
Novel role of ASH1L histone methyltransferase in anaplastic
thyroid carcinoma
Received for publication,March 19, 2020, and in revised form,May 5, 2020 Published, Papers in Press, May 12, 2020, DOI 10.1074/jbc.RA120.013530

Bin Xu1,*, Tingting Qin2, Jingcheng Yu1, Thomas J. Giordano3, Maureen A. Sartor2, and Ronald J. Koenig1,*

From the 1Division of Metabolism, Endocrinology and Diabetes, Department of Internal Medicine, 2Department of
Computational Medicine and Bioinformatics, and 3Department of Pathology, University of Michigan Medical School, Ann Arbor,
Michigan, USA

Edited by Alex Toker

Anaplastic thyroid cancer (ATC) is one of themost aggressive
human malignancies, with an average life expectancy of ~6
months from the time of diagnosis. The genetic and epigenetic
changes that underlie this malignancy are incompletely under-
stood. We found that ASH1-like histone lysine methyltransfer-
ase (ASH1L) is overexpressed in ATC relative to the much less
aggressive and more common differentiated thyroid cancer.
This increased expression was due at least in part to reduced
levels of microRNA-200b-3p (miR-200b-3p), which represses
ASH1L expression, in ATC. Genetic knockout of ASH1L pro-
tein expression in ATC cell lines decreased cell growth both in
culture and in mouse xenografts. RNA-Seq analysis of ASH1L
knockout versus WT ATC cell lines revealed that ASH1L is
involved in the regulation of numerous cancer-related genes
and gene sets. The pro-oncogenic long noncoding RNA colon
cancer-associated transcript 1 (CCAT1) was one of the most
highly (approximately 68-fold) down-regulated transcripts in
ASH1L knockout cells. Therefore, we investigated CCAT1 as a
potential mediator of the growth-inducing activity of ASH1L.
Supporting this hypothesis, CCAT1 knockdown in ATC cells
decreased their growth rate, and ChIP-Seq data indicated that
CCAT1 is likely a direct target of ASH1L’s histone methyltrans-
ferase activity. These results indicate that ASH1L contributes to
the aggressiveness of ATC and suggest that ASH1L, along with
its upstream regulator miR-200b-3p and its downstreammedia-
tor CCAT1, represents a potential therapeutic target in ATC.

Thyroid carcinoma, the most common endocrine malig-
nancy (1), is divided into the major histological types papillary
(;90% of thyroid cancers), follicular (;6%), anaplastic (;1%),
and medullary (;2%). Papillary and follicular thyroid cancers
(PTCs and FTCs) are generally well-differentiated tumors that
can be treated successfully with surgery and radioiodine. Con-
sequently, Surveillance, Epidemiology, and End Results data
indicate that the overall 5-year survival of patients with thyroid
cancer is very high, ;98% (https://seer.cancer.gov/statfacts/
html/thyro.html, Accessed December 20, 2019). In contrast,
anaplastic thyroid cancer (ATC) is one of the most aggressive
and least treatable human malignancies, with a median life ex-
pectancy of ;6 months from the time of diagnosis (2). Thus,
althoughATC accounts for only;1% of thyroid cancer diagno-

ses, it accounts for as much as 39% of thyroid cancer deaths
(2, 3). Although ATCs arise from thyroid follicular cells, they
do not retain any of the biological characteristics of the normal
thyroid, such as iodide uptake, thyroglobulin synthesis, or de-
pendence on thyroid-stimulating hormone (TSH).
Multiple molecular and genetic factors have been implicated

in the pathogenesis of ATC. Some ATCs are associated with
differentiated thyroid cancer (DTC) components, and if the
DTC contains a classic thyroid cancer driver mutation such as
BRAF V600E, that mutation also is found in the ATC (4), con-
sistent with dedifferentiation of DTC into ATC. However,
some ATCs lack a DTC component, and in such cases the de-
velopmental pathway is obscure. Relative to DTCs, ATCs are
more likely to harbor mutations in the TERT promoter (5–8),
TP53 (9, 10), DNA damage response and cell cycle checkpoint
genes such as ATM, and chromatin remodeling genes such as
those in the SWI/SNF complex (7).
Several microRNAs (miRNAs) have been shown to have

altered expression in ATC. For example, miR-146b, miR-221,
miR-222, and miR-17-92 are up-regulated, and miR-200, miR-
30, let-7d, and let-7g are repressed (reviewed in Ref. 11). Many
of these changes may contribute to the aggressive biology of
ATC. For example, evidence suggests that decreased miR-200
contributes to epithelial-to-mesenchymal transition, and
decreasedmiR-30 contributes to invasion andmigration.
In addition to genetic changes, epigenetic perturbations con-

tribute to oncogenesis. Trithorax and Polycomb group proteins
act antagonistically in the epigenetic regulation of gene expres-
sion. Trithorax group proteins usually activate gene expression
and counteract Polycomb group protein-mediated gene silenc-
ing (12). ASH1-like histone lysine methyltransferase (ASH1L)
is the mammalian homolog of Drosophila ash1, a member of
the Trithorax group proteins (12, 13). ASH1L dimethylates his-
tone H3 at lysine 36, forming H3K36me2 (14, 15), which tends
to occur along gene bodies (16). Physiologically, ASH1L is
thought to play important roles in nervous system development
and function (17, 18) and maintenance of the hematopoietic
stem cell population (19).
ASH1L has been identified as a critical component of an on-

cogenic complex that drives mixed-lineage leukemia. In this
malignancy, ASH1L “writes” H3K36me2 marks, which are
“read” by reader proteins such as lens epithelium-derived
growth factor, leading to activation of critical leukemia drivers
such asHOX genes (20). ASH1L also has been implicated in the
pathogenesis of a subset of acute myeloid leukemias (21).
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Although less well studied in other malignancies, ASH1L fre-
quently shows high-level amplification in breast cancer, and
high mRNA levels are associated with shortened survival (22).
ASH1L also is overexpressed in hepatocellular carcinoma (23,
24). A single publication has tied ASH1L to thyroid cancer (25).
This study provided evidence that FTCs have increased expres-
sion of ASH1L protein (but not RNA) relative to PTCs and that
increased ASH1L protein is a consequence of reduced expres-
sion of miR-142-3p, which decreases the translation of ASH1L
mRNA.
In the present study, we demonstrate that ASH1L protein

abundance is much greater in ATCs than PTCs. Genetic
knockout (KO) of ASH1L protein expression in ATC cell
lines inhibits cell proliferation in vitro and xenograft tumor
formation in vivo. We identify ASH1L-responsive genes,
including Colon cancer associated transcript 1 (CCAT1), that
are potential mediators of ASH1L’s oncogenic actions in
ATC. Furthermore, we demonstrate that miR-200b-3p, which
is expressed at very low levels in ATC relative to PTC and FTC
(26, 27), inhibits ASH1L expression. Therefore, decreased lev-
els of miR-200b-3p likely underlie increased ASH1L protein
abundance in ATC. The data together suggest that ASH1L,
miR-200-3p, and CCAT1 are potential therapeutic targets in
ATC.

Results

ASH1L is highly expressed in ATC

Published data support the hypothesis that ASH1L protein is
overexpressed in FTC compared with PTC (25). Given that
ATC presents a much more intractable clinical problem, we
tested whether ASH1Lmight play a role in this disease.We per-
formedWestern blotting of nuclear extracts from six fresh fro-
zen ATCs and five PTCs (Fig. 1A). Quantification of the
ASH1L bands normalized to lamin B1 shows that the median
ASH1L protein expression is at least 5-fold greater in ATCs
than PTCs (p = 0.0022) (Fig. 1B). In addition, we found that
ASH1L is expressed at similar or greater levels in the ATC cell
lines BHT-101, SW1736, and JEM493, compared with the FTC
cell lines FTC-133, FTC-236, FTC-238, TT2609-C02, and
8505C (Fig. 1, C and D). These data suggest that ASH1L may
play a role in the aggressive biology of ATC. In the published
study on ASH1L in FTC (25), Western blots showed that the
ASH1L immunoreactive bands were smaller than expected and
were cytoplasmic. However, in our studies, ASH1L is nuclear,
and we have found no evidence of smaller ASH1L species,
defined as immunoreactive bands that disappear upon genetic
ASH1L KO.

ASH1L is required for ATC cell growth

We used two shRNAs to knock down ASH1L mRNA and
protein in BHT-101 cells by;50% (Fig. S1A), which resulted in
decreased growth rates assessed byMTT (3-(4, 5-dimethylthia-
zolyl-2)-2, 5-diphenyltetrazolium bromide) assay (Fig. S1B).
We injected 5 3 106 ASH1L shRNA (referred to here as
shASH1L) or control shRNA (referred to here as shControl)
BHT-101 cells subcutaneously into each of 6 NOD-SCID mice.
Tumors formed in all mice, but the tumor growth rate was

;50% lower with the shASH1L cells, and those tumors were
;50% smaller by weight at sacrifice than those of the shControl
cells (Fig. S1, C to E). Given these encouraging results, we used
CRISPR-Cas9 to knock out ASH1L expression in BHT-101
cells.
CRISPR-Cas9 and four guide RNAs (gRNAs) that target dif-

ferent regions of exon 3 or 11 were used to create four BHT-
101 cell lines with premature stop codons in both alleles of
ASH1L. The positions of the stop codons are shown schemati-
cally in Fig. 2A, along with several functional domains of the
protein (14). The minimum catalytic domain is the SET do-
main, and all stop codons terminate translation before this do-
main. Sanger sequencing confirmed the following. In clone 1,
one allele encodes ASH1L amino acids 1–413 followed by the
novel sequence QV*, and the other encodes amino acids 1–413
followed by the novel sequence GRSDQ* (the asterisk signifies
a stop codon). In clone 2, both alleles encode ASH1L amino
acids 1–610 followed immediately by a stop codon. In clone 3,
one allele encodes ASH1L amino acids 1–2129 followed by the
novel sequence PEDTEA*, and the other encodes amino acids
1–2129 followed by the novel sequence TEDTEA*. In clone 4,
one allele encodes ASH1L amino acids 1–2174 followed by the
novel sequence RGGRQ*, and the other encodes amino acids
1–2169 followed by a stop codon. Since these proteins terminate

Figure 1. ASH1L is more highly expressed in ATC than in well-differenti-
ated thyroid cancer. A, Western blotting of ASH1L protein expression in nu-
clear extracts from 6 primary ATCs and 5 primary PTCs. The first and last lanes
contain nuclear extracts from the ATC cell line SW1736, used as a positive
control to identify ASH1L, based on size of the band (300 kDa) and disappear-
ance with CRISPR-Cas9 KO (see Figs. S2 and 2). Blank lanes were run between
the SW1736 samples and the primary tumor samples. Lamin B1 (66 kDa) was
used as a control protein. B, box-and-whiskers plot quantification of ASH1L
abundance normalized to lamin B1 from panel A. ASH1L protein is more
highly expressed in ATC than PTC (p = 0.0022; Mann-Whitney test, 2-tailed).
C, Western blotting of ASH1L protein expression in nuclear extracts from 3
ATC cell lines and 5 FTC cell lines. Lamin B1 was used as a control protein. D,
RT-qPCR of ASH1LmRNA expression from 3 ATC cell lines and 5 FTC cell lines.
B2M was used as a control mRNA. Results are means 6 S.D. (n = 3) normal-
ized to the BHT-101 mean, which was set to 1. ASH1L is more highly
expressed in the ATC cell lines than the FTC cell lines (p = 0.001, 2-tailed t
test).
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before translation of the catalytic domain, they would not be
enzymatically active even if expressed. However, the only anti-
body that works well in Western blots (A301-749A; Bethyl)
targets the very C terminus of the protein, so we cannot assess
the expression of putative prematurely truncated species. As
expected, all 4 clones show complete loss of ASH1L protein by
Western blotting (Fig. 2B). All 4 clones have ;50% decreased
ASH1L mRNA levels, likely reflecting nonsense-mediated
decay (assessed by real-time quantitative PCR (RT-qPCR);
data not shown). Importantly, all four ASH1L KO clones grow
slowly in culture, assessed by MTT assay (Fig. 2C, left) and
validated by direct cell counting (Fig. 2C, right). These data
confirm that growth of the BHT-101 ATC cell line in culture
depends on ASH1L.
To assess whether ASH1L dependence is a property of ATC

cell lines in addition to BHT-101, we also studied the ATC cell
lines SW1736 and JEM493. Both BHT-101 and SW1736 con-
tain a BRAF V600E mutation, and JEM493 contains HRAS
Q61R. We used CRISPR-Cas9 and the same gRNAs that were
used for BHT-101 cells to create frameshift mutations in both
ASH1L alleles of SW1736 and JEM493 cells.Western blots con-
firmed loss of ASH1L protein (Fig. S2A). ASH1L KO decreased
the growth rates of SW1736 and JEM493 cells (Fig. S2B), indi-
cating that ASH1L dependence is not unique to BHT-101 cells
and does not require BRAFV600E.
We focused on BHT-101 cells to investigate the role of

ASH1L in ATC cell growth in vivo. We injected 5 3 106 WT
BHT-101 cells and KO clones 1 and 4 into the flanks of NOD-
SCID mice (6 animals each). As shown in Fig. 2D, all 6 mice
receiving WT cells were sacrificed at day 29 postinjection due
to the formation of large tumors, 0.91 6 0.17 g (mean6 S.D.).
In contrast, the clone 4 mice were sacrificed at day 48, at which

time they had small tumors, 0.15 6 0.11 g (p , 0.0001 versus
WT, 2-tailed t test). The clone 1 mice were sacrificed at day 42
and had no detectable tumors at that time. These results indi-
cate that BHT-101 cell growth in vivo is highly ASH1L
dependent.

ASH1L regulates a diverse set of genes in ATC

To identify ASH1L-regulated genes, an RNA-Seq analysis
was performed on mRNA from the 4 BHT-101 ASH1L KO
clones, compared with 3 separate passages of theWT BHT-101
cells. We used a stringent definition of differentially expressed
genes as those with a false discovery rate (FDR) of,0.05 and an
absolute fold change (FC) of .2 in the same direction in all 4
KO lines versus the WT cells. This resulted in 53 down-regu-
lated genes and 103 induced genes in the KO cells, implying
that ASH1L induces 53 genes and represses 103. A heat map of
these differentially expressed genes is shown in Fig. 3. The 15
genes most significantly down-regulated by ASH1L KO, and
the 15 genes most significantly induced, are shown in Table 1,
and the complete list is provided in Table S1. We used RT-
qPCR to confirm the RNA-Seq data for 10 of the differentially
expressed genes, and the results were uniformly consistent
(Table S1, last column).
We focused on genes down-regulated in ASH1L KO cells,

since genes directly regulated (induced) by the high levels
of ASH1L in ATC should be in this group. A subset of these
genes with known pro-oncogenic associations is listed in
Table 2 and is briefly described. CCAT1, TWSG1, HAPL1,
and NNMT are overexpressed in various malignancies in
which they promote cancer cell proliferation, migration,
and invasion (28–32). CCAT1 encodes a long noncoding

Figure 2. ATC cell growth depends on ASH1L expression. A, Schematic of the ASH1L protein, with asterisks marking the positions of frameshift-induced
stop codons in BHT-101 cell clones 1, 2, 3, and 4, created using CRISPR-Cas9. The schematic also shows ASH1L functional domains. The SET domain is the mini-
mal catalytic domain. AWS, associated with SET; BAH, bromo-adjacent homology. B, Western blotting of nuclear extracts showing loss of ASH1L protein
expression in the 4 BHT-101 ASH1L KO cell lines. The ASH1L band in the WT cells is 300 kDa. A nonspecific band (NS) migrates slightly faster. Lamin B1 (66 kDa)
was used as a control protein. C, ASH1L KO cell lines growmore slowly in culture than the BHT-101 WT cells. Left, MTT assay showing themeans6 S.D. for sex-
tuplicate wells at each time point. All KO lines differ from the WT at days 4 and 6 (p, 0.001, Dunnett’s test). Right, direct cell counts of a parallel experiment in
which the cells in sextuplicate wells were trypsinized, pooled and counted in a Luna-FL automated fluorescence cell counter with acridine orange and propi-
dium iodide. D, six NOD-SCIDmice received flank injections of 53 106 BHT-101 WT cells or KO clone 4 or 1. The mice harboring theWT cells were sacrificed at
day 29 postinjection due to the formation of large tumors. The mice harboring KO clone 4 were harvested at day 48, at which point they had small tumors.
The mice harboring KO clone 1 were harvested at day 42, at which point they had no visible tumors. Each symbol in the graph represents the tumor from an
individual mouse, and the bars indicate the means6 S.D. The KO clone 4 tumors were smaller than the WT tumors despite being harvested 19 days later (p,
0.0001, 2-tailed t test). Bottom,WT and KO clone 4 tumors; PHD, plant homeodomain.
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RNA (lncRNA). Due to its magnitude of change with
ASH1L KO (68-fold down-regulated) and the strength of its
association with cancer, the role of CCAT1 in ATC was
explored further (see below). TWSG1 encodes a protein
that is involved in bone morphogenetic protein signaling
and is overexpressed in PTC. HAPL1 encodes an extracellu-
lar matrix protein that exerts protumorigenic effects in mes-
othelioma (30) and hepatocellular carcinoma (33). NNMT
encodes nicotinamide N-methyltransferase, which, when
overexpressed, results in hypomethylation of several acti-
vating and repressive histone marks (34) and therefore can
mediate indirect effects of ASH1L on gene expression.
PRDM9 encodes a protein that catalyzes histone H3K4 tri-
methylation, which is associated with gene activation and is
induced in multiple cancers (35). Therefore, like NNMT,
increased PRDM9 can mediate indirect effects of ASH1L on
gene expression. MORC4 encodes a protein that is pro-on-
cogenic and antiapoptotic in breast cancer (36). TRIB3 enc-
odes a protein that is overexpressed in several cancers,
including colon cancer, where it promotes disease progres-
sion through interaction with beta-catenin and TCF4 (37).
IL6 is overexpressed in a subset of ATCs (38) and encodes
an important protumorigenic cytokine in the tumor micro-
environment (39).

ASH1L regulates gene sets associated with oncogenesis

Functional enrichment testing of the RNA-Seq data compar-
ing the 4 ASH1L KO cells lines to the WT cells identified 85
Gene Ontology (GO) biological processes and KEGG pathways,
as well as 47 previously described custom cancer-related gene
sets fromMSigDB (40), with FDR of,0.05 (Table S2). Many of
the GO terms and KEGG pathways are involved in cancer-
related processes such as cell death, extracellular-matrix orga-
nization, cell-cell adhesion, glycolysis, fatty acid metabolism,
and nucleic acid metabolism; a subset of these is shown in Fig.
4. In addition, the custom cancer-related gene sets link ASH1L
to TP53 function and RAF signaling (Fig. 4), both of which are
potentially important, since ATCs commonly have TP53muta-
tions and increased mitogen-activated protein kinase (MAPK)
activity, even if BRAF is WT (7) (BHT-101 cells harbor TP53
I251T and BRAFV600Emutations).

CCAT1 is a downstreammediator of ASH1L function in ATC

As noted previously (Table 1), the lncRNA CCAT1 was the
second most highly down-regulated transcript in the BHT-101
ASH1L KO cells, 68-fold repressed (FDR = 7.52 3 1025), indi-
cating that it is strongly induced (directly or indirectly) by
ASH1L. CCAT1 is overexpressed in numerous cancers, in
which it induces cell proliferation, migration, and invasion (29).
For these reasons, we investigated CCAT1 as a potential media-
tor of ASH1L function in ATC. In primary ATC tumors, the
expression level of CCAT1 correlates with ASH1L protein
abundance (Fig. 5A) (R2 = 0.75; p = 0.026), as would be expected
if ASH1L induces CCAT1 expression in this disease.

Figure 3. Heat map of differentially expressed genes in BHT-101 ASH1L
KO cell lines versus WT cells. CRISPR-Cas9 was used to create 4 cell lines
with premature stop codons in different positions within ASH1L prior to the
catalytic domain. RNA expression of these 4 KO cell lines was compared with
that of 3 separate passages of BHT-101 WT cells. Differentially expressed
genes are defined as those with FDR of,0.05 and absolute FC of.2 in all 4
KO cell lines compared with WT cells, resulting in 51 down-regulated genes
and 103 induced genes in the KO cells.

Table 1
Most significantly down-regulated and up-regulated genes in ASH1L
KO BHT-101 cells compared to WT BHT-101 cellsa

Gene symbol Log2 FC FDR

SLC6A15 28.01 2.04E239
TSSC2 25.93 4.12E222
ONECUT3 25.27 2.21E218
GLB1L3 24.87 6.19E214
HAPLN1 25.08 1.76E210
VSTM2L 22.45 3.11E209
MORC4 22.14 7.18E208
FADS2 21.62 2.31E206
ANKRD1 22.10 2.94E206
SCARA3 21.60 4.30E205
CCAT1 26.10 7.52E205
NNMT 22.88 8.76E205
PEAR1 22.06 1.00E204
TWSG1 21.60 2.48E204
TRIB3 21.66 3.60E204
RNF212 3.31 2.81E217
AC091801.1 8.04 4.76E216
SLC1A1 3.12 8.13E215
INPP4B 4.14 6.90E211
PTCHD4 5.81 1.60E210
NUP210 1.58 3.24E210
IGFBP7 4.53 7.18E208
LRRC6 2.84 1.06E207
MMP16 5.58 1.30E207
GLI3 2.58 2.23E207
FBN1 1.80 2.48E207
PRICKLE1 5.76 1.01E206
ZNF827 2.01 1.01E206
LDOC1 3.14 2.31E206
SPOCK1 6.36 2.62E206
aThe 15 most significantly up-regulated and 15 most significantly down-regulated
genes are shown. Genes are sorted by FDR (repressed genes followed by induced
genes).
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We used two independent shRNAs to knock down CCAT1
in BHT-101 cells. As determined by RT-qPCR, shCCAT1-1
and shCCAT1-2 decreased CCAT1 lncRNA to 11 and 23% of
its level in shControl cells, respectively (Fig. 5B). Notably,
shCCAT1-1 markedly decreased cell growth and shCCAT1-2
had a modest effect (Fig. 5C), consistent with the relative levels
of knockdown (both shCCAT1 cell lines differ significantly
from shControl at days 3 and 4; p , 0.0001, Dunnett’s test).
These data suggest that CCAT1 mediates at least part of the
cell growth-promoting effect of ASH1L.
We used ChIP-Seq to test the hypothesis that CCAT1 is a

direct ASH1L target gene. Since the ASH1L antibody is not of
ChIP quality, we performedChIPwith an antibody toH3K36me2,
the histone mark catalyzed by ASH1L. As expected, in three
separate experiments, the CCAT1 gene inWT BHT-101 cells
showed high H3K36 dimethylation, especially in the intron
(Fig. 5D). In contrast, CCAT1 was devoid of H3K36me2
peaks in all three experiments using ASH1L KO clone 1 cells,
and in two of the three experiments using KO clone 4 cells
(Fig. 5D). It is not known why H3K36 dimethylation per-
sisted in one of the three KO clone 4 experiments; however,
this KO clone displayed the least-reduced growth rate (Fig.
2) and the ChIP-Seq result could reflect compensation by
unknown mechanisms.

ASH1L KO causes extensive loss of H3K36 dimethylation

Given that multiple enzymes are capable of catalyzing
H3K36 dimethylation, we hypothesized that ASH1L KO would
result in less than global loss of H3K36me2 across the BHT-101
cell epigenome. This was confirmed by analysis of the
H3K36me2 ChIP-Seq data, which showed that the WT cells
contain 80,542 peaks, 48,417 (60%) of which are retained in the

ASH1L KO cells and 32,125 (40%) of which are lost. Interest-
ingly, 8942 peaks were present only in the KO cells, likely
reflecting secondary changes in the activities of other histone
methyltransferases. Thus, there is a net loss of ;23,000
H3K36me2 peaks in the ASH1L KO cells.
To investigate H3K36me2 peak changes in the full set of dif-

ferentially expressed genes shown in Fig. 3 and Table S1, we
identified peaks present only in the WT group, not in the KO
clone groups, and annotated those peaks to known genes. Of
32,125 differential H3K36me2 peaks which were present only
in the WT group, 25,005 (;78%) were annotated to 6,831
genes, and 129 of them were annotated to 39 differentially
expressed genes (Table S3). More specifically, 24 of 53 (45%)
genes down-regulated by ASH1L KO contained peaks unique
to the WT cells, compared with only 15 of 103 (15%) up-regu-
lated genes (p, 0.0001, 2-tailed Fisher’s exact test). This differ-
ence is consistent with the fact that ASH1L is generally associ-
ated with the induction of gene expression.

miR-200b regulates ASH1L protein expression in ATC

Published data provide evidence that ASH1L is highly
expressed at the protein level, but not at the mRNA level, in
FTC, implying that ASH1L protein abundance is regulated
posttranslationally (25). We found similar results in primary
ATC tumors, in which there is no significant correlation
between ASH1L protein abundance and mRNA expression
(Fig. 6A). Since miRNAs can inhibit the translation of mRNAs,
we examined whether the high level of expression of ASH1L
protein in ATC might be explained by reduced expression of a
miRNA. Several miRNAs have reduced expression in ATC
compared with PTC and FTC (reviewed in Ref. 11). One of
these, miR-200b-3p, has putative binding sites in the 39 UTR of
ASH1L mRNA at nucleotides (nt) 10549–10555 and 12010–
12015 (NM_018489.3) as predicted by the TargetScan (RRID:
SCR_010845) (41) and miRDB (RRID:SCR_010848) (42) web
tools. Consistent with published data (26, 27), we confirmed
that miR-200b-3p expression is low in primary ATCs com-
pared with that in PTCs (Fig. 6B). We then used lentivirus to
overexpress miR-200b in BHT-101 cells and JEM493 cells (Fig.
6C) and found that this decreased ASH1L protein abundance
by;50% (Fig. 6D) but had no effect on ASH1L mRNA expres-
sion (Fig. 6E). These results support the hypothesis that the low
level of miR-200b-3p in ATC compared with PTC and FTC
likely underlies the greater abundance of ASH1L protein in
ATC.

Table 2
Selected genes with pro-oncogenic associations that are down-regulated in BHT-101 ASH1L KO cellsa

Gene symbol Gene name FDR Rank by FDR Log2 FC Rank by fold repression

HAPL1 Hyaluronan and proteoglycan link protein 1 1.763 10210 5 25.08 5
MORC4 MORC family CW-type zinc finger 4 7.183 1028 7 22.14 23
CCAT1 Colon cancer associated transcript 1 7.523 1025 11 26.10 2
NNMT Nicotinamide N-methyltransferase 8.763 1025 12 22.88 14
TWSG1 Twisted gastrulation BMP signaling modulator 1 2.483 1024 14 21.60 42
TRIB3 Tribbles pseudo-kinase 3 3.603 1024 15 21.66 39
IL6 Interleukin 6 0.0013 22 21.87 31
PRDM9 PR/SET domain 9 0.0069 35 24.37 8
aGenes are sorted by FDR.

Figure 4. Examples of gene sets enriched in a comparison of gene expres-
sion in BHT-101 ASH1L KO cells versusWT cells.
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Discussion

ATC is one of the most aggressive and least treatable human
malignancies, with an average life expectancy of only ;6
months from the time of diagnosis (2). This contrasts with the
much more common differentiated thyroid cancers (PTC and
FTC), which are usually curable with surgery and radioiodine.
ATCs are undifferentiated tumors that do not express classical
thyroid markers such as the TSH receptor, sodium iodide sym-
porter, and thyroglobulin. Oncogenic mutations that underlie
differentiated thyroid cancers such as BRAF V600E also often
occur in ATCs, but the accumulation of additional genetic and

epigenetic changes leads to much more aggressive behavior. A
more complete understanding of these changes is necessary to
identify novel approaches to therapy.
ASH1L is a histone methyltransferase that dimethylates

H3K36, an epigenetic mark that tends to occur along gene
bodies and is associated with gene activation (14, 15, 43, 44).
Recent evidence has implicated ASH1L in the pathogenesis of
a subset of leukemias (20, 21). ASH1L also has been shown to
be overexpressed in breast and hepatocellular carcinomas,
although whether it plays a role in the biology of these tumors
is uncertain (22, 24). Of particular interest, ASH1L has been

Figure 5. CCAT1 is an ASH1L target gene and a mediator of ASH1L function. A, ASH1L protein expression normalized to lamin B1 (data from Fig. 1) was
compared with CCAT1 lncRNA expression in the same tumors, measured by RT-qPCR and normalized to Pgk1. The expression of CCAT1 correlates with that of
ASH1L protein (R2 = 0.75; p = 0.026). B, two independent shRNAs were used to knock down CCAT1 expression in BHT-101 cells, compared with shControl cells.
CCAT1 lncRNA levels were determined by RT-qPCR, normalized to B2M, and expressed relative to the shControl value, which was set to 1. The bars indicate
means 6 S.D. (n = 3). Both shCCAT1-1 and -2 differ significantly from shControl (p , 0.0001; Dunnett’s test). C, BHT-101 cells with CCAT1 knockdown grow
more slowly than shControl cells, assessed by MTT assay. Each data point represents the means6 S.D. for sextuplicate wells. Both shCCAT1 cell lines differ sig-
nificantly from shControl at days 3 and 4 (p, 0.0001, Dunnett’s test). D, CCAT1 is a direct target gene of ASH1L. ChIP-Seq was performed on BHT-101 WT cells
and the ASH1L KO clones 1 and 4 using an antibody for H3K36me2, the histone mark catalyzed by ASH1L. In 3 separate experiments, a portion of the CCAT1
gene (marked by blue bars) is dimethylated at H3K36 in theWT cells (WT), but the H3K36me2 peaks are lost in all 3 experiments in the KO#1 cell line and in 2 of
3 experiments in the KO#4 cell line (KO#4 experiment 3 peaks are indicated by pink bars). Peaks were called usingMACS2 (FDR, 0.05).
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reported to be overexpressed at the protein level, but not the
mRNA level, in FTC compared with PTC (25), suggesting a
potential link between this histone methyltransferase and a
subset of thyroid cancers. An unexpected aspect of the findings
in FTC is that the ASH1L protein was detected by Western
blotting as smaller-than-expected bands that were cytoplasmic.
Here, we show that ASH1L protein is overexpressed in the

nuclei of primary ATCs compared with PTCs. The genetic loss
of ASH1L in ATC cell lines results in decreased growth rates in
culture. For these experiments, we used CRISPR-Cas9 to create
premature stop codons at 4 different locations in the ASH1L
sequence, all of which precede the catalytic SET domain. Since
the ASH1L antibody recognizes an epitope at the carboxyl ter-
minus of the protein, we are unable to determine if the trun-
cated proteins are expressed to any significant degree. Even
though all KO clones decrease cell growth, the magnitude of
the effect varies. This may suggest that the truncated proteins
are expressed and that they have distinct biological activities, a
point that is worthy of further investigation to better under-
stand ASH1L function. As shown in Fig. 2A, ASH1L is a large
protein, and multiple regions may have noncatalytic roles in
protein-protein interactions or other functions. In fact, recent
evidence suggests that ASH1L may play an important noncata-
lytic role in hematopoiesis (45).
We found that ASH1L KO impairs the growth of mouse xen-

ograft tumors much more profoundly than it impairs the
growth of the same cells in culture. This might suggest that
ASH1L has a proangiogenic effect, which would be relevant
only in vivo. Alternatively, ASH1L might interact with the
tumor microenvironment to enhance in vivo growth. For
example, tumor-associated macrophages are felt to play an
important role in supporting the aggressive behavior of ATCs

(46, 47), and it is possible that ASH1L is involved in the
recruitment of these cells.
When a very stringent definition of differentially expressed

genes was used, analysis of RNA-Seq data identified 53 genes
with decreased expression in ASH1L KO cells and 103 genes
with increased expression, implying that ASH1L induces the
expression of 53 genes and represses 103 in ATC. Since
H3K36me2 activates gene expression, direct target genes of
ASH1L will be in the set of 53 that are down-regulated in the
ASH1LKO cells. This set includes numerous genes with known
pro-oncogenic actions. Of particular note are PRDM9 and
NNMT, both of which lead to epigenetic changes and therefore
can mediate indirect effects of ASH1L on gene expression. In
addition, the induction of IL6 could play a role in the recruit-
ment of tumor-associated macrophages. Thus, because ASH1L
is an epigenetic modifier, increased activity of this single
enzyme has the potential to active numerous pathways that
contribute to oncogenesis in diverse ways.
However, we focused on CCAT1 as a potentially important

ASH1L target gene due to the magnitude of the decrease
in CCAT1 lncRNA expression in ASH1L KO cells (68-fold
repressed) and the numerous pro-oncogenic associations of
CCAT1 (reviewed in Ref. 29). Supporting this potential role,
we found that shRNA knockdown of CCAT1 decreases the
growth rate of ATC cells. We also found evidence that CCAT1
is a direct ASH1L target gene, since CCAT1 is broadly dimethy-
lated at H3K36 in BHT-101 WT cells, but this dimethylation is
lost following ASH1L KO. This broad pattern of H3K36 dime-
thylation is similar to the ASH1L effect in leukemic cells (20).
In nonthyroid cancers, CCAT1 has been shown to act as a

scaffolding molecule and/or to bind to and inhibit the activity
of various miRNAs, leading to pro-oncogenic effects, including

Figure 6. ASH1L protein abundance is regulated by miR-200b-3p. A, ASH1L protein abundance in primary ATC tumors (data from Fig. 1) was compared
with ASH1L mRNA levels in the same tumors, assessed by RT-qPCR, and normalized to Pgk1. ASH1L protein and mRNA expression levels do not correlate sig-
nificantly in these tumors (p = 0.56). B, expression of miR-200b-3p is reduced in primary ATCs compared with PTCs (p = 0.0087, MannWhitney test). Expression
levels in the ATCs and PTCs from Fig. 1 weremeasured by RT-qPCR and normalized to RNU38B. C, lentivirus was used to overexpressmiR-200b in BHT-101 cells
and JEM493 cells. miRNA levels were measured by RT-qPCR, normalized to RNU38B and relative to control cells set to 1. The bars represent means6 S.D. (n =
3). D, overexpression of miR-200b results in decreased ASH1L protein abundance in BHT-101 and JEM493 cells, assessed by Western blotting. Lamin B1 was a
loading control. The ASH1L band is 300 kDa, and lamin B1 is 66 kDa. Quantitation of the ASH1L/lamin B1 band ratios is shown below theWestern blots, relative
to the control cells set to 1. E, overexpression of miR-200b does not decrease ASH1L mRNA expression in BHT-101 or JEM493 cells. ASH1L mRNA
expression was measured by RT-qPCR, normalized to B2M, and expressed relative to the value for control cells, which was set to 1. The bars represent
means6 S.D. (n = 3).
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increased MAPK activity, MYC expression, and beta-catenin
signaling (29, 48–50). These particular effects may be relevant
to ATCs, which commonly have increased MAPK activity even
when BRAF is WT (7), and also have been associated with
increased MYC expression (51) or beta-catenin signaling (52).
Although there are no previous reports of ASH1L functioning
upstream of CCAT1, this pathway is worthy of further study in
malignancies and in normal physiology.
Published data suggest that the abundance of ASH1L protein

in FTC is primarily regulated by posttranslational processes,
rather than by the level of the mRNA (25). We found a similar
phenomenon in ATC, though themechanism appears to be dif-
ferent. MiR-200b is strongly down-regulated in ATC relative to
PTC and FTC (26, 27), and our data support the hypothesis
that miR-200b-3p binds to the 39 UTR of ASH1L and inhibits
its translation. These results suggest that increasing the level of
a miR-200b-3p mimic in ATC should decrease ASH1L protein
and may be a novel therapeutic approach. Alternatively, inhibi-
ting ASH1L methyltransferase activity, increasing the degrada-
tion of ASH1L protein, and decreasing CCAT1 activity also
could be novel avenues of therapy.

Materials and methods

Human tumor samples

Primary human tumor samples were collected at the time of
surgical thyroidectomy by the Tissue Procurement Service of
the University of Michigan Department of Pathology and were
stored at 280°C. The histology of each case was reviewed by
Dr. Thomas Giordano. Institutional review board approval was
obtained. This study abided by the Declaration of Helsinki
principles.

Cell culture

The human ATC cell lines BHT-101 and SW1736 and the
FTC cell lines FTC-133 and TT2609-C02 were obtained from
Dr. Rebecca Schweppe (University of Colorado, Denver). BHT-
101 cells were maintained in Dulbecco’s modified Eagle me-
dium (catalog no. 12430; Gibco, Gaithersburg, MD) plus 10%
fetal bovine serum (FBS) (catalog no. F2442; Sigma-Aldrich, St.
Louis, MO) and 1 mM sodium pyruvate. SW1736 cells were
maintained in RPMI 1640 (catalog no. 11875; Gibco) plus 10%
FBS. FTC-133 cells were maintained in DMEM–Ham’s F-12
(catalog no. 11330; Gibco) plus 10% FBS. TT2609-C02 cells
were maintained in RPMI 1640 plus 10% FBS, 1 mM sodium
pyruvate, and 13 insulin-transferrin-selenium-ethanolamine
(catalog no. 51500056; Thermo Fisher Scientific, Waltham,
MA). The human ATC cell line JEM493 was a gift fromDr. J. A.
Copland III (Mayo Clinic, Jacksonville, FL) and was maintained
in RPMI 1640 plus 5% FBS, 1% nonessential amino acids, 1 mM

sodium pyruvate, and 10mMHEPES. The human FTC cell lines
FTC-236 and FTC-238 were obtained from Dr. Orlo Clark
(University of California, San Francisco) and were maintained
in DMEM-Ham’s F-12 plus 10% FBS, amphotericin B (250 ng/
ml), bovine insulin (10 mg/ml; catalog no. 10516; Sigma-
Aldrich), and bovine TSH (1 U/ml; catalog no. T-8931; Sigma-
Aldrich). The human ATC cell line 8505C (Sigma-Aldrich) was
maintained in Eagle minimal essential medium (catalog no.

M7278; Sigma-Aldrich) plus 10% FBS and nonessential amino
acids. All media contained penicillin-streptomycin, and all cell
lines were incubated at 37°C in 5% CO2. The authenticity of all
cell lines was confirmed by short-tandem-repeat profiling.

Cell lysis and immunoblotting

Total cellular extracts were prepared in HEPES buffer con-
taining protease inhibitor mixture (catalog no. 11836170001;
Sigma-Aldrich) as described previously (53). Cell lysates were
then gently resuspended and incubated at 4°C with gentle rock-
ing for 40 min to 1 h, followed by microcentrifugation at 13,000
rpm for 10 min at 4°C. The supernatants were transferred to
new tubes, and protein concentrations were determined. Nu-
clear and cytoplasmic extracts were prepared using NE-PER
(catalog no. 78833; Thermo Fisher Scientific). Proteins were
separated by SDS-PAGE and transferred onto polyvinylidene
difluoride membranes, and immunoblotting was performed
using antibodies to ASH1L (catalog no. A301-749A; Bethyl
Laboratories, Montgomery, TX) and lamin B1 (catalog no.
12987-1AP; Proteintech, Rosemont, IL). The primary and sec-
ondary antibodies were diluted with signal enhancer HIKAR
solution 1 and solution 2, respectively, as described previously
(53). Detection by enhanced chemiluminescence was carried
out with a SuperSignal West Dura kit (Thermo Fisher Scien-
tific) and a Bio-Rad Fluor-SMaxmulti-imager.

RNA isolation, reverse transcription, and RT-qPCR

Total RNA was isolated with an RNeasy minikit (catalog no.
74104; Qiagen, Germantown, MD) according to the manufac-
turer’s instructions. Four micrograms of total RNA was reverse
transcribed using a SuperScript III first-strand synthesis system
(catalog no. 18080051; Thermo Fisher Scientific), and RT-
qPCR was performed as described previously (54). All primer
sequences are listed in Table S4.

CRISPR-Cas9 KO of ASH1L

For KO of ASH1L by CRISPR-Cas9, four small guide RNA
sequences targeting the human ASH1L gene (NCBI reference
sequence NC_000001.1) were designed (sgRNA1, 81528:81547;
sgRNA2, 82120:82139; sgRNA3, 192199:192218; and sgRNA4,
192317:192336; numbers indicate the location in ASH1L
genomic DNA) via Deskgen web tools (55), followed by ligation
into pX459 (catalog no. 62988; Addgene, Cambridge, MA)
using BbsI restriction enzyme sites. Transfection of pX459-
sgRNA was performed with Lipofectamine 2000 (Invitrogen,
Carlsbad, CA). Clonal cell lines were isolated, and ASH1L gene
mutations were confirmed by Sanger sequencing of PCR-
amplified genomic DNA. Deconvolution of the sequencing
profiles was performed using the Tide web tool fromDeskgen.

Cell proliferation assay

Measurement of the cell proliferation rate was performed by
using an in vitroMTT assay according to the instructions of the
manufacturer (catalog no. V13154; Invitrogen). Since the MTT
assay is an indirect measure of cell number, cell proliferation
also was assessed by direct cell counting after trypsinization
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and cell suspension, using a Luna-FL automated fluorescence
cell counter with acridine orange/propidium iodide staining.

Thyroid tumor xenograft model

Five- to six-week-old NOD.CB17-Prkdcscid/J (NOD SCID;
stock number 001303) female mice were purchased from the
Jackson Laboratory, Bar Harbor, ME. Six mice per group were
used to inject 5 3 106 shControl BHT-101 or shAsh1L cells in
50% Matrigel (catalog no. 354234; Corning Life Sciences, New
York) subcutaneously into the flanks of the mice. Similarly, 53
106 WT BHT-101 cells or ASH1L KO cells mixed with 50%
Matrigel were injected subcutaneously into the flanks of the
mice. Tumor volumes were estimated weekly using digital cali-
pers following the formula (L 3 W2), where L is length and W
is width of the tumor. The University of Michigan Committee
on the Use and Care of Animals approved all in vivo studies.

RNA-Seq assay

Total RNA was extracted using an RNeasy minikit (catalog
no. 74104; Qiagen) with DNase 1 on-column digestion follow-
ing the manufacturer’s protocol. Samples for analysis included
three independent cultures of BHT-101 cells and one culture
each of 4 independent BHT-101 cell lines with CRISPR-Cas9-
mediated deletion of ASH1L protein expression. Library con-
struction (TruSeq RNA library preparation kit; Illumina, San
Diego, CA) and sequencing on an Illumina NextSeq 500 using
75-nt single-end reads were done per themanufacturers’ proto-
cols, performed by the University of Michigan Advanced
Genomics Core. The samples were barcoded and run in four
lanes; an average of 75 million reads were sequenced per
sample.

RNA-Seq data analysis

Quality control of raw RNA-Seq data was performed using
FastQC (v0.11.5) (RRID:SCR_014583), RseQC (v2.6.4) (56),
and MultiQC (v1.7) (57). The adapters were trimmed by Trim-
Galore (v0.4.1) (RRID:SCR_011847), and the trimmed reads
were aligned to the GRCh38.p10 human genome (GRCh38_
GencodeV26) (RRID:SCR_014966) using STAR (v2.5.3a) (58)
with default parameters. Gene expression levels were quanti-
fied by HTseq (v0.11.2) (59) with the following options: “–
mode=union,” “–stranded=reverse,” “-f bam,” “-a 30,” and “-t
exon.” The differential expression analysis was conducted with
the Bioconductor package edgeR (v3.20.9) (60) using “tagwise”
and “robust” options for dispersion estimation and the likeli-
hood ratio test “glmLRT” for the comparison between ASH1L
KO and WT groups. FDR was controlled using the Benja-
mini-Hochberg method (61). The genes with FDR of ,0.05
and absolute FC of .2 in the same direction across the four
KO samples were selected as the differentially expressed
genes.

Gene set enrichment testing

Gene set enrichment testing was performed using the RNA-
Enrich functionality in LRpath (RRID:SCR_018572) (62) with
the “directional test” option. The p values of genes from the dif-

ferential expression analysis were modified by taking the con-
cordance of the four KO samples into account, and the genes
were ranked by the modified p values. The following criteria
were applied to modify the raw p value for each gene: (i) if the
gene showed consistent down- or up-regulation by at least an
FC of 2 in all four KO samples (n = 4), the original p value was
kept; (ii) if the gene showed consistent down- or up-regula-
tion (FC . 2) in three KO samples (n = 3), the p value was
multiplied by 1.5; (iii) if the gene showed consistent down- or
up-regulation (FC. 2) in two KO samples (n = 2), the p value
was multiplied by 2; (iv) if the gene was down- or up-regu-
lated (FC. 2) in only one KO sample (n = 1), the p value was
multiplied by 2.5; and (v) if the gene failed to show down- or
up-regulation with an FC of .2 in any KO samples (n = 0),
the p value was multiplied by 3. The genes with less concord-
ance in the expression change across the four KO samples
compared with controls were intended to be ranked down in
the list. Gene IDs, modified p values, FC values, and average
counts per million from the differential expression analysis
were used as input in the RNA-Enrich testing. GO biological
processes, KEGG pathways, and four categories of custom
gene sets (cancer gene neighborhood, c4.cgn.v7.0.entrez.gmt.
txt; oncogenic gene sets, c6.oncogenic.all.v7.0.entrez.gmt.txt;
immunologic gene sets, c7.immunologic.all.v7.0.entrez.gmt.
txt; and hallmark gene sets, hallmark.all.v7.0.entrez.gmt.txt)
fromMSigDB (40) were used for the test. Only gene sets with
,1,000 genes were considered for this analysis, and those
with FDR of ,0.05 were considered significantly up- or down-
regulated by ASH1LKO.

shRNA knockdown of ASH1L and CCAT1

Knockdown of ASH1L in ATC cell lines was performed by
infection with a lentivirus expressing either of two shRNAs tar-
geting ASH1L or an shControl. Two different Mission lentivirus-
based plasmids of shRNAs (clone numbers TRCN0000016168
andTRCN0000016172) against humanASH1L and the shControl
vector TRC2 pLKO.5-puro nonmammalian shRNA (SHC202)
were obtained from Sigma-Aldrich. 293T cells were cotrans-
fected with the shRNA and packaging plasmids psPAX2 and
pMD2 by the calcium phosphate method to produce the len-
tivirus as described previously (54). shRNAs targeting human
CCAT1 were SigmaMission custom vectors in pLKO.5-puro,
and TRC2 pLKO.5-puro nonmammalian shRNA (SHC202)
was the shControl vector. The CCAT1 shRNA targeting sequen-
ces are shCCAT1-1 (CAGGAGGGTGCTTGACAATAA) and
shCCAT1-2 (CCCAGCCACCCACAATTCTTT). The transfec-
tion of shCCAT1 and production of lentivirus in 293T cells were
performed as described above.

ChIP-Seq assay

ChIPwas performed using SimpleChIP kit no. 9003 (Cell Sig-
naling Technology, Danvers, MA) following themanufacturer’s
protocol. Briefly, 33 107 cells were cross-linked with 1% form-
aldehyde at room temperature for 10 min, quenched with 0.125
M glycine, and resuspended in SDS lysis buffer. Chromatin
fragments were obtained by partial digestion with micrococcal
nuclease, followed by ChIP using H3K36me2 antibody catalog
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no. ab9049 fromAbcam (Cambridge,MA). The ChIP and input
DNA samples were used for next-generation library construc-
tion (ThruPLEX library preparation kit; Takara Bio, Mountain
View, CA) and DNA sequencing on an Illumina HiSeq 4000 per
the manufacturers’ protocols using 50-nt single-end reads, per-
formed by the University of Michigan Advanced Genomics
Core. The WT and 4 KO samples from three biological repli-
cate experiments were barcoded and run together in five lanes;
an average of 68 million reads were sequenced per input sam-
ple, and 81million reads per ChIP sample.

ChIP-Seq data analysis

Quality control of H3K36me2 ChIP-Seq data was performed
using FastQC (v0.11.5) (RRID:SCR_014583) and MultiQC
(v1.7) (57). The adapters were trimmed by TrimGalore (v0.4.1)
(RRID:SCR_011847), and the trimmed reads were aligned to
GRCh38.p10 human genome (GRCh38_GencodeV26) (RRID:
SCR_014966) using bowtie2 (v2.2.9) (63) with default parame-
ters. DeepTools (64) was used for a second round of quality
control on the postalignment data to ensure that the libraries
had high IP quality and only high-quality reads were used for
this analysis. The uniquely mapped reads were extracted from
the alignment files and used for peak calling. MACS2 was used
to call H3K36me2 peaks with the following parameters: -f BAM
-g hs –bdg –SPMR –keep-dup 1 –broad –broad-cutoff 0.05.
The peaks with q values of ,0.05 were considered significant.
The identified peaks were annotated to known genes using
the annotatr Bioconductor package (v1.4.1) (65). The BED-
Tools (v2.29.2) (66) intersect function was used to identify
peaks unique to WT cells and absent from ASH1L KO cells.
For data visualization, the read alignment bam files were
converted to bigWig files by DeepTools using the “RPKM
normalization” option and then imported into the IGV
browser (v2.4.10) (67).

Forced expression of miR-200b

hsa-miR-200b (catalog no. HmiR0001-MR03; GeneCopoeia,
Rockville, MD) in the lentiviral vector pEZX-MR03 and the
scrambled control vector (catalog no. CmiR0001-MR03) were
cotransfected with packaging plasmids psPAX2 and pMD2
in 293T cells, followed by infection of BHT-101 and JEM493
cells with the harvested lentivirus particles. Stably infected
cells were selected with puromycin (1 mg/ml). For analysis of
miRNA expression, RNA was isolated using a miRNeasy
minikit (catalog no. 217004; Qiagen), followed by reverse
transcription with a TaqMan miRNA reverse transcription
kit (catalog no. 4366596; Thermo Fisher) and qPCR using a
TaqMan miRNA assay (catalog no. A25576 for miR-200b-3p
and no. 4427975 for RNU38B) as a normalization control for
small RNA.

Data availability

The ChIP-Seq and RNA-Seq data have been deposited in
Gene Expression Omnibus, accession numbers GSE147074
and GSE147076, respectively. Data presented as not shown are
available upon request from Ronald Koenig (rkoenig@umich.

edu) or Bin Xu (bxu@umich.edu), University of Michigan. All
other data are presented in this article.
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