions 4 – 6 as input (Inp)) were sequenced. Here, I and J represent positive,
chromatin-bound hits from unannotated and annotated lncRNA regions, and K is a negative lncRNA region. These findings are replicated via qPCR in R, and
XIST expression and localization in these cells is validated by RNA-FISH (L). Enrichment (reads in IP/reads in input) was compared across the following regions
of the genome: de novo peaks found in both BMI1 and FLAG-Bmi1 (M), mRNA exons (N), de novo peaks intersecting annotated lncRNAs (O), or annotated
lncRNAs (P) (see “Experimental Procedures”). The number of significantly co-enriched RNAs is shown in red versus totally in black. Correlation coefficients
(Pearson’s) between BMI1 and FLAG-Bmi1IPs across the plotted regions are noted. 17 peaks (blue) were selected for downstream validation. Q, GRIP eluate was
analyzed to show that BMI1 or FLAG-Bmi1 is selectively bound at known peaks from a published BMI1 positive control region from HeLa cells (see supplemental
Table 2; Ref. 46). Here, FLAG-Bmi1 composes 20% of the total BMI1/Bmi1 in the cell.
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FIGURE 2. Candidate lncRNAs impact distinct PcG-regulated transcriptional networks. A and B, selected candidate lncRNAs were knocked down by siRNAs
in the nucleus, as assayed by RT-qPCR (n ⱖ 2, error ⫽ S.D.) (A) and Northern blot (B). C, genes that are up-regulated after lncRNA knockdowns compared with
the scrambled control show significant overlap with PcG-target genes. PcG-targets are among the most overrepresented from ⬎6000 gene sets in the
Molecular Signatures (MolSig) Database (hypergeometric FDR). The statistics shown reflect the most significantly enriched PcG-related gene subset in the
MolSig database. D, chromosomal locations of lncRNAs and the up-regulated PcG-target genes (from MolSig database) are mapped; there is no significant
overlap of up-regulated genes caused by different siRNA knockdowns. **, FDR ⬍ 0.001.

moter. To test this model, we performed ChIP-qPCR at the
MNX1 locus with antisera targeting a PRC1 component, a
PRC2 component, and H3K27me3 (HeLa only) in CAT7-
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knockdown or scrambled-control cells. We performed these
experiments in both HeLa and hESC-derived posteriorized
neural culture. In each case we observed a ⬃30% loss in PRC1/
VOLUME 291 • NUMBER 37 • SEPTEMBER 9, 2016
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FIGURE 3. Knockdown of CAT7 causes MNX1 overexpression and a loss of PcG-binding at the MNX1 promoter. A, MNX1 and CAT7 expression during
posteriorized neuronal differentiation. B, RNAi of CAT7 or scrambled control (Scr) causes up-regulation of MNX1/ISl1 and down-regulation of IRX3 in posteriorized motor neurons, motor neuron precursors, and HeLa cells. C and D, several siRNAs or ASOs show selective knockdown of CAT7, and are accompanied by
upregulation of MNX1 in neuronal precursors. E and F, ChIP-qPCR after RNAi of CAT7 yields loss of PRC1, PRC2, and H3K27me3 components at the MNX1
promoter in HeLa cells (C) and posteriorized neural culture (D), but no effect is seen at a control HOXD11 region (p-values from Student’s t test normalized such
that the IP performed in control siRNA treated cells ⫽ 100%). n ⫽ 3, error ⫽ S.D. from biological replicates. *, p ⬍ 0.05; ND, no data (not expressed).

PRC2/H3K27me3 signal at the MNX1 promoter after CAT7
knockdown (Fig. 3, E and F), a level of effect similar to those
caused by knockdown of numerous known PcG-interacting
lncRNAs (17, 31). Various PRC1 family complexes and PRC2
positively cross-regulate each other (12, 32, 33), so it is not
surprising that both PRC1 and PRC2 subunit binding are
SEPTEMBER 9, 2016 • VOLUME 291 • NUMBER 37

impacted by CAT7 knockdown. Conversely, we saw no significant changes in ChIP signal at a HOX positive control locus and
minimal signal in all IPs at an intergenic, negative-control
locus. We conclude that knockdown of CAT7 de-repressed
MNX1 and decreased PcG binding at the MNX1 promoter during human neuronal differentiation as well as in HeLa cells.
JOURNAL OF BIOLOGICAL CHEMISTRY
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This supports the hypothesis that a class of lncRNAs can tune
PcG binding and function at individual loci.
A CAT7 Analog Interacts Genetically with bmi1a/b in
Zebrafish—CAT7 has broad sequence similarity to genomic
regions across many species (supplemental Table 3), raising the
possibility that CAT7-like RNAs are part of a generalized
mechanism for regulating PRC1 function. We focused on a
unique ⬃1.2-kb TRD of CAT7 (Fig. 1G) that has 57% sequence
identity with a single genomic region in zebrafish. This region is
expressed in zebrafish embryos as evaluated by RT-PCR at 24 h
post fertilization (hpf). Because the regions of similarity are not
syntenic between primates and other orders (supplemental
Table 3) and might, therefore, have arisen independently, we
would not expect the RNAs to affect expression of the same
target genes (such as MNX1) in human and zebrafish. However,
the zebrafish CAT7-like RNA (cat7l) might functionally interact with PRC1 based on its high sequence identity with human
CAT7. We, therefore, disrupted zcat7l RNA in zebrafish
embryos to study its role in a developing organism and its
genetic interactions with bmi1a/b.
We tested the functional role of cat7l during zebrafish
embryogenesis by morpholino interference of cat7l. Morpholino-mediated disruption was chosen over CRISPR/Cas9-mediated genomic mutations because small deletions are unlikely
to affect lncRNA function; an individual key nucleotide(s) must
be identified for deletion to impair function and may not exist
in a repetitive domain. Moreover, phenotypes caused by deletion of DNA regulatory elements would be difficult to distinguish from those caused by impaired lncRNA function, confounding interpretation of large deletions. We, therefore,
designed morpholinos that bind to cat7l with total complementarity at up to 11 locations across the zebrafish RNA, potentially
blocking sites of protein interaction or interrupting RNA secondary structure (see Fig. 5A). We found that morpholinos targeting cat7l (cat7l MO), but not a control sense morpholino
(cat7l sense MO control), caused microcephaly by 48 hpf (Fig. 4,
A–E) and death starting on day 5. The microcephaly phenotype
of cat7l knockdown was verified in p53-null fish (34, 35) using
three independent non-overlapping morpholinos (Figs. 4B and
5, B–D), demonstrating that the phenotype does not result
from p53-dependent morpholino toxicity or an off-target effect
of a single morpholino.
To test the functional relationship between human CAT7
and cat7l and to further verify the phenotype is a result of cat7l
depletion, we attempted to rescue the morphant phenotype
with full-length human CAT7 RNA. To prevent cross-hybridization, we selected morpholinos that targeted cat7l but differed from human CAT7 at a minimum of 6 well spaced bases
(Fig. 5A, see “Experimental Procedures”). Upon co-injecting
morpholino and human CAT7 RNA into wild-type fish, we saw
a clear, dose-dependent rescue with human CAT7 as compared
with controls (Figs. 4C and 5C). This rescue by human CAT7
RNA was recapitulated with three separate morpholinos targeted to cat7l (minimum 6, 12, and 8 mismatches to hCAT7) in
p53-null fish (Figs. 4B and 5, A, C, and D) and further supports
that the CAT7 phenotype is not caused by off-target or p53mediated effects. We conclude that human CAT7 can be added
to early zebrafish embryos in trans to play a functional role
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similar to its zebrafish analog, cat7l, in development. Although
lncRNAs in zebrafish have only recently been annotated and
are not well functionally or mechanistically described, our findings suggest that they may play a role in PcG biology as seen in
plants and mammals.
The microcephalic phenotype of cat7l morphants is reminiscent of previously characterized bmi1a/b morphants (Fig. 4, D
and E), although onset of the phenotype is earlier for bmi1a/b
depletion, at 28 hpf (36). To test if cat7l and bmi1a/b genetically
interact in zebrafish, we performed a triple knockdown experiment targeting bmi1a, bmi1b, and cat7l using morpholino
doses titrated below the effective range for microcephaly (0.32
ng each for bmi1a/b and 0.2 ng for cat7l). By administering all
three morpholinos at low dosages, we expected that a synergistic effect would arise if bmi1a/b and cat7l genetically interacted
but would not arise if the pathways were independent. We saw
that when low morpholino dosages were administered singly, a
majority of the embryos appeared normal (24 and 12% show
microcephaly in low cat7l and bmi1a/b, respectively). When
low dosages were administered in combination, 80% of the
zebrafish exhibited microcephaly by 48 hpf (Fig. 4, D and E).
This synergistic effect emerged at a lower cumulative morpholino concentration than that required to produce a phenotype
for each individual morpholino. This effect was also seen in p53
null fish (Fig. 5, B and D) but was not observed when cat7l sense
control morpholinos were used in combination with the
bmi1a/b morpholinos (data not shown). Together, these results
suggest a genetic interaction exists between cat7l and
bmi1a/b.
To characterize the intersection of the bmi1a/b and cat7l
pathways, we disrupted the function of the classic bmi1a/b target, ink4ap16, shown previously to suppress the bmi1a/b morphant phenotype (36). If cat7l acts in the bmi1a/b pathway,
interfering with the function of a known bmi1 target gene
involved in microcephaly may also suppress the cat7l phenotype. Consistent with this reasoning, we found that co-injection
of the ink4ap16 morpholino with any of the three individual
cat7l morpholinos suppress the microcephalic cat7l phenotype
in both wild-type and p53 null fish (Fig. 4, E and F; Fig. 5, B and
D). Furthermore, ink4ap16 morpholinos could also suppress
microcephaly caused by the synergistic effects of a low dose of
bmi1a/b/cat7l morpholinos in wild-type and p53 null fish (Fig.
4, E and F; Fig. 5, B and D). Together, the ink4ap16 suppression
experiments, the synergistic cat7l/bmi1 disruptions, and the
human RNA rescue experiments present orthogonal lines of
evidence for a shared cat7l/bmi1a/b pathway. We conclude
that cat7l genetically interacts with bmi1a/b during zebrafish
development and functions upstream of the direct bmi1a/b target, ink4ap16. Our findings strengthen a functional association
between CAT7/cat7l lncRNAs and PRC1 in humans and
zebrafish.

Discussion
Our findings originate with a biochemical screen for RNAs,
which co-precipitate with PRC1, and culminate with the identification of lncRNAs, which impact PcG biology in human
neuronal development and vertebrate embryogenesis. We used
a chromatin-based biochemical screen (GRIP) to isolate
VOLUME 291 • NUMBER 37 • SEPTEMBER 9, 2016
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lncRNAs that co-localize on chromatin with PRC1. The impetus for designing a screening method tailored for chromatin is
based on PRC1/RNA biology; high subcomplex variability and
the confounding issues generated by RNA binding to DNA
binding domains have limited the utility of CLIP and direct
binding assays. GRIP employs a cross-linked, CsCl gradient to
biochemically enrich for interactions occurring between intact
complexes and RNA as they occur on chromatin. The CsCl
density gradient separates chromatin from free protein and free
RNA (Fig. 1, B–H), and its high ionic strength is also able to
ablate many nonspecific RNA/protein and protein-protein
interactions. GRIP is generally applicable to a range of chromatin complexes but is particularly amenable to PRC1 family complexes because it is not known which PRC1 subunits and/or
binding partners (if any) confer RNA binding specificity in vivo
or in vitro. The cross-linked approach captures RNAs in the
proximity of both compacting and ubiquitylating PRC1 family
complexes. Our findings demonstrate the relevance of these
RNAs, first identified via biochemical and molecular purification, to PcG biology.
A novel candidate from this screen, CAT7, impacts repression and PRC1 binding at the MNX1 locus during early neuronal differentiation. CAT7 was identified via its proximity and
functional relationship to BMI1, and cat7l, a CAT7 analog, was
identified because it spans a TRD with sequence similarity to
CAT7 and displays a parallel genetic interaction with bmi1a/b
during zebrafish development. Although CAT7/cat7l are not
syntenic and, therefore, likely evolved their TRDs separately,
human CAT7 RNA can rescue phenotypes caused by knockdown of cat7l during zebrafish development, indicating convergence of function in addition to convergence of the TRD
sequence. We do not presume that the independently evolving
CAT7/cat7l lncRNAs play identical roles in human/zebrafish
development as a lncRNA may exhibit multiple cellular functions, and furthermore, those functions may depend on the
presence of a specific cellular state. Rather, we propose that in
some cases, an excess of a similar PRC1-associated TRD can
compensate for the loss of another. TRDs are thought to be
important modulators in PcG/lncRNA biology; the unique
TRDs REP-A and REP-C of the mammalian lncRNA XIST have
been previously implicated in PRC2 binding and spreading (4,
37), and we also observed a distinct XIST repeat, REP-E, co-precipitating with PRC1 in our screen. The functional convergence
of CAT7/cat7l suggests a model whereby analogous TRDs
evolve rapidly and independently as a mechanism to regulate
PRC1 activity during development.
Many mechanistic questions remain surrounding how
lncRNAs may influence PRC1 function. First, it is not clear
whether lncRNAs directly bind to PRC1 core components
and/or to ancillary proteins that modulate PRC1 function, nor
is it clear which component(s) or binding partners, if any, confer specificity. Our data show that PRC1 primarily co-precipi-

tates with lncRNAs rather than with mRNA exons (as seen with
previous PRC2 pulldown assays; Refs. 3, 4, 6, and 19), suggesting
that a distinct RNA binding mechanism could exist at sites of
PRC1-bound chromatin. It is possible that structural or
sequence motifs, such as those found within the TRDs of
CAT7/cat7l and XIST REP-E, directly bind PRC1 to modulate
subunit selection, recruitment to a specific gene locus, or other
PRC1 functions. The identification of CAT7/cat7l and other
candidates in this screen demonstrates the ability of lncRNAs
to modulate PRC1 binding or function across disparate organisms, underscores the translation from biochemical screens to
live-animal biology, and provides a foundation for future studies characterizing the molecular mechanisms by which
lncRNAs might impact PcG regulation.

Experimental Procedures
Primers, lncRNA Coordinates, and siRNA/Morpholino
Sequences are Found in supplemental Tables 2 and 3.
HeLa Cell line, Culture, and Cross-linking—HeLa cells stably
transduced with a copy of murine FLAG-tagged Bmi1 (18) were
cultured in DMEM supplemented with L-glutamine (Sigma),
10% FBS (Sigma), NaHCO3 (3.1g/liter media), and gentamycin
sulfate (7.5 pg/liter media). The cells express the ectopic protein at ⬃25% of wild-type levels, and all classical PRC1 components have been shown previously to co-precipitate with
FLAG-Bmi1 in this cell line (18). Cells were grown in suspension in a spinner flask (Matrical) to a density of ⬃3 ⫻ 108 cells
per liter. The cells were cross-linked at 1% formaldehyde for 20
hours in media at room temperature with light rocking.
Gradient and RNA Immunoprecipitation (Nuclei Prep, Sonication, and CsCl Gradient)—All steps were performed in the
presence of RNAsIn plus (Promega) RNase inhibitor, DTT, 0.05
mM spermine, 0.05 mM spermidine, and Complete EDTA-free
Protease inhibitor tablets (Roche Applied Science) according to
the manufacturer’s instructions.
3 ⫻ 108 HeLa Bmi1 F17 cells (18) were cross-linked in media
as above; this provides sufficient input material for at least 10
immunoprecipitations. Cross-linked HeLa cells were resuspended in LB1 (50 mM Tris, pH 7.4, 140 mM KOAc, 1 mM
EDTA, 0.5 mM EGTA, 10% glycerol, 0.5% Nonidet P-40, 0.25%
Triton X-100, 0.1% digitonin) and spun to isolate nuclei and
porate the nuclear membrane. The porated nuclei were then
Dounce-homogenized in LB1 using a Wheaton Dounce
homogenizer type A and applied over a glycerol pad (25% glycerol, 1 mM EDTA, 0.5 mM EGTA, 10 mM Tris, pH 7.4) to further
separate cytoplasmic debris and expelled nucleoplasm. The
nuclei were rinsed in LB2 (Tris, pH 7.4, 10 mM EDTA, 5 mM
EGTA, and 200 mM KOAc), resuspended 1:1 in LB2, and
sheared using the Covaris S2 machine (30 min at 20% Duty
cycle, power 7, and 200 cycles/burst in 30-s intervals; 700-l
aliquots). The sheared nuclei were then resuspended (dropwise) in LB2 with 3.37 M CsCl and 0.1% sodium sarkosyl and

FIGURE 4. cat7l genetically interacts with bmi1a/b and cat7l interference is rescued by human CAT7 in zebrafish embryogenesis. cat7l is expressed in
24 hpf embryos (A) cat7l morpholino 1 (MO1) (B), but not the sense control, causes microcephaly at 48 hpf in zebrafish, and can be rescued with human CAT7
RNA (hCAT7). C, microcephaly resulting from cat7l MOs is rescued by hCAT7 RNA in p53-null fish at 48hpf. D and E, cat7l morphants phenocopy microcephaly
caused by bmi1a/b depletion. Although low dosages of cat7l or bmi1a/b MOs do not exhibit a phenotype individually, in combination, they cause microcephaly. Microcephaly caused by cat7l MO1 and cat7l/bmi1a/b MOs can be rescued by the addition of MO targeting ink4ap16. * indicates affected phenotype.
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FIGURE 5. cat7l morpholinos in p53 null and wild-type fish. A, MOs match poorly to human CAT7 (hCAT7) RNA. B and D, multiple cat7l MOs lead to
microcephaly in p53-null fish and can be rescued with hCAT7 RNA or ink4ap16 MO. Some images are repeated from Fig. 4B to facilitate comparison. C, dose
dependence of hCAT7 rescue in wild-type fish. B and D, low doses of cat7l MOs and bmi1a/b MO do not cause microcephaly individually. When administered
together, the phenotype emerges, and can be rescued by ink4ap16 MO. * indicates affected phenotype.
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spun for 48 h at 200,000 ⫻ g at 8 °C to form a density gradient.
Fractions were collected by a peristaltic pump in aliquots of
1/10 the total volume.
Gradient and RNA Immunoprecipitation (Sample Prep and
Immunoprecipitation)—Fractions of the gradient containing
chromatin were selected for IP based on A260 and Western blot.
Selected fractions were pooled and dialyzed (molecular weight
cutoff 3500 kDa) for ⬎5 h in LB2 containing 5% glycerol at 4 °C.
In later experiments (e.g. gradient RNA IP and RT-qPCR experiments, but not the initial IP-seq experiments), 4 units of
rDNAse Turbo (Ambion) was added for 10 h at room temperature to reduce DNA shear size to 700 base pairs (and thereby
increase resolution; data not shown). The rDNAse was
removed from the sample via its streptavidin tag according to
the manufacturer’s instructions. After dialysis or rDNAse treatment, 0.05% Nonidet P-40 and 0.5% Triton X-100 were added
as well as 100 mM urea (or 1 M urea for immunoprecipitations
against FLAG). The material was then spun out and moved to a
new tube to ensure removal of any aggregates. ⬍5% loss was
checked by spectrophotometry (A260), and samples were normalized in the same buffer to 800 ng/l. The material was then
precleared for 45 min with IgG-agarose beads (Sigma). Dynal
protein A beads (Invitrogen) were prebound to antibody to
avoid RNAses in the serum, and beads were blocked with
RNase-free BSA (Ambion). The prebound beads or covalently
conjugated FLAG-agarose beads (Sigma) rinsed in LB2 were
added to the input and incubated at 4 oC overnight with light
rocking. The IP was carried out as published previously (21)
with additional wash steps at room temperature in low salt, for
increased RNA specificity. Specifically, beads were washed at
room temperature 4 times in IP buffer and twice in IP buffer
with reduced salt (25 mM KoAc). The immunoprecipitated
material was eluted from Dynal beads in 1% SDS and 1 mM
EDTA or from M2-agarose beads with 3⫻ FLAG peptide as
described by Sigma. Cross-links were reversed for 1.5 h at 65 oC
in the presence (RNA isolation) or absence (protein and DNA
isolation) of 40 units of proteinase K (Roche Applied Science).
For every IP, protein specificity was checked by Western and/or
silver stain, and DNA binding specificity was also validated by
ChIP-qPCR (data not shown).
Gradient RNA Immunoprecipitation (Analysis)—Single-read
50-nucleotide sequencing was performed on IP and input samples without multiplexing on Illumina’s HiSeq 2000. We
removed possible contamination of Illumina sequencing
adapters with cutadapt version 0.9.5 (38). We aligned uniquely
mapping reads to the hg19 build of the genome using Bowtie
0.12.9. However, we noticed a NuGEN adapter sequence present in many read sequences, as has been seen previously when
working with low-input samples (39). As a result, we trimmed
15 bases at the 5⬘ end of unaligned reads and attempted recovery by realignment. In total, we were able to uniquely align 49
million, 46.7 million, and 13.7 million reads for the input control, BMI1, and BMI1 FLAG-tagged IP samples, reflecting a
unique alignment rate of 47%, 46.7%, and 13.1%. Low alignment
was confirmed to be largely due to NuGEN adapter contamination. We then further only considered genomic regions that do
not have a repetitive sequence by applying Repeatmasker (40).
We were able to uniquely align 31.0 million, 29.6 million, and
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7.6 million reads for the input, BMI1 IP, and FLAG-BMI1 IP
RNAs. We then ran MACS v1.4 (41) on each IP sample without
using input as reference respectively, with the p value of the
peak detection at 10⫺15 with the rest of the parameters taking
default values. We found 39,796 intersecting MACS peaks
between the two IPs before excluding peaks below background.
We counted reads across 1) individual MACS peaks, 2) individual RefSeq mRNA exons (42), and 3) Ensembl lincRNAs (43).
From each of these three sets of genomic regions, we normalized for transcript abundance in the input by using “intensity
ratios”; the ratio of normalized read coverage of the IP/input.
This was done in R-2.12.0, in which GenomicFeatures_1.2.3
was used for read counting, and edgeR_1.8.1 was used for comparing read coverage in genomic regions between samples.
Total read counts were used to normalize the samples for
edgeR, and we defined a background threshold for signal in the
IP of 50 reads and 1 read in the input. Pearson correlations of
intensity ratios were then run on intersecting regions of MACS
peaks, defined as having ⬎1 bp overlap, mRNA exons, or annotated lncRNAs (correlation coefficients calculated at intersecting regions of MACS peaks were very similar to those calculated
using the entire corresponding BMI1 MACS peak coordinates
instead). Significantly co-enriched peaks had a FDR ⬍ 0.01 and
an intensity ratio ⬎4 in both IPs. Due to the low alignment rate
caused by NuGEN oligo adapter contamination in low-nanogram samples, we could not add in an IgG control. We, therefore, validated 65 individual peaks/lncRNAs from this screen by
large scale RT-qPCR in future experiments.
RNA Purification, cDNA Generation, and Library Prep—
Either input RNA or RNA from the immunoprecipitation was
stored in Trizol LS (Invitrogen) after cross-link reversal and
proteinase K treatment. For native RNA prep, whole cells,
nuclei, or cytosolic RNAs were stored in TRIzol (Invitrogen). In
both cases, chloroform was added, and the sample was spun out
according to the manufacturer’s instructions. The aqueous
phase was applied to Zymo Clean-and concentrator 5 columns,
and DNase was applied “in tube” as per the manufacturer’s
instructions for RNAs larger than 200 nucleotides. For
RT-qPCR, cDNA was generated using SUPERscript VILO
(Invitrogen). For total RNAseq, isolated RNA was ribo-depleted using the Ribo-Zero Magnetic Gold kit (Epicenter/Illumina) according to manufacturer’s instructions, and cDNA was
generated with the TruSeq kit (Illumina). For gradient RNA IP
samples, cDNA was generated using the NuGEN RNAOvation
FFPE kit (7150-08). Libraries for Illumina next-generation
sequencing were constructed by blunting ends of DNA or
cDNA followed by A-tailing, ligating on sequencing adapters,
and PCR with indexed sequencing primers, as previously
described (44).
DNA Isolation, ChIP, and qPCR—ChIP was performed as
described previously (45, 46), or 10% of gradient RNA IP eluate
was saved for DNA extraction was reverse-cross-linked as
above. Gradient IP or ChIP eluate was then treated with DNasefree RNase (Roche Applied Science) followed by proteinase K
(Roche Applied Science) and subjected to phenol chloroform
isolation. The aqueous phase was then ethanol-precipitated
with glycogen and NaCl. All qPCRs (from DNA or cDNA) were
performed using Bio-Rad iTaq with SYBR and ROX. A list of all
VOLUME 291 • NUMBER 37 • SEPTEMBER 9, 2016

CAT7 and cat7l lncRNAs Tune PRC1 Function
primers used is compiled in supplemental Table 1. For RTqPCR, ⬃2 ng cDNA/well was used. For p values in knockdown
ChIP-qPCR experiments, Student’s t test was used (two-tailed,
equal variance). In most cases, 3 technical replicates (2 if a
⬎50% outlier was present) for each biological replicate were
included in the analysis. We note that the change in components for ChIP from HeLa to differentiating neurons was
selected because BMI1 is not expressed in hESCs and because
other antisera was much more robust.
Antibodies—Antibodies for immunoprecipitations targeted
either FLAG (M2) (Sigma #M8823), Bmi1 from the Kingston
laboratory (rabbit polyclonal antisera) (47), CTCF (Active
Motif #39621), or rabbit IgG (Jackson ImmunoResearch Laboratories). Immunoblots and immunofluorescence were carried
out using primary antibodies as above, Suz12 (ab12703),
pan-H3 (Abcam ab1791), and Clean-Blot HRP-conjugated secondary antibody. ChIP antibodies also included Ring1b (Cell
Signaling D22F2), EZH2 (Cell Signaling D2C9), or H3K27me3
(Abcam ab6002).
RNAi—siRNAs were ordered from BioLand Scientific. For
HeLa cells, nucleofections were carried out using program
I-013 on the Nucleofector II as per the manufacturer’s instructions (30 pmol of siRNA/sample). For hESCs, the Neon torrent
(Life Technologies) was used in place of the Nucleofector II. 2 ⫻
106 cells were used in 1 pulse, 1200 V, and 20 ms and allowed to
recover overnight before differentiation. Cells were harvested
at 48 h (HeLa) or 72 h (Neuronal) for ChIP- or RNA-seq.
Human ES Cell Culture—H1 human embryonic stem cells
(hESCs) containing transgenic GFP under the control of a 9-kb
murine Mnx1 promoter were used (48). Cells were maintained
on plates coated with hESC-qualified Matrigel (BD Biosciences) in chemically defined mTeSR-1 medium (Stemcell
Technologies) and were passaged by manual picking or enzymatic digestion with TrypLE Express (Life Technologies) in the
presence of 10 M Y27632 (Sigma). For all experiments, passage
number was ⬍40. Media was changed daily.
Neuronal Differentiation—Transfected or wild-type hESCs
were plated on Matrigel (Corning) in mTeSR1 medium (Stem
Cell Technology) in the presence of ROCK inhibitor (Stemgent,
10 M). After recovery from transfection, medium was replaced
with posteriorizing, neural differentiation media consisting of
1:1 DMEM/F12 (Invitrogen) and Neurobasal medium (Invitrogen) supplemented with Glutamax (Invitrogen), non-essential
amino acids (NEAA, Invitrogen), N2 supplement (Invitrogen),
B27 supplement (Invitrogen), SB431542 (Stemgent, 10 M),
LDN-193189 (Stemgent, 100 nM), and retinoic acid (Sigma, 1
M). Media were changed daily. In experiments directed
toward motor neuron precursors, 1 M concentrations of a
Sonic Hedgehog Agonist (Calbiochem) was added to the differentiation media above.
Digital Gene Expression and PcG-target Enrichment Screen—
Sequencing was performed using Illumina HiSeq 2000 Illumina
HiSeq 2500 or Illumina MiSeq. We aligned RNA-Seq data to the
hg19 transcriptome using TopHat version 2.4. Gene level
expression was characterized using the Genomic Features
(Carlson R package version 1.12.4) and edgeR package in R 3.0.1
(49). For all “replicate 2” samples, CAT7 probe contamination
during library construction was observed but was never seen in
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any other library batches and did not affect downstream analysis. RPKM value for a gene was calculated as the average RPKM
of all annotated transcripts for this gene. For enrichment analysis, we computed probabilities and expected values for intersections with gene sets from the Molecular Signatures database
sets c2 and c5 (6176 total gene sets; 28 PcG or H3K27me3
related gene sets) (20). The PcG-related gene lists are a compendium of localization data of PcG components/marks (ChIP
data) and PcG mutant or knock-out data. Only mRNAs with
RPKMs ⬎ 0.5, total counts ⱖ5 in all replicates/scrambles, and
that were found in the MolSig database were considered in this
analysis. To find the list of “up-regulated” genes for each knockdown, we considered genes with 2-fold or higher expression as
compared with scramble-treated controls as assessed by
edgeR. Initially, siRNAs targeting either BMI1 or SUZ12 were
employed as assumed positive controls for perturbations to
PcG-regulatory networks. However, only the mRNAs, but not
the proteins, were depleted at 48 hours after knockdown
(supplemental Table 3, Western blot data are not shown), and
consequently very few target genes showed changed expression
(supplemental Table 4). Instead, a hypergeometric distribution
was used to calculate significance of the overlap of changed
genes with 6176 curated gene sets from the Molecular signatures database considering no more than one isoform per
mRNA. Twenty-eight of these gene sets are PcG component/
H3K27me3 ChIP data sets or genes affected by PcG component
knock-out. Corrections for multiple hypothesis testing are
reflected in the FDR values for the 6176 gene sets. Replicated
lncRNA knockdowns with an FDR ⬍0.001 are considered
strong candidates. “Overlap expected by chance” reports the
mathematically defined expectation value. We considered only
genes expressed above background (as described above), which
were found in the Molecular Signatures database, and calculated the expected value as: # of changed genes/# of total
genes ⫻ # of genes in PcG-list. The expectation is conceptually
similar to a weighted average, and it represents the number of
changed PcG targets expected to change by random chance.
The RNAseq is considered a screen; any specific gene targets
(particularly lowly expressed PcG targets) explored in the paper
are precisely quantified using RT-qPCR with exon-spanning
primers, often in ⬎4 replicates and across several cell systems.
Zebrafish Injections and Rescue—Morpholinos (Gene Tools,
supplemental Table 3) targeting cat7l, ink4ap16, bmi1a, and
bmi1b were injected into one-cell-stage embryos of Tu wildtype or p53 null zebrafish (34) (supplemental Table 3). The
bmi1a/b and ink4ap16 morpholinos were described previously
(36). In all bmi1 experiments, bmi1a and bmi1b morpholinos
were co-injected. A morpholino specific for cat7l in the sense
direction was used as a control. Embryos were screened at
either 48 or 72 hpf and scored for microcephaly and classified as
“affected” or “normal.” Scoring was performed independently
by at least two investigators. The previously published phenotype from the bmi1a/b fish was used as a reference for
categorizing affected and unaffected fish. A few fish in each
experiment (including uninjected controls) showed severe
developmental abnormalities commonly arising from variations in embryo quality or the injection technique (generally
0 –10% in wild-type fish and p53 null fish, with the exception of
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cat7l MO2 in p53 fish, which showed ⬎10%). The penetrance of
the microcephaly was consistent and in-line with previously
seen experiments with MOs targeting PcG-pathway components (36). The optimal dose for producing a phenotype by
single injection of cat7l MO was 0.4 – 0.5 ng. For the rescue
experiment, in vitro transcribed RNA was produced from
human CAT7 sequence cloned into the pCS2⫹ vector using the
mMESSAGE mMACHINE kit (Ambion). The human RNA has
six well spaced mismatches to the zebrafish morpholino in a
single locus, which do not allow ⬎5 bases of complementarity
and which exceed the typical 4 –5 mismatch of “negative control” morpholinos. One morpholino differed from the human
CAT7 RNA sequence by 12 well spaced mismatches, representing a nearly 50% mismatch of the morpholino sequence. The
optimal dose of mRNA for rescue was 100 pg. In the co-injection experiment, cat7l, bmi1a, and bmi1b morpholinos were
injected separately and combined at 0.2 ng and 0.09 ng, respectively. ink4ap16 morpholino was added for rescue at 4 ng, as
described previously (36). Zebrafish were maintained as
described (50), and all work was approved by the Massachusetts
General Hospital Institutional Animal Care and Use Committees. Images were taken using Nikon software, and image
brightness was adjusted in photoshop.
Immunoblots and Silver Stain—Protein was either isolated
from CsCl fractions by TCA precipitation and reverse-crosslinked in SDS as above or loaded from the cross-link reversal
stage from the immunoprecipitations. A final concentration of
0.5 units/l Benzonase (Novagen) was added to each sample
with Laemmli buffer and incubated at room temperature for 10
min followed by 10 min of boiling before SDS-PAGE. Antibodies were used at 1/4000 (Bmi1, Pan-H3) or 1/1000 (CTCF,
Suz12). Silver staining was performed with the SilverQuest kit
(Invitrogen) according to the manufacturer’s instructions.
Native Cell Fractionation—Nuclear isolation was performed
in native cells, as previously published (51), and checked by a
hemocytometer (⬎97%) with trypan blue. Cytosolic extract was
also preserved alongside matched whole cell extract. All
extracts were immediately stored in TRIzol.
Northern Blot and RACE-PCR—Nuclei were isolated from
native cells to ⬎97% purity by trypan blue staining on a hemocytometer. Northern blot analysis was performed using RNA
probes as in previously published protocols (52), with the
exception that a Hybond-N⫹ membrane was used instead of
nitrocellulose. 20 g of RNA was used in each lane, and 18S
(present in both the cytoplasm and as newly transcribed RNA in
the nucleus) was also visualized in all lanes. RACE was performed using the Ambion RLM-RACE kit (AM1700) as per the
manufacturer’s instructions except using a higher reaction
temperature of 55 °C rather than 42 °C. The Northern probe
sequence was AACAAAGCCUGAGUCGAACACGAAAGGAAGAUGGUCGCUGAAGCGAAGGGGAGUCAUUUGUGUCCGUUCCAUAAAUCAAGACUGUCGCCUUUCGAAAAGGGGAGGUGUCGCAGUCUGACAGCCUGAUCUGUUUCUAGGACGGCGUGUUUCCAGGAA.
Analysis of CAT7 Sequence Analogs and Coding Potential—
Analogs were identified by Liftover (University of California,
Santa Cruz) in selected species of the tandem repeat locus
(⬃1.2 kb of a total 1.6 kb in CAT7). Sequence identity was

19570 JOURNAL OF BIOLOGICAL CHEMISTRY

defined by Clustal Omega using standard parameters. Flanking
genes were provided for each species if annotated by RefSeq
within 1 MB of the locus. Both cat7l and CAT7 RNAs were
screened for low protein coding potential by PhyloCSF (53)
(threshold ⫽ 0), CPC (54) (threshold ⫽ 0.364), and CPAT (30)
(Threshold ⫽ 0.38) using standard thresholds.
Quantification of CAT7—We estimated CAT7 expression
from 100K cells using RT-qPCR relative to a standard curve.
We made the standard curve of 10-fold dilutions of full-length
CAT7 dsDNA. Multiple melt curves appeared in low copy
number dilutions; therefore, we had to extrapolate rather than
interpolate the copy number. Using smaller/alternate amplicons as a standard also resulted in (different sets of) multiple
melt-curves.
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