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The RNA-binding protein Lin28 regulates the expression of the let-7 family of microRNAs (miRNAs) during early
embryonic development. Lin28 recruits the 3’ terminal uridylyl transferase (TUTase) Zcchc11 (TUT4) and/or Zcchc6
(TUT7) to precursor let-7 RNA (pre-let-7) to selectively block let-7 biogenesis. Uridylated pre-let-7 is targeted for decay
by the downstream exonuclease Dis3I2 thereby preventing processing to mature let-7. Activation of this oncogenic
pathway via up-regulation of Lin28 expression promotes cellular transformation, drives tumorigenesis in mouse models,
and is frequently observed in a wide variety of cancer. Recent proof-of-principle experiments showed that Zcchc11
knockdown inhibits the tumorigenicity of Lin28-expressing human cancer cells and established this enzyme as a
possible new therapeutic target for human malignancies. However, there are currently no known pharmacological
agents capable of targeting this novel enzyme. In this study we developed and applied a sensitive biochemical assay
that monitors Zcchc11 activity. Using this assay we performed an automated high-throughput screen of ~15,000
chemicals to identify putative TUTase inhibitors. Several of these small molecules were validated as specific inhibitors of
Zcchc11 activity. Our results demonstrate the feasibility of screening for TUTase inhibitors and present a relatively

simple platform that can be exploited for future drug discovery efforts aimed at restoring let-7 expression in cancer.

Introduction

MicroRNAs (miRNAs) are short non-coding RNAs that func-
tion as negative regulators of target gene expression by directing
Argonaute-containing complexes to sites in the 3’ untranslated
region (3’ UTR) of complementary mRNAs for translation sup-
pression and/or mRNA decay. The links between miRNA and
cancer is now well established with miRNAs being directly
involved in cancer initiation, progression, and metastasis.'™ In
particular, the let-7 miRNA family members function as tumor
suppressors in multiple different tumor types by inhibiting
expression of oncogenes and key regulators of several mitogenic
pathways including RAS, MYC, and HMGA2.%° The let-7 miR-
NAs are frequently down-regulated in many different types of
cancers and low let-7 expression is associated with poor patient
survival.”® Restoration of let-7 expression was shown to effec-
tively inhibit cancer growth in mouse models of lung and breast
cancers.”'® These findings imply that let-7 may be used as a
next-generation cancer therapeutic target.

Recent studies have uncovered that let-7 miRNA expression is
post-transcriptionally regulated. miRNAs are typically generated
by a processing pathway that involves the cleavage of primary
miRNA transcripts (pri-miRNAs) by the Microprocessor to gen-
erate pre-miRNAs that are subsequently processed by Dicer into
mature ~22 nucleotide (nt) miRNAs.'*> We and other groups
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found that in mouse embryonic stem cells (ESCs) and several
human cancer cell lines, the paralogous RNA-binding proteins
Lin28A or Lin28B, selectively block the maturation of let-7
miRNA."?" Lin28A/B are frequently over-expressed in cancers
and their elevated expression often correlates with poor progno-
sis. 118 Tndeed, Lin28A/B are classical oncogenes that can pro-
mote cellular transformation and tumorigenesis when ectopically
expressed iz vitro and in vive."®'?*' Moreover, depletion of
Lin28A or Lin28B expression results in decreased cell prolifera-
tion, and invasion in cancer cells and reverts tumorigenesis in
mouse model."®*"** Tmportantly, this oncogenic effect of
Lin28A/B can be abrogated when let-7 is reintroduced into these
cells, suggesting that Lin28A/B-mediated cellular transformation
is directly dependent on let-7 levels.'® Therefore, the Lin28-let-7
oncogenic pathway represents an important novel therapeutic
target for effective cancer treatment.

Two 3’ terminal uridylyl transferases (TUTases), Zcchell
(TUT4) and Zcche6 (TUT?7), are key mediators in the Lin28
blockade of let-7 biogenesis.”>> These enzymes are recruited by
Lin28 to let-7 precursors (pre-let-7) where they catalyze the addi-
tion of an oligo(U)-tail. Uridylated pre-let-7 is resistant to Dicer
processing and degraded by the 3’5’ exonuclease Dis312.%77
TUTase activity is required for the Lin28-mediated inhibition of
let-7 biogenesis, and RNAi-mediated knockdown of Zcchcll
has been shown to inhibit tumorigenesis of human breast,
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ovarian, melanoma, prostate, and liver cancer cells in mouse
xenograft assays.”®>’ Moreover, Zcchell knockdown inhibited
the lung metastasis of liver cancer cells.”” In addition, Zcchell
expression was found to be up-regulated in primary human liver
and colorectal tumors compared with matched normal tissues.>
Taken together, emerging evidence supports that Zceche6/11 is
an attractive target for therapeutic intervention in Lin28 over-
expressing cancers.

As a first step toward targeting the Lin28 oncogenic pathway
in cancer, we developed a method for high-throughput screening
of small molecules that can inhibit Zcchcll TUTase activity.
This assay uses recombinant Zcchcll expressed and purified
from E.coli, synthetic RNA substrate, and simple luciferase read-
out to measure TUTase activity. Using this approach we screened
in duplicate libraries containing ~15,000 compounds including
known bioactive molecules as well as natural products to identify
small molecules that can selectively inhibit Zcchell in vitro. Sev-
eral of these ‘hits’ from the primary screen were validated using
secondary assays as specific inhibitors of Zcchcll activity in vitro.
Our results demonstrate the feasibility of screening for TUTase

inhibitors and present a relatively simple platform that can be
exploited for future drug discovery efforts aimed at restoring let-
7 expression in cancer.

Results

Purification and characterization of recombinant Zcchcl1

Zcchell is a large (~185 kDa), multi-domain containing
protein, making it difficult to express and purify in large quanti-
ties in recombinant form. Our previous research identified a min-
imal fragment of Zcchcll, containing a TRF4 domain, a
catalytic nucleotidyl transferase domain (NTD), 2 PAP-associ-
ated domains, and 3 zinc finger domains, that together with
Lin28, is necessary and sufficient for pre-let-7 uridylation
(Fig. 1A).>> We therefore subcloned the cDNA encoding this
minimal region of Zcchcl1 with a FLAG tag epitope sequence at
the 3’ end into the prokaryotic expression vector pETDuet-1.
After expression was induced with isopropyl 3-D-1-thiogalacto-
pyranoside (IPTG) at 20°C overnight, the recombinant Zcchcel 1
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Figure 1. Purification of rZcchc11. (A) Schematic representation of Zcchc11 and the minimal region of Zcchc11 (rZcchc11) that is required for Lin28
mediated uridylation of pre-let-7. (B) SDS-PAGE and coomassie blue staining analysis of purified rZcchc11. (C and D) Uridylation of pre-let-7a1 by Lin28
and rZcchc11. (E and F) Uridylation of mature let-7i guide RNA by rZcchc11.
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(tZcchell) protein was isolated by anti-FLAG affinity purifica-
tion. The FLAG-beads were washed extensively, and rZcchcll
was eluted from the beads using FLAG-peptide. The isolated
(~130 kDa) rZcchcll protein was free of major contaminants,
and enzymatically active as shown by its ability to catalyze the
Lin28-mediated uridylation of pre-let-7 (Fig. 1B-D). Impor-
tantly, this minimal fragment could be expressed and purified in
the relatively large quantities required for assay design, optimiza-
tion, and high-throughput screening.

Our most recent work uncovered a novel function of
Zcchcell, which preferendally uridylates the mature let-7 guide
RNA iz vitro and in cells in a Lin28-independent manner.”® We
furthermore experimentally defined a sequence motif present in a
small subset of mature miRNAs that confers this preferential uri-
dylation activity.”® Consistent with these findings, rZcchcl1 was
capable of uridylating mature let-7 RNA in vitro (Fig. 1E,F).
Since this assay is simpler, does not require Lin28, and is more
amenable to scale-up, we favored developing this strategy for our
high-throughput screening of Zcchcl 1 activity.

the Zcchell-catalyzed uridylation of mature let-7. Moreover, we
further showed that rZcchcell induces the luciferase activity in a
dose-dependent manner (Fig. 2B), confirming that the intensity
of the luciferase signal accurately reflects Zcchcll enzymatic
activity. Most importantly, this assay is highly sensitive, with
50 ng of rZcchcll sufficient for a luciferase signal that is about
30 fold above the background. We therefore next tested the suit-
ability of this luciferase-based assay for high-throughput
applications.

High-throughput screening for TUTase inhibitors

With the highly sensitive luciferase assay to monitor Zcchel 1
enzymatic activity in place, we scaled up our system for the high-
throughput screening of small molecule libraries to identify
Zcchell inhibitors. As shown in Figure 3A, rZcchell and reac-
tion buffer (containing let-7 RNA, UTP and PPi substrate) were
subsequently added to 384 well plates by liquid handling robots
together with the individual chemicals. After incubation, the
luciferase signals were measured for each well to screen the small
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absence of UTP (Fig. 2B). The lucifer-

ase activity in these reactions was found
to also be dependent on the concentra-
tion of the mature let-7 guide RNA
(Fig. 2B), further confirming that the
detected luciferase signal is generated by

Figure 2. Optimization of PPi light assay to measure Zcchc11 activity. (A) Schematic demonstration of
the PPi light assay. The PPi generated by rZcchc11-mediated uridylation is converted into luciferase
signal by the PPiLight™ Inorganic Pyrophosphate Assay kit. (B) Optimization of PPi light assay for
high throughput screening. Included (as indicated) is a titration of UTP, let-7i guide RNA, and
rZcchc11 for the optimization of PPi light assay.
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Figure 3. High-throughput screening of Zcchc11 inhibitors. (A) Flow chart of the high throughput screening stratgey. 91 of 14,822 screened compounds
were cherry picked for secondary assay. (B) A representative screening plate showing the correlation of luciferase reading between 2 repeats. (C) A repre-
sentative screening plate showing the luciferase reading of each well. B and C were generated with visualization software Vortex. Red: positive control;
Dark blue: Negative control; Light blue: screening samples; Gray: empty well.

molecule compounds that can inhibit Zcchell. The screening
was performed in duplicate for each compound and the luciferase
signals were highly correlated between the replicates (Fig. 3B).
Compounds that reproducibly decreased the luciferase signal >2
-fold were considered as hits (Fig. 3C). In total we screened
14,822 compounds in duplicate, including 8,881 known bioac-
tive compounds and 5,941 partially purified natural products.
Based on the screening results, we cherry-picked 91 strong hits
that can inhibit the luciferase >8 -fold for secondary screening to
identify small molecule inhibitors of Zcchcl 1.

Validation of TUTase inhibitors

We next performed a secondary assay to verify the 91 ‘hits’
from our screen as TUTase inhibitors. For this we utilized the
radioactive assay that monitors the Lin28-mediated uridylation
of pre-let-7 by Zechel 1 (Fig. 1D). We found that 39 out of the
91 cherry-picked compounds could substantially block pre-let-7
uridylation at the same concentration that was used for the initial
screening (33.3 WM for known bioactive compounds, 50 pg/ml
for natural product extracts) (Fig. 4A). To help identify the most
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potent compounds we diluted the 39 compounds to select those
that can inhibit the Zcchell activity at lower concentrations.
Since most of the natural product extracts had little inhibitory
effect at the concentration of 1.5 pug/ml (Fig. 4B), we subse-
quently focused on the known bioactive compounds to study
their functions in inhibiting Zcchel 1 activity. Dose curves were
performed on 12 compounds. As shown in Figure 4C, the appar-
ent IC50 of those bioactive compounds ranges from 0.2 to
2 wM. To further confirm this result,
mercially available cherry-picked compounds and found that
except for compounds C3 and M6, other compounds inhibited
Zcchell at similar concentrations as the cherry-picked com-
pounds provided by the screening facility (Fig. 4D).

We then considered the possible mechanism of action for
those validated TUTase inhibitors identified in our screen. Since
many of the verified hit compounds contain thiol groups that
might be interacting with Cysteines in rZcchcll (Fig. 5A), we

we re-purchased all 9 com-

further determined their inhibitory functions in reducing condi-
tions. We first compared the inhibitory function of compound
NG in regular buffer or reducing conditions in which the reaction
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Figure 4. Secondary assay for TUTase inhibitors. (A) 91 cherry-picked compounds were analyzed with the Lin28 dependent secondary assay to deter-
mine their functions in regulation of Zcchc11 activity in uridylation of pre-let-7-a1. Concentrations used for the assay: known bioactive compounds:
33 wM; natural product extracts: 50 wg/ml. B and C: Test of diluted natural product extracts (1.5 wg/ml) (B) and known bioactive compounds (C) in uridy-
lation assay. (D) Test of re-purchased compounds in inhibiting Lin28 and Zcchc11-mediated uridylation of pre-let-7a1.

buffer was supplemented with 100 mM 2-Mercaptoethanol
(B-ME). As shown in Figure 5B, addition of B-ME completely
blocked the ability of compound N6 to inhibit Zcchel 1 uridyla-
tion activity. We similarly tested all other validated hit com-
pounds and found that only compounds L6 and F7 can inhibit
uridylation in the reducing conditions, suggesting that most of
the identified compounds inhibit Zcchell function through
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thiol-dependent mechanisms (Fig. 5B). Then we picked the
apparent best inhibitory compounds (N6, L6, and F7) and per-
formed dose-curve experiments to determine the IC50 for each
compound. Serial dilution of the compounds revealed that the
IC50 of compounds N6, L6 and F7 in regulating Lin28-medi-
ated pre-let-7 uridylation is 0.38, 0.35, and 0.82 uM, respec-
tively (Fig. 5C). To determine whether those compounds
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Discussion
specifically inhibit Zcchcll activity, we tested the activity of

these coxlnpounds in inhibiting the uridylation activity ;)lf_3(4:id1, The aberrant Lin28/TUTase/let-7 pathway is frequently
the  Schizosaccharomyces pombe Poly(U) Polymerase. As found in cancers and can drive oncogenesis iz vivo. Lin28A/B
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expression is associated with advanced disease in hepatocellular
carcinoma (HCC), chronic myeloid leukemia (CML), Wilms’
tumor, ovarian carcinoma, and germ cell tumors.'®**%>44 More-
over, Lin28A/Lin28B expression is associated with poor clinical
outcome and patient survival in HCC, ovarian cancer, Neuro-
blastoma, and Medulloblastoma.'®'®3>%> Therefore, identifica-
tion of small molecule drugs that specifically inhibit the Lin28/
let-7 pathway might prove to be a powerful approach for cancer
therapy. However, there are currently no known pharmacological
agents capable of targeting this pathway. Since TUTase activity is
required for the Lin28 mediated repression of let-7 biogenesis,
and is likely to be highly “druggable,” targeting TUTase activity
might represent a promising strategy to inhibit the Lin28 onco-
genic pathway in cancers. In addition, the TUTases were recently
reported to uridylate miRNA and mRNA independent of
Lin28,304647 suggesting that TUTases are significant players in
regulating posttranscriptional gene expression through uridyla-
tion. Therefore, potent TUTase inhibitors might not only be
used for drug development against the Lin28 oncogenic pathway,
but could also be used to study uridylation-mediated RNA decay.
For this purpose, we developed an 77 vitro assay suitable for high-
throughput screening to identify small molecules that can specifi-
cally inhibit Zcchel1 TUTase activity.

In this study, we designed, optimized, and applied a lucifer-
ase-based assay for the high-throughput screening of chemical
libraries to identify small molecule inhibitors of Zcchell, a
critical enzyme involved in the Lin28-meidated control of let-
7 miRNA biogenesis. We screened 14,822 compounds in
duplicate and identified 91 compounds that can inhibit the
Zcchell enzyme activity. To exclude possible false positive
compounds, we performed a secondary assay to identify bona
fide inhibitors of Lin28-mediated pre-let-7 uridylation. This
led to our discovery of compounds that specifically inhibit the
Zcchell activity in vitro. Inspection of the molecular struc-
tures of these validated inhibitory compounds revealed the
presence of reactive thiol groups in most of them. This sup-
ports the possibility that these compounds inhibit the TUTase
by covalently binding to Cysteines in Zcchcll. Considering
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the rZcchcll fragment used in these studies contains 37 Cys-
teine residues, identifying those that are preferentially bound
by each of the compounds remains a challenge. One possibility
however is that these inhibitory compounds bind to certain
Cysteine(s) within one or more of the Zinc fingers to interfere
with Zcchell binding its RNA substrate. The inclusion of 2-
Mercaptoethanol (3-ME) in the reaction buffer will help
refine our high-throughput screening assay by excluding this
class of inhibitors as positive hits.

When tested in cells, one of the identified compounds (Auro-
thioglucose hydrate) can block the uridylation of pre-let-7 in
vivo. Aurothioglucose hydrate has been used clinically to treat
rheumatoid arthritis and has been reported to inhibit PKCiota-
Par6 interaction and suppress the growth of non-small-cell lung
cancer in vitro and in vivo.*® Our data reveal a novel function of
inhibiting  Zcchell — activity.
Although the motivation for this study was to find small mole-
cules that can inhibit the TUTase to elevate let-7 level in Lin28-
expresisng cells, the treatment of mouse P19 (embryonal carci-
noma) cells, mouse embryonic stem cells (ESCs), and a small

Aurothioglucose hydrate in

panel of human cancer cell lines did not lead to elevated let-7
expression (data not shown). This might be due to several reasons
including: (1) Due to the general cytotoxic effects of several of
the compounds, we were only able to treat cells with relatively
low concentrations of compound that might not be high enough
to induce let-7 upregulation. (2) Some of the compounds might
have poor cell permeability and stability iz vive. (3) The reducing
environment in the cell cytoplasm might partially block the func-
tion of the sensitive compounds. Therefore, further chemical
modifications will be required to reduce cytotoxic effect and
increase specificity of the identified lead compounds in targeting
the Zechell activity.

In summary, we established a luciferase based high-through-
put screening methodology to identify small molecule com-
pounds that can specifically inhibit the Zcechell TUTase activity
in vitro and in vivo. Our study represents a proof-of-concept that
may be further exploited by more extensive high-throughput
screening and/or a screening strategy focused on libraries of
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nucleotide analogs as a first step toward therapeutic targeting of
the TUTase in the oncogenic Lin28/let-7 pathway.

Materials and Methods

Plasmids

For rZcchel 1 expression, a fragment of Zcechel1 was PCR ampli-
fied and subcloned using with the following primers: Sal I-mZ11-F:
ACGCgtcgacTCTCAGAAGCAGCAGACTCA; Not [-FLAG-
mZ11-R:ATAAGAAT geggecgc CTTGTCGTCATCGTCTTTG-
TAGTCTCTTTTCCTTTTGGGACAGTCT to the prokaryotic
expression vector pETDuet-1. The FLAG-Lin28 plasmid was previ-
ously described.”

Immunoprecipitation and recombinant protein purification

Immunoprecipitation and recombinant protein purification
were performed as previously described.”> Briefly, Flag-Lin28
expression plasmids were transfected into HEK293T cells with
Lipofectamine 2000 (Invitrogen). 48 hours later, whole cell
lysate was collected for the purification of Flag-Lin28 with anti-
Flag M2 beads (Sigma). For recombinant Zcchcll protein puri-
fication, rZcchcll was induced with 500 wM IPTG overnight at
20°C. The FLAG tagged rZcchcll proteins were then purified
using anti-Flag M2 beads according to the manufacture’s
instructions.

In vitro uridylation assay

In vitro uridylation assay was performed as previously
described.”> 0.01 wM unlabeled synthetic pre-let-7al or mature
let-7i guide RNA (Dharmacon) were incubated with purified
proteins and buffer containing [a-**P] UTP at 37°C for 1h. A
limited amount of (125 nM) [a->*P] UTP was added in the uri-
dylation system, therefore the pre-let-7al or mature let-7i are
predominantly monouridylated in these reaction conditions. The
products were then analyzed on 15% denaturing polyacrylamide
gels and radioactively labeled RNAs were detected by autoradi-
ography. For IC50 calculation, band intensities were quantified
with Image]. Where indicated reactions were supplemented with
100 mM 2-Mercaptoethanol (3-ME).

Gene knockdown and Real-Time PCR

The shRNA and siRNA mediated gene knockdown experi-
ment was performed as previously described.?® Total RNA sam-
ples were collected for real-time PCR assay to detect the relative
gene expression. To detect the poly-uridylated pre-let7g, small
RNAs (<200 bp) were first isolated with mirVana miRNA Isola-
tion Kit (Life Technologies), then same amount of isolated small
RNA samples were used for the reverse transcription with oli-
godA12 and subsequent real-time PCR analysis.*®
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PPi light assay

The PPi light assay was performed with the PPiLight™ Inor-
ganic Pyrophosphate Assay kit (Lonza). Briefly, reaction system
containing 50 ng rZcchcll protein, 50 pM UTP, 0.75 pM let-
71 synthetic guide RNA, 4 units of RNasin (Promega), and PPi
substrates was incubated at 37°C for 30 mins. Luciferase inten-
sity was then measured using luminometer (BioTek).

High-throughput screening

On the day of screening, 10 pl of BC150 buffer (20 mM
Tris-HCI pH 7.9, 20% glycerol, 0.2 mM EDTA, 150 mM
KCl) containing Zcchell (~50ng per well) was added into 384-
well, white, low volume plates (Corning) with MultidropTM
Combi nL Reagent Dispenser (Thermo Scientific). Compounds
were immediately added into wells by pin-transfer robot (Seiko).
Wells in column 23 contained DMSO (100 nl/well) and served
as the negative controls. Column 24 also contained the positive
control that can inhibit Zcchcll activity (from collaborator,
unpublished) at 33.3uM. After pin transfer, 20 wl of reaction
buffer containing let-7i guide RNA, RNAsin, PPi substrate and
UTP was added to the wells using Multidrop™ Combi nL
Reagent Dispenser (Thermo Scientific). Plates were then incu-
bated at room temperature for 60 mins, then the luciferase inten-
sities quantified with the Envision plate reader (PerkinElmer). Z'
factor of the screening was higher than 0.8, as calculated follow-
ing the instructions of ICCB at Harvard Medical School (http://
iccb.med.harvard.edu/screening-information/overview-and-
guidelines/#quantitative).
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