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SUMMARY

Studying cancermetabolismgives insight into tumor-
igenic survival mechanisms and susceptibilities. In
melanoma, we identify HEXIM1, a transcription elon-
gation regulator, as a melanoma tumor suppressor
that responds to nucleotide stress. HEXIM1 expres-
sion is low in melanoma. Its overexpression in a
zebrafish melanoma model suppresses cancer for-
mation, while its inactivation accelerates tumor onset
in vivo. Knockdown of HEXIM1 rescues zebrafish
neural crest defects and human melanoma prolifera-
tion defects that arise from nucleotide depletion. Un-
der nucleotide stress, HEXIM1 is induced to form an
inhibitory complex with P-TEFb, the kinase that initi-
ates transcription elongation, to inhibit elongation at
tumorigenic genes. The resulting alteration in gene
expression also causes anti-tumorigenic RNAs to
bind to and be stabilized by HEXIM1. HEXIM1 plays
an important role in inhibiting cancer cell-specific
gene transcription while also facilitating anti-cancer
gene expression. Our study reveals an important
role for HEXIM1 in coupling nucleotide metabolism
with transcriptional regulation in melanoma.
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INTRODUCTION

The ability of cancer cells to alter metabolism to enhance survival

and adapt to the microenvironment has been studied to under-

stand tumorigenic mechanisms that can be therapeutically

targeted. Nucleotide metabolism is dysregulated in cancer. Im-

balances in nucleotide pools alter mutation rates (Meuth, 1989;

Weinberg et al., 1981). Dysregulation of the nucleotide biosyn-

thesis precursors glycine and glutamine in tumorigenesis invoke

changes in nucleotide metabolism (Liu et al., 2012; Zhang et al.,

2012). Genetic mutations with altered nucleotide metabolism

cause chromosomal instability (Chabosseau et al., 2011; Chang

et al., 2013). Our previous work found that inhibition of de novo

pyrimidine biosynthesis enzyme dihydro-orotate dehydroge-

nase (DHODH), by drug leflunomide (lef), ablates zebrafish neural

crest and suppresses melanoma through an unclear transcrip-

tion elongation mechanism (White et al., 2011).

Control of the elongation phase of RNA polymerase II (Pol II)

transcription regulates gene expression during differentiation

(Guo and Price, 2013). After initiation, Pol II becomes paused

at the promoter by negative transcription elongation factors

such as DSIF and NELF (Muse et al., 2007; Rahl et al., 2010).

Release of these promoter-proximal paused polymerases into

productive elongation requires positive transcription elongation

factor b (P-TEFb) (Marshall et al., 1996). P-TEFb, comprising

cyclin-dependent kinase 9 (CDK9) and either cyclin T1 or T2
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(CCNT1/2), phosphorylates Pol II (Marshall et al., 1996), DSIF

(Yamada et al., 2006), and NELF (Fujinaga et al., 2004). This re-

leases NELF from the elongation complex and converts DSIF

into a positive factor (Fujinaga et al., 2004; Yamada et al.,

2006), resulting in productive elongation (Rahl et al., 2010).

The 7SK small nuclear ribonucleoprotein particle (snRNP) crit-

ically regulates transcription elongation by sequestering and

inactivating P-TEFb (Peterlin et al., 2012). Negative regulation

of P-TEFb by HEXIM1 in the 7SK snRNP is essential for regu-

lating gene expression. HEXIM1 binds to 7SK RNA and seques-

ters P-TEFb in an inactive state (Yik et al., 2003). 7SK snRNP

components MEPCE (bcdin3) (Jeronimo et al., 2007) and

LARP7 (He et al., 2008) maintain 7SK stability. Regulated release

of P-TEFb from the 7SK snRNP is important for rapid gene induc-

tion for metazoan development. 7SK snRNP disruption leads to

developmental abnormalities in zebrafish (Barboric et al., 2009)

and humans (Alazami et al., 2012).

To determine how nucleotide metabolism affects transcription

in tumors, we examined the relevance of negative regulators of

transcription elongation in cancer and found that HEXIM1 fea-

tures significantly in melanoma. Our analysis revealed that

HEXIM1 mRNA and protein levels are low in melanoma. In vivo

studies demonstrate that HEXIM1 functions as amelanoma sup-

pressor: its overexpression suppresses tumor onset, while its

inactivation accelerates tumorigenesis. Pyrimidine nucleotide

depletion induces SP1-mediated HEXIM1 upregulation to sup-

press melanocyte and neural crest formation in vivo. Under

nucleotide stress, HEXIM1 forms an inhibitory complex with

P-TEFb, inhibiting productive elongation at neural crest-associ-

ated and tumorigenic genes. The alteration in gene expression

causes anti-tumorigenic transcripts to bind to and become sta-

bilized by HEXIM1. HEXIM1 induction by nucleotide stress facil-

itates a gene expression switch, inhibiting tumorigenic gene

transcription while favoring anti-tumorigenic gene transcription.

The ability of HEXIM1 to couple nucleotide stress with an anti-

melanoma transcriptional response is an important mechanism

in tumor metabolism.

RESULTS

HEXIM1 Expression Is Low in Melanoma
We evaluated the role of candidate transcription elongation reg-

ulators in Oncomine (Rhodes et al., 2004) and only HEXIM1

expression was significantly altered in melanoma (data not

shown).We analyzed two humanmelanomamicroarray datasets

for HEXIM1 expression (Lin et al., 2008; Talantov et al., 2005).

Talantov et al. (2005) studied gene expression from primary mel-

anoma and benign skin nevi, while Lin et al. (2008) examined

gene expression in melanoma short-term cultures and cell lines.

HEXIM1 is downregulated by at least 2-fold in 78% of nevi

compared to normal skin controls (Figures 1A and S1A).

Comparing melanoma and skin, HEXIM1 was downregulated

in 100% of melanoma cases by at least 2-fold (Figures 1A and

S1A). In short-term cultures and cell lines versus normal melano-

cyte lines, 44% of melanoma cases had HEXIM1 downregulated

by at least 2-fold (Figures 1B and S1A). Other 7SK snRNP mem-

bers were not significantly downregulated (Figure S1B). HEXIM1

is likely downregulated in melanoma.
To assess HEXIM1 protein levels, we performed immunohisto-

chemistry on human melanoma tissue microarrays. We scored

them by the H-score method on a scale of 0 to 300 (McClelland

et al., 1990); 66% of nevi and 72% of human melanoma samples

showed low H-scores of <100, corresponding to low HEXIM1

protein levels (Figures 1C and S1C). Also, 6% of nevi and 13%

of melanoma showed high HEXIM1 levels with H-scores of

>200 (Figures S1C and S1D), and 100% of normal epidermal

samples scored high for HEXIM1 expression, with 94% of sam-

ples possessing H-scores of >200 (Figures S1C and S1D). As

melanoma is derived from melanocytes, we examined normal

epidermal sections co-stained for HEXIM1 and MART1, a mela-

nocyte-specific cell surface antigen (Kawakami et al., 1994).

Melanocytes co-expressed high levels of both MART1 and

HEXIM1, meaning that HEXIM1 protein levels are high in normal

melanocytes compared to nevi and melanoma (Figure S1E).

These results suggest that HEXIM1 protein is downregulated in

melanoma.

There are no significant mutations in the HEXIM1 gene across

tumor databases (data not shown), suggesting that, in mela-

noma, epigenetic silencing might cause HEXIM1 downregula-

tion. We examined DNA methylation of the HEXIM1 locus using

MethHC (Huang et al., 2015) to analyze melanoma methylation

data from The Cancer Genome Atlas (TCGA). The HEXIM1 pro-

moter is hypermethylated in tumor samples, suggesting that

hypermethylation downregulates HEXIM1 (Figure 1D). To func-

tionally test if the HEXIM1 promoter is methylated in melanoma,

we treated the human A375 melanoma cell line with 5-azacyti-

dine, a DNA methyltransferase (DNMT) inhibitor that removes

methylation on DNA (Creusot et al., 1982). We observed a

dose-dependent upregulation of HEXIM1 transcripts (Figure 1E)

and reduced cell viability (Figure 1F) with DNMT inhibition.

Together, the expression patterns and epigenetic silencing by

DNA methylation suggest that HEXIM1 is a tumor suppressor

that is downregulated in melanoma.

HEXIM1 Overexpression Suppresses Melanoma Onset
while Its Inactivation Accelerates Melanoma In Vivo
To investigate the in vivo action of HEXIM1 on melanoma, we

overexpressed human HEXIM1 and zebrafish hexim1 in the

MiniCoopR zebrafish assay system (Ceol et al., 2011). Com-

pared to the EGFP background control and the SETDB1 positive

control, which accelerates tumor onset, both human HEXIM1

and fish hexim1 suppressed melanoma onset (Figures 2A and

2B). Of the HEXIM1/hexim1 fish, 80% remained tumor free at

the 25-week endpoint, while 30% of EGFP and 10% of SETDB1

fish were tumor free.

We investigated if HEXIM1 suppression of tumorigenesis is

dependent on its P-TEFb sequestration function. HEXIM1/

P-TEFb interaction is modulated by mutating HEXIM1 amino

acid residues at S268, T270, T276, and S278, located at the

P-TEFb-binding domain (Contreras et al., 2007). Mutating these

sites to aspartic acid generates HEXIM1-4D, which ablates

P-TEFb binding. Mutating these sites to alanine generates

HEXIM1-4A, which efficiently sequesters P-TEFb. Overexpress-

ing HEXIM1-4A suppresses tumors to a similar extent as

HEXIM1 and hexim1 (Figure 2C). Overexpressing HEXIM1-4D

did not suppress tumors and tumorigenesis continued at a
Molecular Cell 62, 34–46, April 7, 2016 35
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Figure 1. HEXIM1 Is Downregulated in Melanoma

(A) Gene expression plot of HEXIM1 microarray data from Talantov et al. (2005) comparing nevi/tumor samples versus normal skin controls. The data are

represented as mean ± SD.

(B) Gene expression plot of HEXIM1 microarray data from Lin et al. (2008) compares primary melanoma cultures and melanoma cell lines to melanocyte culture

controls (mean ± SD).

(C) Bar graph shows H-scores for normal epidermis, nevi, and melanoma samples (mean ± SD).

(D) HEXIM1 locus methylation plot from TCGA skin cutaneous melanoma samples, analyzed by MethHC, is shown (mean ± SD).

(E) Real-time RT-PCR for HEXIM1 expression in A375 cells treated with 5-azacytidine for 24 hr normalized to GAPDH is shown (mean of three replicates ± SD).

(F) Cell number of A375 cells treated with 5-azacytidine for 24–72 hr relative to DMSO controls is shown (mean of three replicates ± SD).

See also Figure S1.
similar rate to EGFP (Figure 2C). We validated MiniCoopR trans-

genic construct expression by sequencing and western blots

(Figures S2A–S2C).

We investigated the effects of HEXIM1 overexpression in

melanocytes during development. We outcrossed HEXIM1,

HEXIM1-4A, and -4D MiniCoopR transgenic fish to the

Tg(mitfa:BRAFV600E);p53�/�;mitfa�/� parental strain and exam-

ined melanocytes at 2 days post-fertilization (dpf), using a Tu

wild-type strain incross as control (Figure S2D). The outcrosses

for the HEXIM1 and HEXIM1-4D strains produced offspring

with an embryonic decrease in melanocytes, similar to DHODH

inhibition effects (White et al., 2011). This melanocyte reduction

did not occur for the EGFP or HEXIM1-4D strains. These

studies show that the capacity of HEXIM1 to sequester

P-TEFb is required for its function in tumor suppression and

development.
36 Molecular Cell 62, 34–46, April 7, 2016
To analyze the effect of HEXIM1 inactivation in vivo, we em-

ployed a CRISPR/Cas9 knockout of hexim1 in our zebrafish mel-

anoma model. Under control of the MiniCoopR vector, we

expressed hexim1 and p53 control guide RNAs (gRNAs) and

Cas9 in a melanocyte-specific fashion (Ablain et al., 2015)

to examine tumor onset. Since the Tg(mitfa:BRAFV600E);

p53�/�;mitfa�/� fish have non-functional p53, the p53 CRISPR

controls for random targeting events. Mutation of the hexim1

gene was confirmed by a T7E1 enzymatic genotyping assay,

and western blot showed lower hexim1 protein levels (Figures

S2E and S2F). Reduced hexim1 expression due to heterozygous

inactivation resulted in accelerated tumor onset compared to the

p53 control (Figure 2D), consistent with HEXIM1 functioning as a

tumor suppressor.

We examined the tumor-suppressive ability of HEXIM1 in a

mouse xenograft model with a Tet-On HEXIM1-inducible A375
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Figure 2. HEXIM1 Activity Suppresses Melanoma In Vivo

(A) 19-week-old Tg(mitfa:BRAFV600E);p53�/�;mitfa�/� zebrafish are shownwith rescuedmelanocytes expressing tumor acceleratorSETDB1, background control

EGFP, or HEXIM1/hexim1 in the MiniCoopR system.

(B) Tumor-free survival curves for EGFP, SETDB1, and HEXIM1/hexim1 MiniCoopR zebrafish over 25 weeks. Percentages of the total number of zebrafish that

were tumor free each week are plotted.

(C) Tumor-free survival curves for MiniCoopR overexpression of human HEXIM1-4A, and HEXIM1-4D are shown.

(D) Tumor-free survival curves for MiniCoopR expression of p53 and hexim CRISPRs are shown.

(E) Tumor growth rates of individual mouse xenografts with a Tet-On HEXIM1-inducible A375 cell line (A375-HEXIM1) over 14 days. Mice were fed either a

standard diet or doxycycline diet (mean of seven replicates ± SD).

See also Figure S2.
melanoma cell line (A375-HEXIM1). HEXIM1 induction with a

doxycycline diet significantly reduced tumor growth rates

compared to uninduced mice (Figures 2E and S2G), comple-

menting our fish data that HEXIM1 is a melanoma suppressor.

Knockdown of HEXIM1 Rescues Neural Crest and
Melanoma Phenotypes Associated with Nucleotide
Stress
DHODH inhibition by lef ablates crestin (neural crest marker) and

mitfa (master regulator of melanocyte fate) gene expression in

developing zebrafish embryos (White et al., 2011). Hexim1 mor-

pholino knockdown partially rescued crestin and mitfa expres-

sion in lef-treated zebrafish embryos (Figure 3A). Melanocytes

were partially rescued (Figures 3B and 3C). Overexpressing

human HEXIM1, via mRNA injection, with zebrafish hexim1

knockdown ablated the rescue. We validated hexim1 protein
knockdown via western blot (Figure S3A).Hexim1 is ubiquitously

expressed in early zebrafish development (Figures S3B–S3D).

Knockdown of the 7SK snRNP members larp7 andmepce reca-

pitulated the rescue of melanocytic gene expression and mela-

nocytes seen in hexim1 knockdown (Figures S3E and S3F). We

observed melanocyte reduction in our HEXIM1-overexpressing

zebrafish embryos (Figure S2D) similar to the lef embryonic

phenotype. However, this was only a partial phenocopy of lef

since crestin expression was unchanged (data not shown),

possibly becauseHEXIM1 is specifically overexpressed in mela-

nocytes under themitfa promoter and the early neural crest cells

affected by lef are still present in the transgenic embryos.

Hexim1 plays a role in neural crest in vivo effects caused by

nucleotide stress.

DHODH inhibition causes growth arrest in the human A375

melanoma cell line (White et al., 2011). We performed pooled
Molecular Cell 62, 34–46, April 7, 2016 37
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Figure 3. Knockdown of HEXIM1 Rescues

Nucleotide Stress-Associated Neural Crest

Ablation and Melanoma Suppression Pheno-

types

(A) Zebrafish embryos were injected with 8 ng

hexim1 or control morpholino (MO) or a combination

of hexim1 MO and 300 pg human HEXIM1 mRNA.

Embryos were treated with DMSO or 6.5 mM lef at

50% epiboly and in situ hybridization was per-

formed at 24 hr post-fertilization (hpf) for crestin or

mitfa expression. Dorsal views of embryos are

shown. Numbers indicate the number of embryos

with the shown phenotype versus the total number

of embryos in the clutch.

(B) Embryos treated as in (A) were scored for me-

lanocytes at 2 dpf.

(C) Four clutches of embryos were analyzed for

rescue of melanocytes under the conditions of un-

injected, hexim1 MO injected, lef treatment, or

hexim1MO injected with lef treatment. Percentages

of the number of embryos rescued in each clutch

are plotted (mean ± SD).

(D) Cell number of A375 cells treated with 25 mM

A771726 in combination with siRNA pools for

GAPDH, HEXIM1, and HEXIM2 relative to DMSO

controls is shown (mean of three replicates ± SD).

See also Figure S3.
small interfering RNA (siRNA) knockdown of HEXIM1 on

A375 cells treatedwith A771726, andwe showed a partial rescue

of the growth arrest phenotype (Figure 3D). A combined HEXIM1

and HEXIM2 knockdown marginally improved rescue, while

applying a non-targeting siRNA pool or GAPDH knockdown

did not rescue (Figure 3D). Knockdowns were validated by RT-

PCR (Figure S3G). These results suggest that HEXIM1 plays an

important role in the transcriptional response to nucleotide

stress in the neural crest lineage and melanoma.

HEXIM1 Is Upregulated in Response to Nucleotide
Stress in Melanoma
Metabolite profiling of A375 cells with metabolized lef, A771726,

revealed that pyrimidine biosynthesis- and RNA transcription-

associated metabolites were primarily dysregulated (Figure S4A;

Table S1). Metabolites upstream of DHODH were upregulated

while metabolites downstream of DHODH were downregulated

(Figures S4B and S4C). Changeswere limited to pyrimidine inter-

mediates before 48 hr, after which secondary effects, such as

purine metabolite changes, were observed (Figures S4A and

S4C; Table S1). This highlights the specificity of DHODH inhibi-

tors to pyrimidine biosynthesis.

To examine the effect of pyrimidine stress on HEXIM1 expres-

sion, zebrafish embryos and human A375 cells were treated with

lef and A771726, respectively. HEXIM1 was upregulated with

drug treatment in both systems in a dose-dependent manner
38 Molecular Cell 62, 34–46, April 7, 2016
by mRNA and protein levels (Figures 4A–

4D). We tested A771726 in our A375

HEXIM1-luciferase reporter line (Liu

et al., 2014). A771726 increased HEXIM1

expression over time, similar to positive
control hexamethylene bisacetamide (HMBA) that upregulates

HEXIM1 (Figure 4E). HEXIM1 was upregulated after 48 hr of

drug treatment (Figure 4F), when pyrimidine nucleotides were

significantly depleted (Figure S4C) and when growth arrest

became significant (Figure 4G). Increased HEXIM1 expression

induced by nucleotide stress could be rescued by adding pyrim-

idine nucleotides to drug-treated cells (Figure 4H). Adding nucle-

otides alone did not alter HEXIM1 expression (Figure 4H),

suggesting that the role of HEXIM1 in transcriptional regulation

is prominent in times of starvation and not nucleotide excess.

Nucleotide starvation activates HEXIM1 with a corresponding

decrease in cell proliferation.

HEXIM1 Is Upregulated by SP1 under Nucleotide Stress
We asked which transcription factor is responsible for HEXIM1

nucleotide stress upregulation by examining the Encyclopedia

ofDNAElements (ENCODE) transcription factor chromatin immu-

noprecipitation sequencing (ChIP-seq) database (ENCODE Proj-

ectConsortium,2012) and selectingeight candidate transcription

factors that significantlybind theHEXIM1promoter.Wescreened

these factors by siRNA knockdown to determine which one pro-

motesHEXIM1upregulationundernucleotidestress (FigureS5A).

Knockdown was validated by RT-PCR (Figure S5B). SP1 knock-

down significantly blocked HEXIM1 upregulation by A771726

treatment (Figures 5A and S5A). SP1 is a stress response factor

(Ryuet al., 2003), and its knockdownpartially rescued lef-induced
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Figure 4. HEXIM1 Is Upregulated by Pyrimidine Nucleotide Stress

(A) Real-time RT-PCR for hexim1 expression in 24-hpf zebrafish embryos treated with lef normalized to gapdh is shown (mean of three replicates ± SD).

(B) Real-time RT-PCR for HEXIM1 expression in A375 cells treated with A771726 for 72 hr normalized to GAPDH is shown (mean of three replicates ± SD).

(C) Western blot for hexim1 in 24-hpf zebrafish embryos treated with lef from 50% epiboly to 24 hpf. Numbers represent quantified pixel density of hexim1 bands

relative to DMSO control.

(D) Western blot for HEXIM1 in A375 cells treated with A771726 for 72 hr with quantified HEXIM1 pixel density relative to the DMSO control is shown.

(E) HEXIM1-luciferase reporter assay in A375 cells treated with 10 mM HMBA, DMSO, or 25 mM A771726 for 48 hr is shown (mean of two replicates ± SD).

(F) Western blot shows HEXIM1 and TATA-binding protein (TBP) in A375 cells treated with 25 mM A771726 for 1, 24, 48, and 72 hr with quantified HEXIM1 pixel

density relative to DMSO control.

(G) Quantification of cell number of A375 cells treated like in (F) is shown (mean of three replicates ± SD).

(H) Real-time RT-PCR for HEXIM1 expression in A375 cells treated with 25 mM A771726, a cocktail of 10 mg/ml pyrimidine nucleotides (UMP and CMP), and a

combination of both A771726 and nucleotides at 24 and 72 hr normalized to GAPDH is shown (mean of three replicates ± SD).

See also Figure S4 and Table S1.
growth arrest similar to HEXIM1 knockdown (Figure 5B). The

HEXIM1minimal promoter element used in the luciferase reporter

assay in Figure 4E contains an SP1-binding element (Liu et al.,

2014). ChIP-seq experiments demonstrated that SP1 binding

was increased at many loci under nucleotide stress, where

some genes were activated while others were repressed by

RNA sequencing (RNA-seq, data not shown). The HEXIM1 pro-

moter is one regionwhereSP1bindingwas increased (Figure 5C),
with an associated increase in HEXIM1 expression. These data

establish a role for SP1 in the upregulation ofHEXIM1 expression

under nucleotide stress conditions.

HEXIM1 Induction Sequesters P-TEFb Away from Gene
Promoters
We investigated if HEXIM1 chromatin occupancy is affected by

nucleotide stress by performing ChIP-seq for CDK9 and HEXIM1
Molecular Cell 62, 34–46, April 7, 2016 39
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Figure 5. HEXIM1 Is Upregulated under

Nucleotide Stress by SP1

(A) Real-time RT-PCR for HEXIM1 expression in

A375 cells treatedwith 25 mMA771726 and pooled

siRNAs for non-targeting siRNAs, GAPDH, and

SP1 at 48 hr normalized to ACTB (mean of three

replicates ± SD). This is a subset of the full

screening data in Figure S5A.

(B) Cell number of A375 cells treated with 25 mM

A771726 in combination with a non-targeting

siRNA pool, an SP1 or HEXIM1 siRNA pool for

gene knockdown relative to DMSO controls is

shown (mean of three replicates ± SD).

(C) SP1 ChIP-seq peaks around the HEXIM1 locus

in A375 cells treatedwith DMSO or A771726. Read

density at the HEXIM1 locus is normalized to all

called peaks and quantified.

See also Figure S5.
in A375 cells treated with A771726 for 48 hr. We chose the 48-hr

time point since HEXIM1 protein levels are significantly upregu-

lated (Figure 4F) with no induction of apoptosis (data not shown).

It takes 24 hr for lef to downregulate pyrimidines (Figure S4C),

after which HEXIM1 is induced. Pol II ChIP-seq and meta-gene

analysis were performed on the same batch of cells to show

that drug treatment did not affect immunoprecipitation efficiency

(Figure S6A).

Meta-geneanalysisdemonstrated thatCDK9andHEXIM1were

localized at gene promoters (Figures 6A and 6B). ChIP-seq region

plots for CDK9 and HEXIM1 binding throughout the genome,

based on either CDK9- or HEXIM1-binding regions in the DMSO

control, showed co-binding of HEXIM1with CDK9 at the same re-

gions (Figure 6C). We confirmed this co-binding by performing

ChIP-reChIP for HEXIM1 and CDK9. ChIP-reChIP region and

meta-gene plots demonstrated that HEXIM1 and CDK9 indeed

bound at identical chromatin regions (Figures S6B and S6C).

A771726 treatment reduced both CDK9 and HEXIM1 occu-

pancy at the promoters (Figures 6A and 6B). This reduction could

be due to increased HEXIM1 sequestration of P-TEFb, where

coimmunoprecipitation of HEXIM1 demonstrated that more

CDK9 was being incorporated into the 7SK snRNP inhibitory

complex with drug (Figure S6D). HEXIM1 binding to P-TEFb is

crucial for its in vivo tumor suppression activity and develop-

mental effects (Figures 1H and S2D), which could account for

the anti-proliferative effect that A771726 has on melanoma.

These data suggest that HEXIM1 poises P-TEFb at gene pro-

moters for a rapid release to the transcriptional machinery

when required. Upon nucleotide stress, HEXIM1 is induced to

sequester P-TEFb to decrease productive elongation.

HEXIM1 Induction Reduces Productive Elongation at
Neural Crest and Tumorigenic Genes
To examine the transcriptional effects of HEXIM1 sequestration

of P-TEFb under nucleotide stress, we performed global run-

on sequencing (GRO-seq) on A375 cells treated with lef or

A771726 at the same time point as our ChIP-seq experiments.
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Genes that were considered expressed in the DMSO condition,

with a traveling ratio (TR) cutoff of less than 7.5 (White et al.,

2011), were used in the GRO-seq analysis for DMSO, lef,

and A771726 conditions. TR is a measure of Pol II transcription

along a gene in which read density at the promoter is

divided by read density along the gene body (Rahl et al., 2010;

Zeitlinger et al., 2007). A higher TR corresponds to a decrease

in productive elongation. Pol II occupancy at the promoters

and gene bodies was plotted for short-listed gene loci in all

three conditions (Figure S6E). Overall TRs calculated from Fig-

ure S6E showed a significant increase in TR for both lef and

A771726 treatment (Figure 6D). Gene meta-analysis showed

that Pol II density was lower in the gene body with nucleotide

stress (Figure 6E). Pol II promoter density remained largely un-

changed (Figure 6E), indicating that productive elongation was

reduced with little effect on Pol II promoter-proximal pausing.

Example tracks of unaffected housekeeping gene b-actin

(ACTB) and affected melanoma-associated transcription factor

HMGA2 (Raskin et al., 2013) are shown (Figure S6F). GRO-seq

suggests that nucleotide stress reduces productive elongation

in melanoma.

To assess HEXIM1’s role in the reduction of productive elon-

gation, we examined Serine-2 phosphorylation (Ser2p) of the

Pol II C-terminal domain in A375 cells treated with A771726

and with HEXIM1 pooled knockdown. The transition into

productive elongation mediated by P-TEFb leads to increased

Ser2p (Adelman and Lis, 2012). In cells with non-targeting

siRNA, Ser2p was decreased by 40% with increased HEXIM1

levels (Figure S6G). We expected this decrease in Ser2p since

GRO-seq demonstrated a reduction in productive elongation

at actively transcribed genes. Reduced Ser2p was rescued

by HEXIM1 knockdown (Figure S6G). Nucleotide stress also

caused a moderate transcription initiation defect, evident from

the decrease in initiation marker Serine-5 phosphorylation

(Ser5p) that was only partially rescued by HEXIM1 knockdown

(Figure S6G). We induced HEXIM1 in the A375-HEXIM1 cell

line and observed a 40% decrease in Ser2p similar to A771726
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Figure 6. HEXIM1 Reduces Productive Elon-

gation at Tumorigenic Genes by P-TEFb

Sequestration under Nucleotide Stress

(A) Metagene analysis of all transcribed genes ±2 kb

around transcription units for CDK9-binding regions

in DMSO- or A771726-treated (25 mM for 48 hr) A375

cells is shown.

(B) Metagene analysis of all transcribed genes ±2 kb

around transcription units for HEXIM1-binding re-

gions in DMSO- or A771726-treated (25 mM for

48 hr) A375 cells is shown.

(C) ChIP-seq region plots represent the distribution

of regions bound by CDK9 and HEXIM1 in A375

cells, treated with either DMSO or 25 mM A771726

for 48 hr, ±2.5 kb relative to all CDK9- or HEXIM1-

bound sites in the DMSO-treated A375 cells.

(D) Pol II traveling ratios (TRs) from GRO-seq per-

formed on 48-hr DMSO- (white), 25 mM lef- (blue), or

25 mM A771762- (red) treated A375 cells are shown

(mean of two replicates ± SD).

(E) Metagene analysis shows Pol II occupancy ±2 kb

around transcription units from GRO-seq described

in (D).

(F) Venn diagram of genes in the lef- (blue) or

A771762- (red) treated condition that have a Pol II

TR fold change of >1.3.

See also Figure S6 and Table S2.
treatment of endogenous A375 cells (Figure S6H). Ser5p was not

significantly affected with HEXIM1 overexpression (Figure S6H).

RNA-seq on this HEXIM1-overexpressing line showed a trend of

gene expression downregulation (Figure S6I). Gene expression

was quantified by the number of fragments per kilobase of tran-

script per million mapped reads (FPKMs), with a cutoff of FPKM

> 1 for expressed genes. We curated genes lists for significantly

downregulated genes (defined as having an FPKM value of >1 in

the uninduced condition, with a corresponding decrease in

FPKM uponHEXIM1 induction by >1.5-fold) in the HEXIM1 over-

expression RNA-seq (Table S2) and genes with significant

reduction in elongation (fold change in TR > 1.3, drug versus

DMSO) in the GRO-seq experiments (Figure 6F). We observed

692 genes that had decreased expression and elongation (Fig-

ure S6J). These results suggest that nucleotide stress induces

HEXIM1 to reduce Ser2p and Pol II-mediated transcription

elongation.

To examine how nucleotide stress-induced elongation inhibi-

tion suppresses melanoma, we performed ingenuity pathway

analysis (IPA) on the overlapping 2,003 GRO-seq genes with sig-

nificant reduction in elongation (Figure 6F; Table S2). Genes

involved in gene expression, cell proliferation, and cell death

were enriched (Table S2). We also performed IPA on a 137-

gene list obtained from overlapping the GRO-seq list with our

previously published Pol II ChIP-seq list (Figure S6K; Table S2),

which showed enrichment in cell cycle and proliferation path-

ways (Table S2). A list of 368 neural crest-associated genes

was generated based on literature (Table S2) and compared to

GRO-seq elongation-inhibited genes in Figure 6F; 33 neural

crest-associated genes, including known melanoma onco-

genes, had significantly reduced elongation by GRO-seq (Table
S2). Through transcription factor motif analysis, MYC target

genes were preferentially elongation inhibited (Figure S6L), as

reported in our previous study (White et al., 2011). These data

suggest that nucleotide stress induces HEXIM1 to suppressmel-

anoma by reducing productive elongation at genes associated

with melanoma progression.

HEXIM1 Binds Anti-tumorigenic Transcripts under
Nucleotide Stress
To survey global HEXIM1 RNA targets and determine if nucleo-

tide stress causes changes in these RNA interactions, we per-

formed fully automated and standardized individual-nucleotide

resolution cross-linking and immunoprecipitation (FAST-iCLIP)

(Flynn et al., 2015) on HEXIM1 with A771726 treatment in A375

cells (Figure S7A). The proportion of 7SK bound to HEXIM1 did

not change significantly with drug (data not shown). We detected

significant changes in mRNA transcripts bound to HEXIM1 (Fig-

ure 7A). Transcripts from 2,012 genes were prominently bound

by HEXIM1 at steady state. Upon nucleotide stress induction,

1,063 transcripts were no longer detected while 875 new gene

transcripts were bound (Figure 7A). We observed 232 transcripts

with increased binding, while 299 transcripts had decreased

binding (Figure 7A). Example transcripts of CDKN1A and PTEN

were increasingly bound by HEXIM1 under nucleotide stress,

while there was no change for CCNT2 transcripts (Figure 7B).

HEXIM1 RNA binding changes dynamically on specific gene

transcripts although others remain unaffected.

To discern the biological consequence of altered HEXIM1

binding of mRNAs, we performed RNA-seq on A375 cells at

various A771726 treatment time points as well as a DMSO

control 72-hr treatment to compare the changes in gene
Molecular Cell 62, 34–46, April 7, 2016 41
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Figure 7. HEXIM1 Binds and Maintains

Levels of Anti-tumorigenic Transcripts un-

der Nucleotide Stress

(A) Pie charts summarize the switch in mRNAs

bound by HEXIM1 in response to nucleotide

depletion.

(B) FAST-iCLIP RT-stops represent regions of

HEXIM1 binding mapped to three representative

genes.

(C) Real-time RT-PCR on A375 cells treated with

25 mMA771726 and a combination ofHEXIM1 and

HEXIM2 pooled siRNAs to examine expression in

three genes upregulated by nucleotide depletion

and increasingly bound by HEXIM1 (CDKN1A,

PTEN, and SLC5A3), and two genes unchanged

by nucleotide depletion and with no change in

HEXIM1 binding (CCNT2 and DCBLD2) (mean of

three replicates ± SD). Data are normalized to

RPL11.

(D) RNA stability assay where A375 cells were first

treated with either 25 mM A771726 or 25 mM

A771726 in combination with siRNA knockdown of

HEXIM1 andHEXIM2 for 48 hr, followed by 5 mg/ml

actinomycin D treatment. RNA was isolated at

various time points after actinomycin D treatment

and relative mRNA abundance over time is plotted

for CDKN1A, PTEN, and CCNT2 (mean of three

replicates ± SD). Data are normalized to RPL11.

(E) The RNA stability assay in (D) was repeated

with the A375-HEXIM1 cell line treated with DMSO

or 1 mg/ml doxycycline to induce HEXIM1 ex-

pression for 24 hr (mean of three replicates ± SD).

See also Figure S7 and Table S3.
expression with the transcripts differentially bound by iCLIP. We

found a positive correlation between transcripts that were

upregulated by nucleotide stress in RNA-seq and transcripts

bound more strongly by HEXIM1 under nucleotide stress (Fig-

ure S7B; Table S3). When comparing these transcripts to a list

of GRO-seq genes that had increased transcriptional activity

(TR fold change <0.7) upon nucleotide stress, 116 genes, such

as CDKN1A, were transcriptionally activated and increasingly

bound by HEXIM1 (Figure S7C). Knockdown of HEXIM1 and

HEXIM2 partially rescued the increased expression of these

transcripts that were increasingly bound by HEXIM1 under

nucleotide stress, such as CDKN1A and PTEN (Figure 7C). We

detected genes such as CCNT2 that were bound by HEXIM1

and did not show any significant binding change under nucleo-

tide stress (Figure 7B). These genes were not upregulated in

RNA-seq and knockdown of HEXIM1 and HEXIM2 did not alter

their expression (Figure 7C). This suggests that HEXIM1 differen-
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tial binding stabilizes upregulatedmRNAs

to maintain their levels.

Anti-tumorigenic Transcripts Are
Stabilized by HEXIM1 Binding
To investigate if the HEXIM1 binding shift

to mRNA species upregulated by nucleo-

tide stress stabilizes these RNAs, we

performed an RNA stability assay where
actinomycin D is added to halt the production of new transcripts

so that degradation of steady-state transcripts can be observed.

We performed this experiment with A771726 treatment and

HEXIM1/HEXIM2 knockdown. We observed that transcripts of

CDKN1A and PTEN underwent a faster rate of degradation

with HEXIM1/HEXIM2 knocked down (Figure 7D). Conversely,

the rate of degradation of CCNT2 mRNA was unchanged

(Figure 7D). We performed a complementary RNA stability

experiment in the context of HEXIM1 overexpression in the

A375-HEXIM1 cell line. With HEXIM1 overexpression, CDKN1A

and PTEN transcripts underwent a slower rate of degradation,

while CCNT2 remained unchanged (Figure 7E).

Gene ontology analysis of HEXIM1-bound transcripts that

were enriched in either the DMSOor A771726 condition revealed

that apoptotic transcripts were enriched in nucleotide stress

conditions, while homeostatic cell maintenance pathways

were enriched at steady state (Figure S7D). We propose that



differential binding of HEXIM1 to certain transcripts likeCDKN1A

and PTEN stabilizes them under nucleotide stress. Other tran-

scripts like CCNT2 that do not experience differential binding

are not affected.

DISCUSSION

HEXIM1 Is a Tumor Suppressor in Melanoma
Our work establishes a physiological role for HEXIM1 in mela-

noma in vivo, although further genetic validation in a mamma-

lian system is needed. HEXIM1 was discovered as an

upregulated gene upon treatment of cells with HMBA (Kusu-

hara et al., 1999). HMBA induces differentiation in a variety of

cancer cell lines and primary human cancer cell cultures (Marks

and Rifkind, 1989). HEXIM1 upregulation is correlated with the

transition of cancer cells from proliferation to differentiation,

and it has been studied in breast cancer (Ketchart et al.,

2013; Wittmann et al., 2003, 2005; Yeh et al., 2013) and pros-

tate cancer (Mascareno et al., 2012). 7SK snRNP member

LARP7 is mutated in gastric cancer (He et al., 2008; Mori

et al., 2002). Rapidly dividing cancer cells are addicted to

P-TEFb for proliferative gene expression, where loss of

P-TEFb activity leads to growth arrest and apoptosis (Kry�stof

et al., 2012). This explains the efficacy of anti-cancer agents

HMBA, suberoylanilide hydroxamic acid, and JQ1 that modu-

late HEXIM1 sequestration of P-TEFb (Bartholomeeusen

et al., 2012). HEXIM1 is an important tumor suppressor that

dampens excessive P-TEFb activity in cancer.

The ability for HEXIM1 to respond to cellular stress and partic-

ipate in a transcriptional transition has great significance in

tumorigenesis. Using DHODH inhibitors to create cellular stress

by nucleotide starvation upregulates HEXIM1, reducing tran-

scription elongation at genes associated with survival and prolif-

eration. In addition, apoptotic genes upregulated by cellular

stress can be stabilized by HEXIM1 binding, reinforcing the shift

to a growth-suppressive transcriptional state. Metabolic drugs

such as lef that induce HEXIM1 can transcriptionally inhibit

numerous expressed genes simultaneously, targeting multiple

pathways to halt cancer progression. Inducing the HEXIM1

stress pathway can modulate gene expression through tran-

scription elongation to treat cancer.

Each cell type has an Achilles’ heel for stress, and the neural

crest is sensitive to low nucleotides, as illustrated by patients

with Miller’s syndrome with DHOHD mutations and consequent

neural crest defects (Ng et al., 2010). Other cell types may be

susceptible to different cellular stresses and respond in a similar

manner by activating HEXIM1, reducing productive elongation to

help the cell repair or undergo programmed cell death. Finding

such dependencies in other cancers could lead to the develop-

ment of new cancer therapies.

HEXIM1 Couples Nucleotide Metabolism with
Transcriptional Regulation
When cells are nucleotide starved, transcription is slowed to

conserve nucleotides until homeostasis returns. We suggest

that one mechanism in which cells conserve nucleotides is to

repress transcription elongation, which involves upregulating

HEXIM1 to sequester P-TEFb. Increased binding of stress
response transcription factor SP1 to theHEXIM1 promoter upre-

gulates HEXIM1 in response to nucleotide stress. Newly synthe-

sized HEXIM1 sequesters P-TEFb away from gene promoters,

leading to fewer phosphorylated Pol II molecules entering pro-

ductive elongation. HEXIM1 expression is tightly linked to nucle-

otide levels, with decreased nucleotides triggering an increase in

HEXIM1 expression. Cells can take advantage of the transcrip-

tional reprieve, provided by HEXIM1-induced elongation inhibi-

tion, until nucleotides return to sufficient levels. HEXIM1 then

returns to homeostatic levels, allowing transcription to return to

normal. This suggests a feedback mechanism where cells con-

trol transcription based on the amount of mRNA precursors

available. Cells slow their growth rate via HEXIM1 downregula-

tion of genes associated with proliferation in times of starvation,

conserving cellular resources until conditions become favorable.

There are advantages to regulating transcription elongation as

a direct consequence of nucleotide starvation or other cellular

stresses. Genes in the Drosophila embryo involved in key devel-

opmental pathways as well as heat shock genes are held in a

paused state before induction (Adelman and Lis, 2012). At these

genes, transcription has already been initiated as Pol II is re-

cruited to the promoters. Pol II does not immediately transition

to a productive elongation phase and, instead, remains paused

on these promoters before receiving signals to induce produc-

tive elongation (Chopra et al., 2009; Muse et al., 2007; Zeitlinger

et al., 2007). This poises Pol II at genes that require rapid induc-

tion (Adelman and Lis, 2012).

Such a system is highly beneficial to the organism as a quick

and concerted response could limit the damage done by the

stress. With nucleotide starvation, unfavorable effects might

include DNA damage, mis-expression of mRNA and protein,

and possibly bioenergetic issues due to the lack of ATP and

GTP. An immediate repression of non-essential genes by halting

elongation through HEXIM1 sequestration of P-TEFb allows for

stress response genes to be preferentially expressed with the re-

maining nucleotides available. Inhibiting transcription elongation

with nucleotide starvation is a viable mechanism to ensure a

quick response to avoid damage from cellular stress. HEXIM1

has been shown to respond to environmental stimuli such as

UV light, signaling cascades, and transcriptional perturbations

by various inhibitors (Peterlin et al., 2012). Our study, together

with others, proposes that HEXIM1 is a general stress sensor

that responds to cellular stress by modulating gene expression

to achieve an appropriate response.

HEXIM1 Facilitates Switching of Gene Expression
Programs
Our study establishes a second function of HEXIM1 of binding

mRNAs to promote a gene expression transition. If nucleotide

starvation continues at an unsustainable rate, programmed cell

death occurs. Apoptotic genes become upregulated as a result

and HEXIM1 can bind and stabilize these transcripts, reinforcing

apoptotic gene expression. Other than binding 7SK to nucleate

the 7SK snRNP and sequester P-TEFb, HEXIM1 can act as a

modulator of specific RNA species under different gene expres-

sion programs.

The dual functionality of HEXIM1 might explain its importance

in differentiation, where HEXIM1 is significantly upregulated
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(Marks and Rifkind, 1989). During differentiation, proliferation

genes are downregulated and genes responsible for down-

stream cell fate are upregulated. This second function of HEXIM1

also could explain why rapidly dividing cancer cells undergo

growth arrest and apoptosis under P-TEFb inhibition by drugs.

HEXIM1 induction inhibits P-TEFb, similar to treatment with

CDK9 inhibitors, to inhibit cancer-associated gene expression.

In addition, it stabilizes apoptotic transcripts to promote growth

arrest and cell death. The fact that not all HEXIM1-bound tran-

scripts are stabilized by HEXIM1 suggests the presence of

additional factors that are recruited to specific transcripts by un-

known mechanisms to aid in HEXIM1-mediated RNA stabiliza-

tion. HEXIM1 plays an important role in differentiation and tumor

suppression by reducing productive elongation of proliferation

genes and promoting the expression of cell fate or apoptotic

genes, respectively, thereby facilitating a transition from one

gene expression program to the next.

EXPERIMENTAL PROCEDURES

Animal maintenance and experiments were performed in accordance with the

Institutional Animal Care and Use Committee (IACUC) guidelines and with

IACUC approval at Boston Children’s Hospital (zebrafish) and Beth Israel

Deaconess Medical Center (mouse).

MiniCoopR Assay

The MiniCoopR vector sequence and construction was described previously

(Ceol et al., 2011). MiniCoopR vectors and Tol2 transposase mRNA were

microinjected into one-cell zebrafish embryos generated from an incross of

Tg(mitfa:BRAFV600E);p53�/�;mitfa�/� zebrafish. Rescued animals were scored

weekly for the presence of visible tumors. For hexim deletion, the MiniCoopR

vector was engineered to express Cas9 under the control of amitfa promoter in

order to achieve melanocyte-specific gene targeting. A gRNA efficiently

mutating hexim was expressed off a U6 promoter while a gRNA against p53

was used as a negative control (Ablain et al., 2015). The two vectors were in-

jected into one-cell-stage Tg(mitfa:BRAFV600E);p53�/�;mitfa�/� embryos, and

tumor formation was monitored.

GRO-Seq Sample Preparation and Sequencing

GRO-seq was performed as previously described (Kim et al., 2013) with con-

ditions optimized for A375 cells. One million A375 cells were treated with

DMSO, 25 mM lef, or 25 mMA771726. After 48-hr treatment, cells werewashed,

swelled, and lysed in lysis buffer with IGEPAL detergent. Cells were frozen

down, nuclear run-on reaction was performed, and nascent RNA was isolated

and sequenced.

ChIP-Seq Sample Preparation and Sequencing

ChIP-seq and ChIP-reChIP were performed as previously described (Batsché

et al., 2006; Lee et al., 2006) with conditions optimized for A375 cells. One hun-

dred million A375 cells per condition were treated with DMSO or 25 mM

A771726. After 48-hr treatment, cells were fixed in formaldehyde and sub-

jected to ChIP with HEXIM1, CDK9, POLR2A, or SP1 antibodies. For reChIP

experiments, eluates were diluted to reduce the SDS concentration before

the subsequent immunoprecipitation was performed. Input DNA (10 ml) and

the entire volume of ChIP DNA samples were prepared for sequencing.

FAST-iCLIP

FAST-iCLIP was performed as described previously (Flynn et al., 2015)

with some modifications. A375 cells were cultured and treated with

DMSO or 25 mM A771726 for 48 hr, then ultraviolet C crosslinked. Each

iCLIP experiment was normalized for total protein amount and partially

digested with RNaseI. To isolate HEXIM-bound RNAs, HEXIM1 antibody

conjugated to Protein A Dynabeads was incubated with RNaseI-digested

lysates overnight at 4�C on rotation. Immunoprecipitation, washing, and
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subsequent biochemical and library preparation steps were carried out

for sequencing.
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Figure S1. HEXIM1 mRNA and protein levels are downregulated in human melanoma, related to Figure 1.
(A) Microarray HEXIM1 data from the Talantov et al. and Lin et al. studies are presented in two ways. Firstly, the 
percentage of nevi/melanoma samples with HEXIM1 expression more than 2-fold downregulated versus the average 
expression level of the controls is tabulated. The associated P-value is calculated by comparing only samples with 
more than 2-fold downregulation with control samples. Secondly, the mean fold change of all nevi/melanoma samples 
versus controls is tabulated with its associated P-value.
(B) Gene expression plots of 7SK snRNP components microarray data from the Talantov et al. melanoma study 
showing fold change of nevi/tumor samples versus normal skin controls, which are set to 1-fold, and the Lin et al. 
melanoma study showing fold change of primary melanoma cultures and melanoma cell lines versus melanocyte 
culture controls, which are set to 1-fold (mean ± SD).
(C) Tabulation of H-scores from a human melanoma tissue microarray immuno-stained for HEXIM1 protein. A lower 
H-score corresponds to lower HEXIM1 protein levels.
(D) Immunohistochemical staining of HEXIM1 (pink) in normal epidermis, nevi and melanoma samples with low 
(H-score < 100) or high (H-score > 100) HEXIM1 levels from a human tissue microarray at 400x magnification.
(E) Immunohistochemical co-staining of HEXIM1 (blue) and MART1 (brown) in a normal human epidermis section 
at 400x magnification. The white arrow indicates a normal melanocyte that is positively co-stained by both HEXIM1 
and MART1.
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Figure S2. Validation of MiniCoopR HEXIM1 integration and overexpression in adult Tg(mitfa:BRAFV600E); 
p53-/-;mitfa-/- zebrafish, and examination of embryonic phenotypes, related to Figure 2.
(A) MiniCoopR transient and stable lines were validated by extracting genomic DNA from tail fin clips of adult 
zebrafish. The region of human HEXIM1 that was mutated was then amplified by PCR. PCR was run on fin clips from 
MCR EGFP fish, MCR hexim1 fish, a HEXIM1 plasmid, a no-DNA control and HEXIM1 plasmid with no-PCR for 
comparison. The dotted line denotes that samples are from different gels.
(B) PCR amplification products from (A) were sequenced to confirm strains containing WT HEXIM1, HEXIM-4A or 
4D. A representative sequencing trace shows that amino acids S268, T270, T276 and S278 in human HEXIM1 were 
mutated to alanine in HEXIM1-4A and aspartic acid in HEXIM1-4D.
(C) Three representative adult MiniCoopR-integrated zebrafish for each strain were sacked and protein was isolated 
from their skin or tumors if present. Western blots for human HEXIM1 and β-actin (actb) were then performed on 
these samples. The dotted line denotes that samples are from different gels.
(D) EGFP, HEXIM1, HEXIM1-4A and HEXIM1-4D MiniCoopR transgenic zebrafish lines generated from the 
tumor onset experiment in Figure 2 were outcrossed with the Tg(mitfa:BRAFV600E);p53-/-;mitfa-/- strain (strain with no 
MiniCoopR integration) to give rise to offspring. Side and dorsal views of these offspring, 2 dpf zebrafish embryos, 
are shown. Also shown are embryos from an incross of the Tu wildtype strain for comparison.
(E) T7E1 genotyping assay for hexim1 mutation in 20 week old Tg(mitfa:BRAFV600E);p53-/-;mitfa-/- zebrafish expressing 
either a p53 or hexim1 gRNA under the MiniCoopR system. Cleavage bands are detected when there is a DNA 
heteroduplex caused by mutation.
(F) Three representative adult p53 or hexim1 CRISPR zebrafish were sacked and protein was isolated from their 
tumors. Western blots for hexim1 and β-actin (actb) were then performed on these samples.
(G)  Protein was isolated from three representative A375-HEXIM1 mouse xenograft tumors from either the HEXIM1 
uninduced (no doxycycline diet) or HEXIM1 induced (doxycycline diet) mice. Western blots for HEXIM1 and β-actin 
(ACTB) were performed on these samples.
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Figure S3. Knockdown of bcdin3 and larp7 rescues nucleotide stress-induced phenotypes in the neural crest 
where hexim1 is expressed, related to Figure 3.
(A) Western blot for hexim1 and β-actin (actb) in uninjected and 8 ng of hexim1 MO injected embryos at 24 hpf.
(B) Two 600 bp in situ hybridization probes to the mature hexim1 transcript were designed.
(C) Both antisense probes and their corresponding sense controls were tested on 18-somite stage zebrafish embryos 
(~20 embryos per condition).
(D) Zebrafish hexim1 expression at various developmental stages with probe 1 (~20 embryos per stage). Results are 
identical if probe 2 is used.
(E) Zebrafish embryos were injected with 10 ng of bcdin3 or 12 ng of larp7 MOs that were previously published. 
Embryos were treated with either DMSO or 6.5 μM leflunomide at 50% epiboly and subjected to in situ hybridization 
at 24 hpf for crestin and mitfa expression. Dorsal views of embryos are shown. Numbers indicate the number of 
embryos with the shown phenotype vs. the total number of embryos in the clutch.
(F) Embryos treated as described in (E) were also scored for melanocytes at 2 dpf.
(G) Real time RT-PCR validation of HEXIM1, HEXIM2 and GAPDH knockdown in the A375 cells by pooled siRNAs 
(mean of 3 replicates ± SD). Data is normalized to ACTB.
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Figure S4. Pyrimidine biosynthesis is primarily affected by DHODH inhibition, related to Figure 4.
(A) LC-MS/MS metabolite profile of the A375 cell line treated with A771726 at 25μM over various time points, 
performed in triplicate.
(B) Schematic of purine and pyrimidine biosynthesis.
(C) Profiles of pyrimidine and purine biosynthesis metabolites at various time points from the metabolite profiling data 
(mean of 3 replicates ± SD).
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Figure S5. Transcription factor screen for factors that are required for HEXIM1 upregulation under nucleotide 
stress, related to Figure 5.
(A) Real time RT-PCR for HEXIM1 expression in A375 cells treated with 25 μM A771726 for 48 hrs and subjected to 
a candidate transcription factor pooled siRNA screen (mean of 3 replicates ± SD). Data is normalized to ACTB.
(B) Real time RT-PCR validation of gene knockdown in the pooled siRNA screen in (A) (mean of 3 replicates ± SD). 
Data is normalized to ACTB.
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Figure S6. HEXIM1 induction by nucleotide stress reduces productive elongation in genes associated with cell 
proliferation and survival, related to Figure 6.
(A) Metagene analysis of all transcribed genes for RNA Pol II binding regions in DMSO or A771726 (25 μM for 
48 hrs) conditions in the A375 cells. This ChIP was performed on the same batch of cells used for the HEXIM1 and 
CDK9 ChIP-seq experiments.
(B) ChIP-reChIP region plots representing the distribution of regions co-bound by CDK9 and HEXIM1 in A375 cells, 
± 2.5 kb relative to all CDK9>HEXIM1 reChIP or HEXIM1>CDK9 reChIP co-bound sites.
(C) Metagene analysis of all transcribed genes for ChIP-reChIP binding regions.
(D) Co-immunoprecipitation of HEXIM1 was performed on A375 cells treated with DMSO or 60 μM A771726 for 
72 hrs. Input, IgG and HEXIM1 IP samples were analyzed by western blotting for 7SK snRNP members and β-actin.
(E) GRO-seq read densities at the promoter (P) or within the Gene Body (GB) from A375 human melanoma cells after 
48 hr treatment with DMSO (white), 25 μM leflunomide (blue) or 25 μM A771762 (red) (mean of two replicates ± 
SD).
(F) Representative GRO-seq traces of genes unaffected (ACTB) or affected (HMGA2) by leflunomide and A771726 
treatment.
(G) Western blot on A375 cells treated with 25 μM A771726 for 48 hrs combined with siRNA knockdown for HEXIM1. 
Proteins detected are RNA Pol II C-terminal domain Ser-2 and Ser-5 phosphorylation, total RNA Pol II, HEXIM1 
and TBP. Numbers represent quantified pixel density of Ser2p and Ser5p bands relative to the DMSO control in each 
experiment.
(H) Western blot on A375-HEXIM1 cells treated with 1 μg/mL doxycycline for 48 hrs. Proteins detected are RNA 
Pol II C-terminal domain Ser-2 and Ser-5 phosphorylation, total RNA Pol II, HEXIM1 and TBP. Numbers represent 
quantified pixel density of Ser2p and Ser5p bands relative to the DMSO control.
(I) RNA-seq was performed on A375-HEXIM1 cells treated with DMSO or 1 μg/mL doxycycline for 48 hrs. Relative 
fold change values of all expressed genes (FPKM > 1), under HEXIM1 induction, were calculated with respect to 
DMSO controls and plotted (mean of 3 replicates ± SD).
(J) Venn diagram of three data sets: genes with an RNA Pol II TR fold change of > 1.3 in the Leflunomide (blue, data 
set 1) or A771762 (red, data set 2) treated condition calculated from the GRO-seq read densities, and genes with a 
fold change of < -1.5 from RNA-seq when comparing HEXIM1 induced vs. uninduced A375 cells (green, data set 3).
(K) Venn diagram of three data sets: genes with an RNA Pol II TR fold change of > 1.3 in the Leflunomide (blue, data 
set 1) or A771762 (red, data set 2) treated condition calculated from the GRO-seq read densities, and genes in the 
leflunomide treated condition with an RNA Pol II TR fold change of > 1.3 calculated from the previously published 
RNA Pol II ChIP-seq densities (green, data set 3) (White et al., 2011).
(L) Table of transcription factor motifs that are significantly enriched in genes with elongation reduced by DHODH 
inhibition (TR fold change > 1.3) but not in transcriptionally activated genes (TR fold change < 0.7). Motifs were 
shortlisted based on an enrichment p-value < 1.0E-04 in the elongation-inhibited gene list but not in the transcriptionally 
activated list.
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Figure S7. HEXIM1 FAST-iCLIP identifies mRNA species that experience altered HEXIM1 binding due to 
nucleotide depletion, which affects their expression, related to Figure 7.
(A) Autoradiogram of 32P-labeled RNA UV cross-linked to HEXIM1 in A375 cells. A region of the RNAs 
immunoprecipitated with HEXIM1 was selected for deep sequencing. HEXIM1 and histone H3 immunoblots were 
performed as immunoprecipitation and loading controls.
(B) Plots of RNA-seq fold change in mRNA expression vs. FAST-iCLIP fold change in HEXIM1-mRNA binding. 
RNA-seq fold changes were calculated from FPKM values of 48hr A771726-treated A375 cells and 72 hr DMSO-
treated cells relative to a 0hr time point (for genes with FPKM > 1). FAST-iCLIP fold changes were obtained from 
dividing RT stop values from A771726-treatment by values from DMSO-treatment. Transcripts that had RT stop 
values below baseline were arbitrarily assigned a base value of “3” for the fold change calculation.
(C) Venn diagram of three data sets: genes with an RNA Pol II TR fold change of < 0.7 in the Leflunomide (blue, 
data set 1) or A771762 (red, data set 2) treated condition calculated from the GRO-seq read densities, and genes from 
FAST-iCLIP that are either newly bound by HEXIM1 or show increased HEXIM1 binding with a fold change of > 
1.5 (green, data set 3).
(D) Gene ontology (GO) terms summary table for enriched processes based on genes with mRNAs preferentially 
bound by HEXIM1 under DMSO and A771726 conditions.
(E) FAST-iCLIP RT-stops representing regions of HEXIM1 binding mapped to control gene RPL11.
(F) Graph showing the relative abundance of HEXIM1 and RPL11 mRNAs over a 72 hr time course of A771726 
treatment and a 72hr DMSO-treatment from RNA-seq, normalized to the 0 hr time point (mean of 2 replicates ± SD).
(G) RNA stability assay where cells treated with either 25 μM A771726 or A771726 in combination with siRNA 
knockdown of HEXIM1 and HEXIM2 were then treated with actinomycin D at 48 hrs. RNA was isolated at various 
time points after actinomycin D treatment and relative mRNA abundance over time is plotted for RPL11 (mean of 3 
replicates ± SD).

Table S1. Leflunomide specifically targets DHODH to downregulate nucleotides, related to Figure 4.
(A) List of metabolites that are upregulated by at least 2-fold with a P-value of < 0.05 (Student’s two-tailed t-test).
(B) List of metabolites that are downregulated by at least 2-fold with a P-value of < 0.05 (Student’s two-tailed t-test).
(C) Metabolite Set Enrichment Analysis (MSEA) was performed on a list of significantly altered metabolites (> 2-fold 
change, P-value < 0.05) from A771726-treated A375 cells compared to DMSO controls at the 24, 48 and 72 hr time 
points. The table lists significantly altered metabolic pathways (P-value < 0.01) from each time point.

Table S2. Analyses of gene lists from GRO-seq, ChIP-seq and RNA-seq experiments, related to Figure 6.
(A) List of significantly downregulated genes from HEXIM1 overexpression in the A375-HEXIM1 cell line.
(B) List of 2,003 genes from Figure 5F that are significantly elongation inhibited in both A771726 and leflunomide 
GRO-seq experiments.
(C) Ingenuity Pathway Analysis of the gene list from (B).
(D) List of 137 genes that overlap in the GRO-Seq and our previously published ChIP-Seq data set (White et al., 2011) 
in Figure S5D that are considered significantly elongation inhibited by DHODH inhibition. The RNA Pol II traveling 
ratio (TR) and TR fold change of leflunomide (GRO-seq and ChIP-seq) or A771762 (GRO-seq only) over DMSO 
(FC) is listed for each gene.
(E) Ingenuity Pathway Analysis of the gene list from (D).
(F) List of 368 neural crest associated genes identified by gene expression and gene ontology analyses. The zebrafish 
whole-mount mRNA expression database and the gene ontology database AmiGO were queried for ‘neural crest’ 
search terms. High-confidence human orthologs were predicted using the DRSC Integrative Ortholog Prediction Tool 
DIOPT.
(G) List of 33 genes that are associated with the neural crest and are significantly elongation inhibited in the list of 
2,003 overlapping genes from leflunomide and A771726 GRO-seq are tabulated. The average RNA Pol II traveling 
ratio (Av TR) and TR fold change of leflunomide or A771762 over DMSO (FC) is listed for each gene.

Table S3. List of genes with mRNAs bound by HEXIM1 and their associated FAST-iCLIP and RNA-seq fold 
changes, related to Figure 7.
List of genes with mRNAs bound by HEXIM1 and their associated RNA-seq and FAST-iCLIP fold changes used to 
plot the graphs in Figure S7B.
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Table S4. GRO-seq, ChIP-seq and RNA-seq experimental details, related to experimental procedures.
(A) Number of sequenced, mapped and filtered reads for each GRO-seq condition (DMSO, leflunomide and A771726) 
performed in duplicate.
(B) Number of sequenced and mapped reads for each ChIP-seq condition (DMSO or A771726 treatment with CDK9, 
HEXIM1, RNA Pol II or SP1 ChIP).
(C) Number of sequenced and mapped reads for the RNA-seq experiments (A771726-treated A375 cells from 0 - 72 
hrs in duplicate and doxycycline-treated A375-HEXIM1 cells for 48 hrs in triplicate).
(D) Number of sequenced and mapped reads for each FAST-iCLIP condition (DMSO or A771726 treatment) performed 
in duplicate.

Supplemental Experimental Procedures

Online analysis tools
Oncomine (Rhodes et al., 2004) was accessed to determine the relevance of candidate genes in melanoma. The 
MethHC online platform (Huang et al., 2015) was used to analyze methylation data in melanoma. Gene ontology 
analysis was performed through the DAVID online platform (Dennis et al., 2003).

Antibodies
The HEXIM1 antibody from Abcam (ab25388) was used for western blots, co-immunoprecipitation and 
immunohistochemistry. IgG normal rabbit control antibody for Co-IP was from Millipore (12-370). Western blot 
antibodies used were BCDIN3 (ab139562), LARP7 (ab105682), CDK9 (ab76320), CCNT1 (ab2098), POLR2A Ser-2 
phosphorylation (ab5095) and POLR2A Ser-5 phosphorylation (ab5131) from Abcam, as well as POLR2A (sc-899X) 
from Santa Cruz Biotechnology and β-actin (A2228) from Sigma. Chromatin immunoprecipitation antibodies used 
were HEXIM1 (ab25388) and SP1 (ab13370) from abcam, and CDK9 (C-20) (sc-484) and POLR2A (N-20) (sc-899X) 
from Santa Cruz.

MiniCoopR assay and zebrafish genotyping
The miniCoopR vector sequence and construction was previously described (Ceol et al., 2011). Human HEXIM1 
and zebrafish hexim1 miniCoopR clones were created by MultiSite Gateway recombination (Invitrogen) using 
full-length open reading frames. HEXIM1-4A and 4D clones were created from the pENTR221 HEXIM1 Gateway 
compatible vector (Open Biosystems, OHS5893-99858036) by site-directed mutagenesis using the QuikChange II 
XL Mutagenesis Kit (Agilent). 25 pg of each miniCoopR clone and 25 pg of mRNA encoding the Tol2 transposase 
were microinjected into one-cell zebrafish embryos generated from an incross of Tg(mitfa:BRAFV600E);p53-/-;mitfa-/- 
zebrafish. Rescued animals were scored weekly for the presence of visible tumors. Adult transgenic zebrafish for WT 
HEXIM1, HEXIM1-4A and 4D were genotyped by tail fin clipping. For hexim1 inactivation, the MiniCoopR vector 
was engineered to express Cas9 under the control of a mitfa promoter in order to achieve melanocyte-specific gene 
targeting. A gRNA efficiently mutating hexim1 was expressed off a U6 promoter while a gRNA against p53 was used 
as a negative control (Ablain et al., 2015). The two vectors were injected into one-cell stage, Tg(mitfa:BRAFV600E);p53-

/-;mitfa-/- embryos, and tumor formation was monitored. 

Genomic DNA was extracted by incubating fin clips in 25 μL of alkaline lysis buffer (25 mM NaOH, 0.2 mM 
disodium EDTA) for 1 hr at 95°C. The mixture was then quenched on ice and 25 μL of neutralization solution (Tris-
HCL 40 mM) was added. The mixture was mixed by pipetting and debris was pelleted by centrifuging for 5 min 
at 1,000 rpm. The supernatant containing genomic DNA was subjected to PCR with primers: HEXIM1 forward: 
5’-CTCAAAACCGGCCTGTACTC-3’, HEXIM1 reverse: 5’-TCCTTGATGAGCTCCTGCTT-3’ to amplify a 212 bp 
region of human HEXIM1 which contains the 4A and 4D mutations. PCR products were then sent for sequencing. For 
the CRISPR inactivation of hexim1, the T7E1 genotyping assay was performed as previously described (Ablain et al., 
2015).

Mouse xenograft assay
Mouse maintenance and procedures were performed based on the Beth Israel Deaconess Medical Center Institutional 
Animal Care and Use Committee (IACUC) guidelines and with IACUC approval. 3.5x105 Tet-On HEXIM1-inducible 
A375 (A375-HEXIM1) cells suspended in serum free media were mixed 1:1 with matrigel (Corning), and injected 
sub-cutaneously into the right flank of female NCr nude mice (Taconic) in a total volume of 250μl.  Xenograft tumors 
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were measured with digital calipers every 2-3 days and once xenograft tumors reached a volume of approximately 500 
mm3, they were randomly assigned to standard or doxycycline chow (Harlan) to induce HEXIM1 expression. At the 
end of the study, tissue was harvested and tumor pieces fixed in 4% PFA at 4°C overnight or snap frozen for western/
RNA analysis. Xenograft growth rates between cohorts were analyzed according to Hather et al. (Hather et al., 2014), 
with the mean slope for each group compared using a two sided Student’s t-test.

Zebrafish maintenance, embryonic drug treatment and morpholino injections
Zebrafish were maintained in accordance with IACUC Animal Research Guidelines at Boston Children’s Hospital 
and all experimental procedures were approved by IACUC. Zebrafish embryos were treated with leflunomide (Enzo 
Life Sciences) at 50% epiboly in E3 embryo media and fixed at 24 hpf and 2 dpf with 4% paraformaldehyde (USB) 
for further analysis. Morpholinos were obtained from Gene Tools, LLC, and injected into the yolk of the 1-cell stage 
embryo. Morpholinos were injected in a volume of 1 nL containing 8 ng of hexim1, 8 ng of control, 10 ng of bcdin3 
and 12 ng of larp7 morpholinos. Bcdin3 and larp7 morpholinos were previously published (Barboric et al., 2009). 
Morpholino sequences are: 
hexim1 TAATAAGCTCCATAACTGCACACTC
hexim1 control TAATAGGCTCAATACCTGTACAATC
larp7 ATTAATAAAGTTACATACATCCATC
bcdin3 CATGTTTCTGTGGTCTTACCTTAAT

In situ hybridization
Hexim1 in situ probes were synthesized from a pCS2+ hexim1 vector cloned from a zebrafish hexim1 ORF vector 
(Open Biosystems, MDR1734-99822474). Primers were designed corresponding to 600 bp probe variants 1 (1-600) 
and 2 (601-1200) of the mature hexim1 transcript to clone linear, double stranded DNA template from the pCS2+ 
hexim1 vector for subsequent probe synthesis (Figure S3B). These primers include a 5’ T7 polymerase and 3’ SP6 
polymerase recognition site. Probe DNA templates were purified with the Qiaquick PCR purification kit (Qiagen).

Probe 1 forward: 5’-TAATACGACTCACTATAGGGAGAAGCGAATTGGAGATTGACTTGG-3’
Probe 1 reverse: 5’-GATTTAGGTGACACTATAGGACGGGGAGACCTTTAGCGAACATT-3’
Probe 2 forward: 5’-TAATACGACTCACTATAGGGGCACCGTACAACACCACCCAGTTCC-3’
Probe 2 reverse: 5’-GATTTAGGTGACACTATAGGACAAAGGCCGAGAGAGTATTGTTA-3’

Sense and antisense digoxigenin (DIG) labeled RNA probes were synthesized from DNA templates with the 
mMESSAGE mMACHINE T7 or SP6 in vitro transcription kits (Ambion) respectively and the addition of 1X DIG-
RNA labeling mix (Roche). Riboprobes were purified with the RNeasy MinElute cleanup kit (Qiagen). Probes for 
crestin and mitfa were obtained as previously described (Kaufman et al., 2009).

In situ hybridization was carried out as previously described (Thisse and Thisse, 2008) but with some modifications. 
Embryos at developmental stages 18-som and later were dechorionated with sharp forceps and fixed in 4% 
paraformaldehyde (PFA) (USB, Affymetrix) overnight at 4°C. For earlier developmental stages, embryos were fixed 
first overnight in PFA before washing twice with PBT: 1X PBS (ThermoFisher Scientific) + 0.1% Tween20 (American 
Bioanalytical), then dechorionated. Embryos 2 dpf and later were bleached to remove pigmentation. 2 dpf and 2 dpf 
embryos were incubated in bleaching solution (8% 10%-KOH solution, 3% 30%-H2O2 solution and 0.1% Tween20 
in double distilled water) for 10 min and 30 min respectively. Embryos were then washed twice in PBT and fixed in 
4% PFA for 1 hr at room temperature or overnight at 4°C. Embryos were washed 3 times with PBT and equilibrated 
with 50%, 75% methanol in PBT and 100% methanol for 5 min incubation each. Embryos were then stored at -20°C 
(minimum 2 hr before in situ hybridization).

To begin in situ hybridization, embryos are rehydrated with 5 min incubations sequentially in methanol:PBT solutions 
with 3:1, 1:1 and 1:3 ratios. Embryos were then washed 4 times for 5 min each in PBT and incubated in 10 μg/ml 
Proteinase K (Roche) in PBT to permeabilize them for: 30 sec (bud stage and younger), 1 min (younger than 14-
som), 3 min (14-22-som), 5 min (24 hpf), 10 min (36 hpf), 15 min (2 dpf) or 25 min (3 dpf). Embryos were washed 
once with PBT and fixed for 20 min in 4% PFA at room temperature. Embryos are then rinsed 5 times for 5 min 
with PBT. Embryos were prehybridized with preheated hybe+ buffer at 70°C for 30 min to 3 hr. Hybe+ solution 
comprises 50% formamide (Invitrogen), 5X sodium chloride-sodium citrate (SSC) solution (American Bioanalytical), 
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50 μg/ml Torula Yeast RNA (Sigma), 50 μg/ml Heparin (Sigma), 0.1% Tween20 in double distilled water with pH 
adjusted to 6-6.5 with 1 M citric acid. Hybe+ was replaced with a solution of 300 ng probe per 200 μl hybe+ and 
embryos were incubated overnight at 70°C. The next day, probe was removed and stored at -20°C for an additional 
2 more uses. Embryos were washed for 15 min at 70°C with preheated solutions in the following sequence: 75% 
hybe- / 25% 2X SSC, 50% hybe- / 50% 2X SSC, 25% hybe- / 75% 2X SSC, then 100% 2X SSC. Hybe- has the same 
formulation as hybe+ without Heparin or Yeast RNA added. Embryos were then washed 2 times for 30 min at 70°C 
with preheated 100% 0.2X SSC. Next, embryos were washed for 10 min at room temperature with solutions in the 
following sequence: 75% 0.2X SSC / 25% PBT, 50% 0.2X SSC / 50% PBT, 25% 0.2X SSC / 75% PBT, then 100% 
PBT. Embryos were then blocked in blocking solution comprising 2% lamp serum (Gibco) and 2 mg/ml bovine 
serum albumin (Sigma) in PBT at room temperature for 30 min to several hours. Embryos were then incubated with 
a 1:5000 dilution of anti-digoxigenin-AP Fab antibody fragments (Roche) in blocking solution at 4°C overnight with 
mild agitation. The next day, embryos were washed quickly with PBT and subjected to 6 times of 15 min PBT washes 
with agitation at room temperature. Embryos were then washed for 5 min with staining buffer, comprising 100 mM 
Tris pH 9.5, 50 mM MgCl2, 100 mM NaCl and 0.5% Tween20 in double distilled water. Embryos were transferred to 
a 24-well clear plate and the staining buffer was replaced with 1 ml NBT/BCIP (Promega) buffer, comprising 4.5 μl 
of 50 mg/ml nitro blue tetrazolium (NBT) and 3.5 μl of 50 mg/ml 5-bromo-4-chloro-3-indolylphosphate (BCIP) per 
1 ml staining buffer. Plates were wrapped in aluminium foil and agitated at room temperature. Probes were checked 
every 30 min to 1 hr for optimum staining. Once optimal staining was reached, embryos were washed 3 times in stop 
solution (1X PBS adjusted to pH 5.5 with HCl) and stored in 4% PFA at 4°C in the dark for short term. For long term 
storage, fixed embryos were washed 3 times for 5 min with PBT, followed by dehydration with 50%, 75% methanol/
PBT and 100% methanol 5 min washes, and eventual storage in 100% methanol at -20°C.
 
Cell culture, drug treatment and nucleotide rescue
Human A375 malignant melanoma cells (ATCC) are grown on standard tissue culture plates in filter sterilized DMEM 
(Life Technologies) with 10% heat-inactivated FBS (Atlanta Biologicals), 1X GlutaMAX (Life Technologies) and 
1% Penicillin-Streptomycin (Life Technologies). A375 human melanoma cell lines were treated at various time 
points. Drugs used were leflunomide (Enzo Life Sciences), A771726 (Enzo Life Sciences), 5-azacytidine (Sigma), 
doxycycline (Sigma) and actinomycin D (Sigma). For 5-azacytidine treatment, 80,000 A375 cells were seeded into 6 
well plates. The following day, the culture media was replaced with fresh media containing 5-azacytidine 10 μM and 
20 μM concentrations. Cells were counted or RNA was isolated at 24-72 hr time points. For nucleotide rescue, 80,000 
A375 cells were seeded in a 6 well plate. The following day culture media was replaced with fresh media containing 
25 μM A771726 and/or a cocktail of 10 μg/mL uridine 5′-monophosphate (UMP, Sigma) and 10 μg/mL cytidine 
5′-monophosphate (CMP, Sigma), or the combination of A771726 and UMP/CMP. RNA extraction was performed 
after 24 and 72 hrs after treatment.  

siRNA knockdown in cell culture
200,000 A375 cells were plated in 6-well plates in complete media and rested for 24 hrs. SMARTpool siRNAs 
(GE Healthcare) were then transfected into the cells via DharmaFECT 1 reagent (GE Healthcare) following the 
recommended protocol from the DharmaFECT reagent. Cells were incubated in transfection media containing 25 
μM A771726 for 48 hrs before RNA or protein was harvested for real time RT-PCR or western blot respectively. 
Experiments were performed in triplicate.

Crystal violet quantification
10,000 cells were seeded per well in a 96 well plate in quadruplicate. Cells were fixed at different time point using 
4% PFA for 15 mins. Fixative was washed out with 1X PBS and cells were stained with 100 μL of 0.05% Crystal 
Violet  (Sigma) in 20% ethanol for 15 mins. Crystal Violet was collected and plates were rinsed 3 times by immerging 
plates in a basin full of dH2O. Once plates were dried cells were dissolved by adding 100 mL of 1% SDS (in H2O). 
Absorbance was read at 540 nm by using a plate reader (SpectraMax M5, Molecular Devices).

HEXIM1 co-immunoprecipitation
Co-IP was performed using the Dynabeads Protein G Immunoprecipitation Kit with the DynaMag-2 Magnet (Life 
Technologies). Adherent cells plated on 10 cm culture plates were placed on ice and washed twice with ice-cold 
1X PBS. 1 mL of ice-cold RIPA lysis and extraction buffer (Thermo Scientific), containing protease (Sigma) and 
phosphatase (Thermo Scientific) inhibitor cocktails, was added to each plate. Cells were scraped into the RIPA buffer 
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and allowed to rotate in microfuge tubes at 4°C for 30 mins. Cell suspensions were then centrifuged at 12,000 rpm 
at 4°C for 10 mins to pellet cell debris. Protein concentrations of cell lysates were then measured by the DC Protein 
Assay (Bio-rad) to normalize all samples. Beads were prepared by washing 3 times with 5% Bovine Serum Albumin 
(Sigma) in 1X PBS on the magnetic stand. For 2 mg total protein, 33 μL of beads and 8 μg of antibody were used. Cell 
lysates were pre-cleared with beads for 1 hr rotating at 4°C. Beads used for pre-clearing were isolated by magnet and 
the pre-cleared cell lysate were transferred to a new microfuge tube. This is followed by overnight incubation of the 
cell lysate with either the HEXIM1 antibody (Abcam) or IgG control (Millipore) at 4°C. Next, fresh beads were added 
to the lysate-antibody mix for a 2 hr to overnight incubation at 4°C. Protein-bead complexes were then washed 4 times 
with ice-cold lysis buffer, which consisted of cycles of resuspending beads in wash buffer and isolating beads on the 
magnet. The final wash is then removed from the beads and the beads were boiled in 50 μL Laemmli Buffer (Bio-rad) 
to elute proteins. Eluates were analyzed by western blotting.

Targeted mass spectrometry
Samples were re-suspended using 20 μL HPLC grade water for mass spectrometry. 5 μL were injected and analyzed 
using a hybrid 5500 QTRAP triple quadrupole mass spectrometer (AB/SCIEX) coupled to a Prominence UFLC HPLC 
system (Shimadzu) via selected reaction monitoring (SRM) of a total of 256 endogenous water soluble metabolites 
for steady-state analyses of samples (Yuan et al., 2012). Some metabolites were targeted in both positive and negative 
ion mode for a total of 289 SRM transitions using positive/negative ion polarity switching. ESI voltage was +4900 
V in positive ion mode and –4500 V in negative ion mode. The dwell time was 3 ms per SRM transition and the 
total cycle time was 1.55 seconds.  Approximately 10-14 data points were acquired per detected metabolite. Samples 
were delivered to the mass spectrometer via hydrophilic interaction chromatography (HILIC) using a 4.6 mm i.d x 
10 cm Amide XBridge column (Waters) at 400 μL/min. Gradients were run starting from 85% buffer B (HPLC grade 
acetonitrile) to 42% B from 0-5 minutes; 42% B to 0% B from 5-16 minutes; 0% B was held from 16-24 minutes; 0% 
B to 85% B from 24-25 minutes; 85% B was held for 7 minutes to re-equilibrate the column. Buffer A was comprised 
of 20mM ammonium hydroxide/20 mM ammonium acetate (pH=9.0) in 95:5 water:acetonitrile. Peak areas from the 
total ion current for each metabolite SRM transition were integrated using MultiQuant v2.0 software (AB/SCIEX).

Metabolite profile analyses
Relative intensities of metabolites were first normalized to the row average of the DMSO 0.5 hr time point, followed 
by normalization to the median of the entire dataset. Heat map generation and clustering were performed on the 
MetaboAnalyst web server with Log transformation and Autoscaling (mean-centered and divided by the standard 
deviation of each variable) (Xia et al., 2009, 2012). MSEA was also performed on the MetaboAnalyst web server with 
lists of metabolites with fold change more than or equal to 2 in drug treatment compared to DMSO, with a Student’s 
two-tailed t-test p-value of less than 0.05 (Xia and Wishart, 2010). 

Melanoma immunohistochemistry H-scoring
The human melanoma tissue microarray ME1004b (Biomax) used for IHC contains 62 cases of malignant melanoma, 
20 cases of metastatic malignant melanoma and 18 cases of nevus tissue. In an attempt to accurately describe the extent 
of immunohistochemical staining of a tumor, the degree of IHC staining, if any, in each sub-cellular compartment in 
tumor cells is captured for each analyte. This algorithm includes capturing the percentage of tumor cells stained at 
each intensity level. A semi-quantitative intensity scale ranging from 0 for no staining to 3+ for the most intense 
staining is used.  All of this information can be analyzed separately or used to calculate a variable, more continuous 
than simply Positive versus Negative, called the H-Score (McClelland et al., 1990).  This score is more representative 
of the staining of the entire tumor on the section.  Although given sections may share the same simple intensity score, 
there clearly is a difference between a 3+ case with only 10% of the cells staining as compared to a 3+ case where 
greater than 90% of the cells are staining.  This difference is easily picked up using H-Score method. An H-Score is 
typically calculated for staining of each sub-cellular compartment for both normal and tumor cells using the following 
formula; H-Score  = (% at 0) * 0 + (% at 1+) * 1 + (% at 2+) * 2 + (% at 3+) * 3. Thus, this score produces a continuous 
variable that ranges from 0 to 300.

GRO-seq sample preparation and sequencing
GRO-seq was performed as previously described (Kim et al., 2013), except conditions were optimized to A375 
cells, and libraries were multiplexed to conduct high-throughput sequencing in one lane. One million A375 cells per 
condition were treated with DMSO, 25 μM leflunomide, or 25 μM A771726 in duplicate.  After a 48 hr treatment, 
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cells were washed, swelled, and lysed in lysis buffer with a reduced amount of IGEPAL detergent (composition: 10 
mM Tris-Cl pH 7.5, 2 mM MgCl2, 3 mM CaCl2, 10% glycerol, 2 U/mL SUPERasin (Ambion), and 0.25% IGEPAL).  
Cells were frozen down, nuclear run-on reaction was performed, and nascent RNA was isolated.  Adaptors were ligated 
the same as before, however, TruSeq small RNA sample prep kit adapters and primers (Illumina) were used to make 
the samples suitable for multiplexing (indexes 1 and 2, 3 and 4, and 5 and 6 were used for DMSO, leflunomide, and 
A771726 treated nascent RNA libraries, respectively). The PCR reaction was run for 18 cycles. The indexed libraries 
were purified on a 6% native polyacrylamide gel, and were cut out between 150 and 300 bp.  The concentration 
of the isolated libraries was estimated with a high-sensitivity DNA chip from Agilent according to manufacturer’s 
protocol and libraries were mixed in equal quantities and sequenced on Illumina Hi-Seq2000. Index sequences from 
multiplexed primers were used to identify treatment group and reads were demultiplexed using a perl script. 

GRO-seq data analysis
GRO-seq data were processed as described in (Sigova et al., 2013). Briefly, for each replicate of DMSO (control), 
Leflunomide and A771762 treated samples, reads were trimmed at the 3′ends to remove any linker sequence 
contamination. Trimmed reads for each sample were aligned to the hg18 version of the human genome using Bowtie 
0.12.9 with parameters -k 1 -m 10 -n 2 --best --strata. RNA repeats were then filtered out from the alignments using 
bedtools. Total number of sequenced, mapped, and filtered reads are shown in Table S4A. Metagenes were created 
using the method described in (White et al., 2011). The average density of reads was calculated from the two biological 
replicates using respectively 5 fixed bins for the TSS ‐2 kb to TSS and TTS to TTS +2 kb regions, and 50 variable 
bins equally dividing the lengths of each gene. For each sample, the mean densities of reads were normalized to the 
read density at the promoter of the beta-actin gene, which transcription is not modified by Leflunomide treatment, 
and expressed as a fraction of millions of mapped reads per base pair (rpm/bp). Read density at the promoters and 
within the gene bodies were respectively calculated as the read density within 300 bp of the TSS, and the read density 
within the TSS +300 bp to the TTS +3 kb. Densities were normalized to the read density at the beta-actin promoter 
for each sample. RNA Polymerase II Travelling ratios (TR) were calculated as described in (Rahl et al., 2010; White 
et al., 2011) as the ratio of read densities at the promoters over the read densities within the gene bodies for each 
transcript in each sample. Average TRs were calculated from the TRs calculated in two experimental replicates. To 
quantify the effects of the drug treatment on the TRs, samples were compared using a Wilcoxon rank sum test. The 
read densities were calculated on the transcripts which have a TR in the DMSO control condition initially low (TR< 
7.5), representing 22442 over 47021 transcripts. For examples of affected and unaffected genes, the GRO-Seq read 
density profiles for single genes were plotted from -2 kb to TSS to TTS +2 kb. The y-axes shows the average reads per 
base per million total sample reads. The profile of DMSO, Leflunomide and A771726 treated samples are normalized 
based on the read density of the peak at the promoter region. GRO-seq raw reads and rpm/bp counts are available from 
GEO (GSE68053).

GRO-seq motif analysis
Transcripts having a TR fold change > 1.3 were considered as elongation inhibited and transcripts having a TR fold 
change < 0.7 were considered as transcriptionally activated. TSS +-300bp sequences of each list of transcript for each 
of the Leflunomide or A771762 drug treated condition were extracted.1500 randomly picked promoter sequences 
in each list were used as input for the Transcription factor Affinity Prediction (TRAP) program using TRANSFAC 
vertebrates set of motifs, human promoters as the background model, and Benjamini-Hochberg as the multiple test 
for p-value correction (Thomas-Chollier et al., 2011). The transcription factor binding sequence motifs that were 
enriched with a corrected p-value < 1e-4 in the elongation inhibited list of transcripts but not in the transcriptionally 
activated list of transcripts were selected and their motif logo were recovered from the TRANSFAC database (Matys 
et al., 2006).

Generation of neural crest gene list
Vertebrate neural crest-associated genes were identified by gene expression and gene ontology analyses. The zebrafish 
whole-mount mRNA expression database (http://zfin.org/cgi-bin/webdriver?MIval=aa-xpatselect.apg) and the gene 
ontology database AmiGO (Carbon et al., 2009) (http://amigo.geneontology.org ) were queried for ‘neural crest’ 
search terms (databases were accessed by EvR on 10 September 2012). High-confidence human orthologs were 
predicted using the DRSC Integrative Ortholog Prediction Tool DIOPT (Hu et al., 2011) (http://www.flyrnai.org/
cgi-bin/DRSC_orthologs.pl). Only orthologs with the highest weighted prediction score were included on the neural 
crest-associated gene list.
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ChIP-seq sample preparation and sequencing
ChIP-seq and ChIP-reChIP were performed as previously described (Batsché et al., 2006; Lee et al., 2006), except 
growth conditions were optimized to A375 cells, and libraries were multiplexed to conduct high-throughput 
sequencing in one lane. One hundred million A375 cells per condition were treated with DMSO or 25 μM A771726.  
After a 48 hr treatment, cells were fixed in 11% formaldehyde and subjected to chromatin immunoprecipitation with 
HEXIM1 antibody (Abcam), Cdk9 (C-20) antibody (Santa Cruz), POLR2A (Santa Cruz) or SP1 antibody (Abcam). 
For reChIP experiments, eluates were diluted to reduce the SDS concentration to 0.1% (w/v) before the subsequent 
immunoprecipitation was performed. 10 μL of input DNA and the entire volume of ChIP DNA samples were prepared 
for sequencing. The End-It DNA End-Repair Kit (Epicentre) was used to turn DNA overhangs into phosphorylated 
blunt ends and the Agencourt AMPure XP PCR Purification Kit (Beckman Coulter) was used to purify the resulting 
samples using a 1.8X ratio of beads to sample. Next, a single A in the 3’ end was added to samples using the Klenow 
Fragment enzyme (NEB) to allow for directional ligation and the AMPure Kit was again used to purify samples. 
Illumina adaptor oligos (1:10 dilution) were added to samples using the Quick Ligation Kit (NEB) and NEBNext 
Multiplex Oligos for Illumina Kit (NEB), and samples were purified with the AMPure Kit. Samples were then size-
selected with the AMPure beads with a 0.9X bead to sample ratio. Multiplexing primers from the NEBNext Multiplex 
Oligos Kit were added during the 18-cycle PCR enrichment step, which utilized the Phusion High-Fidelity PCR 
Master Mix (NEB), to generate indexed libraries (multiplex indexes used were: 3 – DMSO Input, 4 – A771726 Input, 
5 – DMSO Cdk9 IP, 6 – A771726 Cdk9 IP, 9 – DMSO HEXIM1 IP, 10 – A771726 HEXIM1 IP). Indexed libraries were 
separated on a 2% agarose gel. Products between 150-350 base pairs were excised and gel purified using the QIAquick 
Gel Extraction Kit (Qiagen). The concentration of the isolated libraries was estimated with a high-sensitivity DNA 
chip from Agilent according to manufacturer’s protocol and libraries were mixed in equal quantities and sequenced 
on Illumina Hi-Seq2000. Index sequences from multiplexed primers were used to identify treatment group and reads 
were demultiplexed using a perl script. 

ChIP-seq data analysis
All ChIP-seq data sets were aligned using Bowtie (version 0.12.2) (Langmead et al., 2009) to build version hg19 of 
the human genome with parameters “-k 2 -m 2 -n 2”. We used the MACS version 1.4.1 (Model-based analysis of 
ChIP-seq) (Zhang et al., 2008) peak finding algorithm to identify regions of ChIP-seq enrichment over background. A 
P-value threshold of enrichment of 1e-9 was used for all data sets with parameters “--keep-dup=2”. The total numbers 
of sequenced and mapped reads are shown in Table S4B. To obtain the normalized read density of ChIP-seq data sets 
in any region, ChIP-seq reads aligning to each region were extended automatically by MACS, and the density of reads 
per bp was calculated. The density of reads in each region was normalized to the total number of million mapped reads 
producing read density in units of reads per million mapped reads per bp (r.p.m./bp).

ChIP-seq heatmap representation of read density profiles
Regions of either CDK9 DMSO control or HEXIM1 DMSO control were aligned at the center in the composite view 
of signal density profile. The enriched regions of CDK9 DMSO and HEXIM1 DMSO were first merged together 
if overlapping by 1 bp, resulting in a total of 9,230 merged regions. The average ChIP-seq read density (r.p.m./bp) 
around 5 kb centered on the centers in 50 bp bin was next calculated and displayed. 

ChIP-seq meta representation of read density profiles
We first created density vectors for all transcribed genes. The densities in the promoter, gene body, and gene end region 
were placed into 320 bins to create a density vector. 60 fixed width bins for the ‐3000 to 0 promoter region, 200 
variable bins equally dividing the length of the gene, and 60 fixed bins for the 0 to +3 kb after transcript end region. 
The average ChIP-seq read density (r.p.m./bp) for each bin was next averaged and displayed.

RNA-seq sample preparation and sequencing
RNA was isolated from cells using the RNeasy Plus Kit (Qiagen). ERCC ExFold RNA spike-in mixes (Ambion) 
were added to the samples based on cell number. The isolated RNA was then subjected to rRNA depletion using the 
RiboZero Gold Kit (Epicentre). The NEBNext multiplex oligos for Illumina Kit (NEB) was used to make the samples 
suitable for multiplexing. The PCR reaction was run for 15 cycles. The indexed libraries were size-selected for 300 
bp fragments using Agencourt Ampure XP beads (Beckman Coulter).  The concentration of the isolated libraries was 
estimated with a high-sensitivity DNA chip from Agilent according to manufacturer’s protocol and libraries were 
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mixed in equal quantities and sequenced on Illumina Hi-Seq2000. Index sequences from multiplexed primers were 
used to identify treatment group and reads were demultiplexed using a perl script. The total numbers of sequenced and 
mapped reads are shown in Table S4C.
FAST-iCLIP:
The FAST-iCLIP experiment and data analysis was performed as described previously (Flynn et al., 2015) with the 
specific modifications below. A375 cells were cultured and treated as above with DMSO or 25μM A771726 for 48 
hours and then UV-C crosslinked to a total of 0.3J/cm2. Each iCLIP experiment was normalized for total protein 
amount, typically 2.5mg, and partially digested with RNaseI (Life Technologies) for 10 minutes at 37°C and quenched 
on ice. To isolate HEXIM-bound RNAs HEXIM1 antibody (Abcam, ab25388) conjugated to Protein A Dynabeads 
(Life Technologies) were incubated with RNaseI-digested lysate overnight at 4°C on rotation. Immunoprecipitation 
washing and subsequent biochemical and library preparation steps were carried out as previously described (Flynn 
et al., 2015). Sequencing libraries were quantified on the BioAnalyzer High Sensitivity DNA chip (Agilent) and then 
sequenced on the Illumina NextSeq 500 machine for 1x75bp cycle run. The total numbers of sequenced and mapped 
reads are shown in Table S4D. The FAST-iCLIP bioinformatic pipeline (https://github.com/ChangLab/FAST-iCLIP) 
was used as previously described (Flynn et al., 2015). Briefly, sequencing reads were filtered for quality, barcode 
split, removed of PCR-duplicates, trimmed (5’ and 3’ends), and uniquely mapped. RT stops were identified and used 
to define the binding locations of HEXIM1 across the repetitive and non-repetitive human genome. Only nucleotides 
supported with 3 independent RT stops in two replicates (with at least 1 RT stop in each replicate) were reported as 
binding events. For analysis of repetitive noncoding RNAs (e.g. the 7SK snRNA), custom annotation files were built 
from the Rfam database and only reads mapping unique to these regions were considered.

RNA extraction & quantitative RT-PCR analysis
RNA isolation was performed using the RNeasy Plus Mini Kit (Qiagen). cDNA was synthesized with the SuperScript 
III Kit (Life Technologies).  Quantitative PCR was performed on the iQ5 real-time PCR machine using the Ssofast 
EvaGreen Supermix (BioRad). The ∆∆Ct method was used for relative quantification. RT-PCR data for Figure 6C 
was normalized to RPL11, which is not bound by HEXIM1 under any condition and is stably expressed regardless of 
nucleotide stress (Figures S7E and S7F). RT-PCR primers are:

ACTB forward: 5’-TTGCCGACAGGATGCAGAA-3’
ACTB reverse: 5’-GCCGATCCACACGGAGTACT-3’
CCNT2 forward: 5’-GCGGATAAAGAGCTCTCGTG-3’
CCNT2 reverse: 5’-GCAGTGTTTATTGTAAGCTGAGAGA-3’
CDKN1A forward: 5’-GGAAGACCATGTGGACCTGT-3’
CDKN1A reverse: 5’-GGATTAGGGCTTCCTCTTGG-3’
CHD1 forward: 5’-AACCAGGTCCTTTAACTGTAGGAG-3’
CHD1 reverse: 5’-TCCTCATCCATATTTGAGAAGTTG-3’
CTCF forward: 5’-CGCTAGTGGACAGATTGCTG-3’
CTCF reverse: 5’-CTGCATCACCTTCCATTTCC-3’
DCBLD2 forward: 5’-TTTGAATAAGGAAAAGAAAATAACAGG-3’
DCBLD2 reverse: 5’-GGATTCTGTAGGCAGACACATAGTAA-3’
EGR1 forward: 5’-AGCCCTACGAGCACCTGAC-3’
EGR1 reverese: 5’-GTTTGGCTGGGGTAACTGGT-3’
ELF1 forward: 5’- GTCATGGAGGATGAACGACA-3’
ELF1 reverse: 5’- CAGGCTAGACCGGCATAACT-3’
gapdh forward: 5’-GTGGAGTCTACTGGTGTCTTC-3’
gapdh reverse: 5’-GTGCAGGAGGCATTGCTTACA-3’
GAPDH forward: 5’-AAGGTGAAGGTCGGAGTCAA-3’
GAPDH reverse: 5’-AATGAAGGGGTCATTGATGG-3’
hexim1 forward: 5’-CAAACACGAGATTTGAGTTAAACG-3’
hexim1 reverse: 5’-CTCGTCCGATAATCTCTCTGC-3’
HEXIM1 forward: 5’-GACCTGGGAAGAGAAGAAAAAG-3’
HEXIM1 reverse: 5’-GAGGAACTGCGTGGTGTTATAG-3’
HEXIM2 forward: 5’-ACCGCCTGTAATGCAGAGTC-3’
HEXIM2 reverse: 5’-CAGGGAACCACCAGAGTCAT-3’
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HEY1 forward: 5’-TGGATCACCTGAAAATGCTG-3’
HEY1 reveres: 5’-CGAAATCCCAAACTCCGATA-3’
PTEN forward: 5’-TGAAGGCGTATACAGGAACAAT-3’
PTEN reverse: 5’-CGGTGTCATAATGTCTTTCAGC-3’
RPL11 forward: 5’-TGCCAAAGGATCTGACAGTG-3’
RPL11 reverse: 5’-GTTGGGGAGAGTGGAGACAG-3’
SLC5A3 forward: 5’-CGCTACGAGCTGGCTTTAAT-3’
SLC5A3 reverse: 5’-TCCACAAGACCATCAGCATT-3’
SP1 forward: 5’-CCTCAGTGCATTGGGTACTTC-3’
SP1 reverse: 5’-ACCAAGCTGAGCTCCATGAT-3’
USF1 forward: 5’-ACAGTTGGAGAAAATCGGCA-3’
USF1 reverse: 5’-ATCCGAGGAACTGGTCCTTT-3’
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