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SUMMARY

Ultraviolet (UV) radiation is a carcinogen that gener-
ates DNA lesions. Here, we demonstrate an unex-
pected role for DGCR8, an RNA binding protein that
canonically functions with Drosha to mediate micro-
RNA processing, in the repair of UV-induced DNA le-
sions. Treatment with UV induced phosphorylation
on serine 153 (S153) of DGCR8 in both human and
murine cells. S153 phosphorylation was critical for
cellular resistance to UV, the removal of UV-induced
DNA lesions, and the recovery of RNA synthesis
after UV exposure but not for microRNA expression.
The RNA-binding and Drosha-binding activities of
DGCR8 were not critical for UV resistance. DGCR8
depletion was epistatic to defects in XPA, CSA, and
CSB for UV sensitivity. DGCR8 physically interacted
with CSB and RNA polymerase II. JNKs were
involved in the UV-induced S153 phosphorylation.
These findings suggest that UV-induced S153 phos-
phorylation mediates transcription-coupled nucleo-
tide excision repair of UV-induced DNA lesions in a
manner independent of microRNA processing.

INTRODUCTION

UV irradiation generatesDNAphotoproducts,mainly cyclobutane

pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PPs), and

causes cell cycle arrest, apoptosis,mutagenesis, and proliferative

transformation (Herrlich et al., 2008). These DNA lesions are

repaired by nucleotide excision repair (NER) in mammalian cells

(Hanawalt and Spivak, 2008). Deficiencies in NER are associated
162 Cell Reports 19, 162–174, April 4, 2017 ª 2017 The Authors.
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with human genetic disorders such as xeroderma pigmentosum

(XP), Cockayne syndrome (CS), cerebro-oculo-facio-skeletal syn-

drome (COFS),UV-sensitivesyndrome (UVSS), and trichothiodys-

trophy (TTD). The NER pathway operates through two subpath-

ways: global genome NER(GG-NER) and transcription-coupled

NER (TC-NER). In GG-NER, XPC andUV-DDB recognize damage

sites throughout the genome,whereas TC-NER is initiatedbyRNA

polymerase II (RNAPII), which is blocked by DNA lesions during

transcription. These subpathways converge on a common down-

streampathway to resolve theDNA lesions (Hanawalt andSpivak,

2008).

DGCR8 is a critical protein for microRNA (miRNA) biogenesis

(Macias et al., 2013). miRNAs are small, single-stranded, non-

coding RNAs that post-transcriptionally regulate gene expres-

sion (Carthew and Sontheimer, 2009) and have been implicated

in many biological processes, including DNA damage response

and repair (Wang and Taniguchi, 2013), and in the pathogenesis

of many human diseases (Iorio and Croce, 2012). miRNAs are

initially transcribed as long primary miRNAs (pri-miRNAs) (Car-

thew and Sontheimer, 2009). Pri-miRNAs are processed by

the microprocessor complex, consisting of Drosha (an RNase

III-type enzyme) and DGCR8, a double-stranded RNA-binding

protein, to generate �70-nt precursor miRNAs (pre-miRNAs)

(Carthew and Sontheimer, 2009). Pre-miRNAs are exported to

the cytoplasm, where they are cleaved by another RNase III,

Dicer, to generate �22-nt mature miRNA duplexes. Apart from

its critical role in miRNA biogenesis, DGCR8 also regulates the

stability of some mRNAs and small nucleolar RNAs (snoRNAs)

(Macias et al., 2012, 2013). The two double-stranded RNA

(dsRNA)-binding domains of DGCR8 are required for recognition

of the RNA substrates (Macias et al., 2012; Sohn et al., 2007;

Yeom et al., 2006).

DGCR8 is regulated in several ways. MeCP2 binds to the

dsRNA-binding domains of DGCR8 and prevents the binding
creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:ttaniguc@fhcrc.org
http://dx.doi.org/10.1016/j.celrep.2017.03.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2017.03.021&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


of Drosha to DGCR8 (Cheng et al., 2014). A heme group pro-

motes the dimerization of DGCR8 and facilitates miRNA pro-

cessing (Weitz et al., 2014). Deacetylation of DGCR8 also

enhances miRNA processing (Wada et al., 2012). DGCR8 is

phosphorylated at 23 sites, and these modifications increase

DGCR8 protein stability (Herbert et al., 2013). Some of the 23

phosphorylation sites may be targets of ERK/mitogen-activated

protein kinase (MAPK) (Herbert et al., 2013), but there are likely

other kinases involved as well.

miRNAs have been implicated in the cellular response to UV

radiation: the expression of a subset of miRNAs is altered in

response to UV radiation (Dziunycz et al., 2010; Pothof et al.,

2009), and depletion of factors required for miRNA biogenesis

leads to cellular sensitivity to UV (Pothof et al., 2009). However,

the mechanisms connecting the miRNA biogenesis machinery

and UV response remain unclear, and whether UV sensitivity of

miRNA biogenesis protein-deficient cells is mediated by the

miRNA biogenesis defect is not clear.

Here, we show an unexpected function of DGCR8 in the

repair of UV-induced DNA lesions that is independent of miRNA

processing.

RESULTS

DGCR8 Is Phosphorylated in Response to UV Radiation
Initially, we found that DGCR8 was phosphorylated in res-

ponse to UV radiation by performing a western blot analysis of

ultraviolet C (UV-C)-treated human and murine cells (Figures

1A and 1B). We subsequently performed mass spectrometry of

DGCR8 protein immunopurified from UV-C-irradiated human

HeLa cells and identified nine phosphorylation sites (S95,

S153, S271, S275, T371, S373, S377, S434, and S619) (Fig-

ure 1C; Figures S1A and S1B). Site-directed mutagenesis ex-

periments for each of these sites revealed that S153 was phos-

phorylated in a UV-induced manner (Figure 1E). S153 of DGCR8

is conserved among mammals but not in other vertebrates (Fig-

ure 1D; Figure S1C).

Next we generated a phospho-specific antibody using a pep-

tide that flanks S153 of human DGCR8 as an immunogen (Fig-

ure 1D). The specificity of the antibody was confirmed using

S153A mutant cells and phosphatase treatment (Figure 1E;

Figure S1D). S153 phosphorylation was detected in untreated

cells and was increased in response to UV radiation in a time-

and dose-dependent manner (Figure 1F) in multiple human cell

lines, including primary fibroblasts and keratinocytes (Figure 1G).

S153 phosphorylation was also induced by treatment with ultra-

violet B (UV-B), a chemical UV mimetic (4-nitroquinoline-1-oxide

[4-NQO]), and oxidizers, including hydrogen peroxide and potas-

sium bromate, but not with other DNA-damaging agents and

cellular stresses we have tested (Figure 1H; Figure S1E). We

also generated a phospho-specific antibody using a peptide

that flanks S153 of murine Dgcr8 as an immunogen (Figure 1D)

and confirmed UV-induced phosphorylation of S153 in mouse

embryonic fibroblasts (MEFs) (Figure S1F). Subcellular fraction-

ation experiments revealed that S153-phosphorylated DGCR8

was detected in the nuclear soluble and chromatin fractions

(Figure S1G). The S153 phosphorylation signal was induced

diffusely in the nucleus (Figure S1H), even after localized UV
irradiation through a micropore filter (Figure S1I), indicating

that the distribution of S153-phosphorylated DGCR8 is not

limited to sites of UV-induced DNA lesions. Furthermore, almost

all of the UV-irradiated cells showed increased phosphorylation

of S153 (Figures S1H and S1I), suggesting that the UV-induced

S153 phosphorylation occurs in a cell cycle-independent

manner.

DGCR8 Phosphorylation Mediates Cellular Resistance
to UV Radiation
To test the functional significance of UV-induced phosphoryla-

tion of S153, we examined the UV sensitivity of DGCR8-deficient

cells. Depletion of DGCR8 in a human colorectal cancer cell line

(HCT-116) using three independent short hairpin RNAs (shRNAs)

resulted in hypersensitivity to UV-C and UV-B (Figure 2A;

Figure S2A). We also recapitulated the UV-C sensitivity pheno-

type with DGCR8 depletion in human fibroblasts (Figure 4B; Fig-

ure S4C). Reintroduction of shRNA-resistant wild-type DGCR8

or an S153D phospho-mimetic mutant into DGCR8-depleted

HCT116 cells restored UV-C resistance. However, the S153A

phospho-mutant failed to restore UV-C or UV-B resistance (Fig-

ures 2B and 2C; Figure S2A), suggesting that S153 phosphory-

lation is critical for cellular resistance to UV. Similarly, DGCR8-

depleted cells were hypersensitive to hydrogen peroxide, and

complementation with wild-type or S153D DGCR8 restored

resistance to hydrogen peroxide whereas the S153A mutant

did not (Figure S2B). Dgcr8 knockout MEFs were sensitive

to UV-C and UV-B compared with Dgcr8 knockout MEFs

transduced with wild-type human DGCR8 or wild-type mouse

Dgcr8, whereas Dgcr8 knockout MEFs transduced with S153A

mutant human DGCR8 or S153A mutant mouse Dgcr8 were

as sensitive to UV as Dgcr8 knockout MEFs (Figures S2C

and S2D).

Previous studies have shown that mutations introduced into

two dsRNA-binding domains of DGCR8 abolish miRNA pro-

cessing activity (Yeom et al., 2006). Surprisingly, complementa-

tion of DGCR8-depleted cells with the dsRNA binding domain

mutants (mDRBD1/2) restored UV-C and UV-B resistance (Fig-

ures 2B and 2C; Figure S2A), indicating that the RNA binding

activity and miRNA processing functions of DGCR8 are not

required for UV resistance.

Among the various DGCR8 deletion mutants we tested (Fig-

ure 2B; Figure S2E), the D692 (Drosha-binding deficient) mutant

(Yeom et al., 2006) restored UV-C resistance in DGCR8-

depleted cells (Figure 2C), whereas other mutants with large de-

letions (D275, D483, and D276–773) (Yeom et al., 2006) failed to

do so (Figure S2F). In contrast, the D692 S153A mutant failed to

restore UV resistance in DGCR8-depleted cells (Figure 2C). The

D692 or D692 S153A mutant proteins were not co-immunopre-

cipitated with Drosha as expected, whereas wild-type DGCR8

and the DGCR8 S153A mutant were co-immunoprecipitated

with Drosha (Figure 2D). Altogether, these findings indicate that

S153 phosphorylation is critical for UV resistance whereas the

DGCR8-Drosha interaction is not.

Interestingly, Drosha depletion also led to hypersensitivity

to UV-C and UV-B, which was rescued by reintroduction of

wild-type Drosha and the DC114 (miRNA processing-

deficient) or DN490 (miRNA processing-deficient and DGCR8
Cell Reports 19, 162–174, April 4, 2017 163



Figure 1. S153 of DGCR8 Is Phosphorylated in Response to UV Radiation

(A) Immunoblot. Cell lysates from U2OS cells treated with UV-C were treated with l phosphatase and phosphatase inhibitors and immunoblotted for DGCR8 and

vinculin (loading control).

(B) Cell lysates from primary murine embryonic fibroblasts were immunoblotted for Dgcr8.

Large gels were used for the western blots shown in (A) and (B) to clearly see the shift of the bands.

(C) Schematic of nine phosphorylation sites of human DGCR8 identified by mass spectrometry (not proportional to actual size). The DGCR8 protein contains a

WW domain, two dsRNA binding domains (DRBD1 and DRBD2), and a Drosha binding domain (Drosha-BD).

(D) Sequence alignment of S153 surrounding amino acids. S153 is conserved among mammals.

(E) Immunoblot. U2OS cells depleted of DGCR8 and transfected with shRNA-resistant FLAG-WT DGCR8 or FLAG-S153A DGCR8, UV-irradiated or not, were

immunoblotted for DGCR8 or FLAG.

(F–H) Immunoblots. The indicated cells were irradiated with UV or not and harvested at the indicated time points or treated with other agents continuously as

indicated. (F) Time course and dose dependency experiments after UV-C treatment. (G) Various cell lines were tested after UV-C exposure. (H) Response to

various agents was tested.

See also Figure S1.
binding-deficient) Drosha mutants (Han et al., 2004; Figures 3A

and 3B; Figure S2G). These data suggest that the DGCR8 bind-

ing or themiRNA processing activities of Drosha are not required

for UV resistance. Furthermore, UV-induced phosphorylation of

S153 on DGCR8 occurred normally in Drosha-depleted cells

(Figure 3C). These findings collectively suggest that DGCR8

and Drosha are independently required for UV resistance and
164 Cell Reports 19, 162–174, April 4, 2017
that the miRNA processing activity of the Drosha-DGCR8micro-

processor complex is not required for UV resistance.

DGCR8 Phosphorylation Does Not Alter miRNA
Expression
Next, to determine whether S153 on DGCR8 is critical for miRNA

expression, we conducted miRNA profiling using qRT-PCR of



Figure 2. Phosphorylation of S153 on DGCR8 Is Critical for UV Resistance

(A) UV-C sensitivity assay. HCT116 cells were depleted of DGCR8 or XPC and plated for survival after UV irradiation or no radiation. The immunoblot shows

DGCR8 and XPC depletion.

(B) Schematic of DGCR8 mutants. The immunoblot shows expression of the indicated shRNA-resistant DGCR8 constructs in DGCR8-depleted HCT116 cells.

(legend continued on next page)
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372 human miRNAs in DGCR8-depleted HCT116 cells trans-

duced with either empty vector, wild-type DGCR8, or the

S153A mutant. DGCR8-depleted cells transduced with empty

vector showed reduction of miRNA expression compared with

non-depleted control or wild-type DGCR8-expressing cells,

but there was no clear difference in the miRNA expression

profiles between wild-type DGCR8 and S153A DGCR8 cells

(Figure S3), suggesting that S153 is not critical for miRNA pro-

cessing. This is consistent with a recent report that many phos-

phorylation sites on DGCR8 (including S153) are not critical for

its miRNA processing activity (Herbert et al., 2013). These results

indicate that the human DGCR8 protein has at least two inde-

pendent functions: S153 phosphorylation-mediated UV resis-

tance and RNA binding and Drosha binding domain-mediated

RNA processing (Figure 2E).

DGCR8 Phosphorylation Mediates the Repair
of UV-Induced DNA Lesions
We next measured the removal of CPDs and 6-4PPs after UV

irradiation to test whether DGCR8 and Drosha are involved in

the repair of UV-induced DNA lesions. DGCR8 depletion as

well as XPC depletion and CSB depletion, reduced the removal

of CPDs and 6-4PPs (Figure 4A; Figures S4A and S4B). Reintro-

duction of wild-type DGCR8 into DGCR8-depleted cells restored

the efficient removal of CPDs and 6-4 PPs, whereas the S153A-

DGCR8mutant failed to do so, suggesting that UV-induced S153

phosphorylation is required for the efficient repair of UV-induced

DNA lesions. In contrast, depletion of Drosha did not reduce the

removal (Figure 4A; Figures S4A and S4B), suggesting that

Drosha is not involved in the repair of the UV-induced DNA

lesions. The mechanisms by which DGCR8 and Drosha function

in UV resistance are therefore distinct.

DGCR8 and Factors Involved in TC-NER Are Epistatic in
UV Sensitivity
To test whether DGCR8 is involved in NER and to identify in

which NER subpathway it may be involved, we performed epis-

tasis analyses (Figure 4B; Figure S4C). We depleted DGCR8 in

human patient-derived fibroblasts deficient in XPC, XPA, CSA,

or CSB and their corrected counterparts. As expected, XPC-,

XPA-, CSA-, and CSB-deficient cells were hypersensitive to

UV-C (Yasuda et al., 2007) and DGCR8 depletion-sensitized

control (corrected) fibroblasts to UV-C. DGCR8 depletion further

sensitized XPC-deficient cells to UV-C, indicating that DGCR8 is

not epistatic with XPC, a factor specifically involved in GG-NER.

In contrast, DGCR8 depletion did not further sensitize CSB-,

CSA-, or XPA-deficient fibroblasts to UV-C, indicating that

DGCR8 is epistatic with CSB, CSA, and XPA. CSB and CSA

are factors specifically involved in TC-NER, whereas XPA is

involved in both TC-NER and GG-NER. Therefore, these data
(C) UV-C sensitivity assay. DGCR8-depleted HCT116 cells were transducedwith t

radiation. All UV-C sensitivity data represent mean values ± SEM of three indepe

(D) IP western blot. Cell lysates of UV-treated U2OS cells transduced with the in

FLAG. The immunoblot was done using the indicated antibodies.

(E) Model for two independent functions of DGCR8: S153 phosphorylation-mediat

domain-mediated RNA processing.

See also Figures S2 and S3.
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collectively suggest that DGCR8 functions in TC-NER but not

in GG-NER.

DGCR8 Phosphorylation Modulates RRS after UV
Radiation
To confirm the involvement of DGCR8 in TC-NER, we utilized a

recovery of RNA synthesis (RRS) assay (Jia et al., 2015; Fig-

ure 4C; Figure S4D). DGCR8-depleted cells showed impaired

RRS after UV radiation, similarly to CSB-depleted cells. Reintro-

duction of either the wild-type or S153D DGCR8, but not S153A

DGCR8, into DGCR8-depleted cells rescued RRS after UV radi-

ation, suggesting that S153 phosphorylation is critical for RRS

after UV radiation. These findings are consistent with DGCR8

being involved in TC-NER.

Because RNAPII stalling is presumed to be the initial step

for TC-NER (Fousteri et al., 2006), we hypothesized that

RNAPII stalling triggers S153 phosphorylation. To test this, we

treated human cells with a transcription elongation inhibitor,

5,6-dichlorobenzimidazole 1-b-D-ribofuranoside (DRB). DRB

treatment led to increased S153 phosphorylation even in the

absence of UV treatment (Figure 4D). Depletion of CDK9, a

kinase involved in transcription elongation and a target of DRB,

also led to increased phosphorylation of S153 (Figure 4D). These

findings suggest that RNAPII stalling caused either by UV-

induced DNA lesions or by other mechanisms stimulates S153

phosphorylation.

Furthermore, wild-type DGCR8 was co-immunoprecipitated

with RNAPII, CSB, and Drosha (Figures 5A and 5B), but not

with XPC (Figure S4E), regardless of UV treatment, consistent

with DGCR8’s role in TC-NER. Interestingly, S153A-DGCR8

was also co-immunoprecipitated with RNAPII, CSB, and Drosha

(Figures 5A and 5B), indicating that S153 phosphorylation is not

critical for the interactions among these factors. CSA or CSB

deficiency did not affect UV-induced phosphorylation of S153

(Figure S5A), indicating that S153 phosphorylation is not down-

stream of CSA or CSB. Furthermore, DGCR8 depletion did not

affect the expression of CSA, CSB, or RNAPII (Figure S5B).

Therefore, although DGCR8 is involved in TC-NER, its precise

mechanism remains to be determined.

Lastly, we sought to identify the kinase that phosphorylates

S153 of DGCR8 in response to UV treatment. Because c-jun

N-terminal kinases (JNKs) are known to be activated in response

to UV exposure (Johnson and Nakamura, 2007; López-Camarillo

et al., 2012), we focused on JNKs. First, treatment with a JNK

inhibitor, SP600125, abrogated UV-induced S153 phosphoryla-

tion (Figure 6A), whereas treatment with a JNK activator,

anisomycin, induced S153 phosphorylation in the absence of

UV treatment (Figure 6B). Second, overexpression of JNK1a1

induced S153 phosphorylation even in untreated cells, and the

phosphorylation was sustained after UV radiation (Figure 6C).
he indicated DGCR8 constructs and plated for survival after UV irradiation or no

ndent experiments.

dicated FLAG-tagged DGCR8 constructs were immunoprecipitated with anti-

ed UV resistance and TC-NER and dsRNA binding domain- andDrosha binding



Figure 3. Drosha Is Required for UV Resistance Independently of DGCR8

(A) UV-C sensitivity assay. HCT116 cells were depleted of Drosha or XPC and plated for survival after ± UV irradiation. The immunoblot shows Drosha and XPC

depletion.

(legend continued on next page)
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To determine whether JNK directly phosphorylates S153 of

DGCR8, we conducted an in vitro kinase assay using glutathione

S-transferase (GST)-tagged wild-type or S153A fragments

(amino acids [aa] 1–275) of DGCR8 or GST-tagged (aa 1–79)

C-JUN (positive control) as substrates and immunopurified

FLAG-WT-JNK1a1 or kinase-dead FLAG-JNK1a1 (APF) from

cells treated with and without UV radiation (Figure S6A). As ex-

pected, wild-type (WT)-JNK1a1, but not kinase-dead JNK1a1,

phosphorylated S63 of C-JUN (Figure S6B). Importantly, WT-

JNK1a1 from UV-treated cells phosphorylated S153 of WT-

DGCR8 in vitro (Figures 6D, lane 6, and 6E, lane 4), whereas

the kinase-dead JNK1a1 was unable to phosphorylate S153

(Figure 6E, lanes 5 and 6). Taken together, these data suggest

that JNKs phosphorylate S153 of DGCR8 in response to UV

radiation.

DISCUSSION

Based on these findings, we propose a cellular signaling

pathway (the DGCR8-mediated UV response pathway) that

connects UV-induced DNA damage, DGCR8 protein, and

TC-NER (Figure 6F). In this pathway, in response to UV radi-

ation, RNAPII stalls and triggers phosphorylation of S153 of

DGCR8 by JNKs, and this phosphorylation facilitates the effi-

cient removal of UV-induced DNA lesions through TC-NER in

a manner independent of miRNA processing and Drosha.

This function is, in turn, important for cellular survival after

UV exposure. Drosha also contributes to cellular resistance

to UV, but by mechanisms that are independent of DNA

repair.

The JNKs are stress-activated kinases that are a part of the

MAPK family. JNKs are stimulated by a plethora of intrinsic and

extrinsic stimuli, including UV exposure (Johnson and Naka-

mura, 2007; López-Camarillo et al., 2012). DGCR8 has been

shown to be multiply phosphorylated by ERK/MAPK, which

affects pro-growth miRNA processing (Herbert et al., 2013).

Our studies suggest that a single UV-induced phosphorylation

site, S153, is critical for UV resistance and that JNKs phosphor-

ylate S153 of DGCR8 in response to UV exposure. These find-

ings suggest that DGCR8 is one of the critical substrates of

JNKs in the cellular response to UV exposure. Because S153

phosphorylation was not completely inhibited in the presence

of a JNK inhibitor (Figure 6A), it is likely that some other kinases

also phosphorylate S153 of DGCR8. It has been reported that

simple inhibition of JNKs does not affect the removal of UV-

induced DNA lesions (Rouget et al., 2008), which also suggests

the involvement of some additional kinases in the phosphoryla-

tion of S153. Such kinases remain to be determined. Treatment

with cisplatin or mitomycin C did not induce S153 phosphory-

lation (Figure S1E), whereas it has been reported that such a

treatment activates JNKs, suggesting that activation of JNKs

is not sufficient to induce S153 phosphorylation and that there
(B) Schematic of Drosha mutants. The immunoblot confirmed expression of the in

HCT116 cells were transduced with the indicated Drosha constructs and subje

values ± SEM of three independent experiments.

(C) U2OS cells depleted of DGCR8 or Drosha were UV-irradiated and subjected

See also Figure S2.
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should be more complex regulatory mechanisms of this

process.

We found that DGCR8 is involved in TC-NER and that

DGCR8 physically interacts with some known factors involved

in TC-NER. However, the precise molecular mechanism by

which S153 phosphorylation on DGCR8 regulates TC-NER re-

mains to be determined. Elucidating this mechanism is a focus

of our on-going research. S153-phosphorylated DGCR8 may

facilitate the recruitment of known or unknown factors involved

in TC-NER to stalled RNAPII and mediate the removal of

UV-induced DNA lesions. S153-phosphorylated DGCR8 may

regulate interaction among TC-NER factors or some post-

translational modifications of TC-NER factors. Another pos-

sibility is that S153-phosphorylated DGCR8 may sequester

some negative regulators of TC-NER. The microprocessor

complex is recruited to chromatin during transcription and pro-

cesses pri-miRNA co-transcriptionally (Morlando et al., 2008;

Pawlicki and Steitz, 2008). It would be of interest to test

whether S153-phosphorylated DGCR8 affects the recruitment

of any TC-NER factors to RNAPII. However, our functional

and epistasis studies, in addition to the physical interactions

that we have identified between DGCR8 and TC-NER factors,

support a completely biological function of DGCR8 in the UV

damage response that is independent of miRNA processing.

On the other hand, it is still possible that some miRNAs regulate

TC-NER because generation of some miRNAs is not DGCR8-

dependent (Chong et al., 2010; Berezikov et al., 2007).

Our studies, along with other studies, suggest that factors

involved in miRNA processing function in DNA repair and DNA

damage response. Deletion of Dicer or Dgcr8 in the developing

mouse brain leads to increased DNA damage (Swahari et al.,

2016). Furthermore, small non-coding RNAs, termed DNA dam-

age response RNAs (DDRNAs) or double-strand break (DSB)-

induced RNAs (diRNAs), generated at sites of DNA damage,

are involved in DNA damage response after DSB generation

(Francia et al., 2012, 2016; Wei et al., 2012). These small non-

coding RNAs are generated in a manner dependent on Drosha

and Dicer. How these small non-coding RNAs interact with the

DGCR8-mediated UV response pathway is an interesting issue.

Current evidence suggests that they are differently regulated:

generation of DDRNAs presumably depends on the RNA pro-

cessing activity of Drosha and Dicer, whereas the DGCR8-medi-

ated UV response pathway and cellular resistance to UV did not

require the RNA processing activity of the DGCR8-Drosha

complex (Figure 2C; Figure S3). Therefore, we assume that

they have distinct functions: DDRNAs are important for DNA

damage response after DSB but may not be important for UV

resistance or TC-NER, whereas the DGCR8-mediated UV

response pathway is critical for TC-NER.

The mechanism by which Drosha supports UV resistance is

unknown. This is a non-canonical function of Drosha because

it did not require DGCR8 binding or miRNA processing activities.
dicated Drosha constructs in Drosha-depleted HCT116 cells. Drosha-depleted

cted to the UV-C sensitivity assay. All UV-C sensitivity data represent mean

to immunoblotting with the indicated antibodies.



Figure 4. Phosphorylation of S153 on DGCR8 Is Involved in TC-NER

(A) Removal of CPDs or 6-4PPs assessed by flow cytometry using anti-CPD and anti-6-4PP antibodies. HCT116 cells depleted of the indicated genes and

complemented with the indicated constructs were treated with UV-C, and CPD-positive cells and 6-4PP-positive cells at the indicated time points were

measured. Asterisks indicate a significant difference (p < 0.05) relative to shControl and empty vector-transduced cells.

(legend continued on next page)
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Figure 5. DGCR8 Interacts with Factors

Involved in TC-NER

(A and B) IP western blots. Cell lysate of UV-treated

(or untreated) U2OS cells transduced with the

HA-tagged DGCR8 (wild-type or S153A mutant)

constructs were immunoprecipitated with the

indicated antibodies. The immunoblot was done

using the indicated antibodies. (A) IP was done

using anti-HA antibody. (B) IP was done using

anti-RNAPII and anti-CSB antibodies.

See also Figures S4 and S5.
It may be related to UV tolerance mechanisms other than DNA

repair itself, such as translesion synthesis and suppression of

apoptosis.

Our discovery of a miRNA processing-independent function of

DGCR8 has several important implications. In humans, DGCR8

is one of the many genes whose heterozygous deletion is asso-

ciated with DiGeorge syndrome, characterized by develop-

mental abnormalities and behavioral problems (Shiohama

et al., 2003). S153-mediated function may or may not contribute

to the clinical phenotypes of DiGeorge syndrome and schizo-

phrenia (Zhou et al., 2013), for which SNPs in themicroprocessor

complex are associated with increased risk. The fact that

DiGeorge syndrome is not associated with UV sensitivity sug-

gests that Dgcr8 heterozygosity does not cause a sufficient

loss of function to confer this phenotype. Whether mutations in

any genes involved in the DGCR8-mediated UV response

pathway cause XP, CS, COFS, UVSS, and TTD is another impor-

tant question. Somatic mutations in the catalytic domains of

Drosha and DGCR8 occur in Wilms tumors (Torrezan et al.,

2014). These mutations affect the miRNA processing activity of

the microprocessor complex and are unlikely to affect S153

phosphorylation. However, the cBioPortal for Cancer Genomics

(http://www.cbioportal.org/; Cerami et al., 2012) revealed

several mutations throughout the DGCR8 gene in human can-

cers. Some of the missense mutations, for example, L152F,
(B) UV-C sensitivity assay. XPC-, CSA-, CSB-, or XPA-deficient fibroblasts and their corrected counterparts w

UV-C irradiation or no radiation.

(C) RRS assay. 50EU incorporation kinetics after UV-C irradiation. U2OS cells transfected with the indicated s

assay. Asterisks indicate a significant difference (p < 0.05) relative to siControl and empty vector-transduce

(D) U2OS cells treated with DRB or transfected with CDK9 siRNA were immunoblotted with the indicated a

All data represent mean values ± SEM of three independent experiments.

See also Figure S4.
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S156N (melanoma), and G149C (stomach

and lung cancer), flank S153. It remains to

be tested whether these mutations alter

S153-mediated function.

Multiple Dgcr8-deficient mouse models

have been developed (Bezman et al.,

2010; Rao et al., 2009; Wang et al.,

2007; Yi et al., 2009) with the assumption

that DGCR8 functions only in RNA pro-

cessing. Our results suggest that it is

important to determine whether the phe-

notypes observed in these animal models
are mediated by the RNA processing function or the S153-medi-

ated TC-NER function of Dgcr8.

Thus, further elucidation of the non-canonical functions of the

microprocessor complex proteins is warranted for our under-

standing of many diseases.

EXPERIMENTAL PROCEDURES

Cell Lines

U2OS, HeLa, and HCT116 cells were obtained from the ATCC. MEFs were a

gift from Bruce Clurman’s lab (Fred Hutchinson Cancer Research Center

[FHCRC]). Immortal human keratinocytes (HaCaT) were a gift from Paul

Nghiem’s lab (University of Washington). Primary human foreskin fibroblasts

(HFFs) were a gift from Denise Galloway’s lab (FHCRC). XPA-deficient

(GM04312), XPA-corrected (GM15876), CSA-deficient (GM16094), and CSB-

deficient (GM16095) human fibroblasts were purchased from Coriell Cell

Repositories. XPC-deficient cells (XP4PASV) and XPC-corrected human

fibroblasts (XP4PASV/FLAG-XPC(WT)) were described previously (Yasuda

et al., 2007). Dgcr8 knockout MEFs were purchased from Novus Biologicals

and cultured according to the manufacturer’s specifications. All cells were

maintained at 37�C in a 5% CO2 incubator and grown in DMEM containing

10% fetal bovine serum (FBS), L-glutamine, and penicillin/streptomycin

(Pen/Strep). 10 mg/mL of hygromycin B (Life Technologies) was added to the

medium for XPC cells.

Plasmids, Small Interfering RNAs, shRNAs, and Virus Production

FLAG- or hemagglutinin (HA)-tagged human and mouse DGCR8 and FLAG-

tagged-human CSA cDNA were cloned into the Nco1 and BamH1 sites of
ere depleted of DGCR8 and plated for survival after

iRNAs and cDNA constructs were subjected to the

d cells.

ntibodies.

http://www.cbioportal.org/


Figure 6. JNK Phosphorylates S153 of DGCR8 after UV Radiation

(A) Immunoblot. U2OS cells were pretreated with the JNK inhibitor SP600125 or DMSO for 2 hr, irradiated with UV or not, and incubated with medium containing

SP600125 or DMSO, and then cell lysates were harvested at the indicated time points.

(B) Immunoblot. U2OS cells were continuously treated with the JNK activator anisomycin, and cell lysates were harvested at the indicated time points.

(C) Immunoblot. U2OS cells expressing either vector or FLAG-JNK1a1were treatedwith UV or left untreated, and cell lysates were harvested at the indicated time

points.

(legend continued on next page)
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the pMMP-IRES-puro retroviral vector (Pulsipher et al., 1998). Phosphomu-

tants (S95A, S153A, S271A, S275A, T371A, S373A, S377A, S434A, and

S619A) and a phosphomimic mutant (S153D) of DGCR8 were generated

using the QuikChange XL site-directed mutagenesis kit (200514-5, Agilent

Technologies). The double-stranded RNA binding domain mutant A568K,

A569K, A676K, S677K (mDRBD1/2) of DGCR8 was subcloned into pMMP-

IRES-puro using the aforementioned sites from pcDNA-mDRBD1/2 DGCR8

(Yeom et al., 2006), a gift from the Narry Kim lab (Seoul National University).

FLAG-DGCR8 WT and mutants were mutated using the QuikChange XL

site-directed mutagenesis kit with primers (forward, 50CTCCCTGCTGAG

GACCCTTTTAATTTTTATGGGGCCTCCCTTCTC

TCCAAAGGA-30; reverse, 50TCCTTTGGAGAGAAGGGAGGCCCCATAAAA

ATTAAAAGGGTCCTCAGCAGGGAG-30 ) to generate shDGCR8-1-resistant

constructs. The Drosha-binding domain mutants (FLAG-D692 WT and

FLAG-D692 S153A) of DGCR8 were also subcloned into pMMP-IRES-puro.

FLAG-wild-type-, FLAG-DC114-, and FLAG-DN490-Drosha were subcloned

into the pBABE puro retroviral vector (a gift from Bruce Clurman’s lab, FHCRC)

using BamH1 and Sal1 sites from plasmids (Lee et al., 2006) provided by the

Narry Kim lab. The CSB construct (pBR-CSB) was a gift from Alan Weiner’s

lab (University of Washington) and was used to subclone FLAG-CSB into the

pBabe-puro retroviral vector using BamH1 and Sal1 sites. pCDNA3 FLAG

Jnk1a1 (Addgene plasmid # 13798) and pCDNA3 FLAG Jnk1a1(apf) (Addgene

plasmid # 13846) were a gift from the Roger Davis lab (University of Massachu-

setts). Retroviruses and lentiviruses were produced as described previously

(Wang et al., 2011). All constructs were verified by direct sequencing.

Mass Spectrometry

HeLa cells stably infected with pMMPpuroFLAG-DGCR8 were treated with 60

J/m2 of UV-C, and 1 hr later, whole-cell extracts were prepared in lysis buffer.

Immunoprecipitation (IP) was performed using a monoclonal antibody against

FLAG (M2, Santa Cruz Biotechnology), and the IP product was separated

by 7.5% SDS-PAGE. Gel pieces corresponding to FLAG-DGCR8 bands

were cut from a Coomassie-stained gel and subjected to tryptic digestion

(Shevchenko et al., 1996). Tryptic peptides were concentrated and desalted

using a C18micro ZipTip (Millipore) following the manufacturer’s instructions.

The eluted peptides were dried by vacuum centrifugation, resuspended in

7 mL of 2% acetonitrile/0.1% formic acid, and 5 mL was analyzed by liquid

chromatography-tandem mass spectrometry (LC-MS/MS) with a nanoLC 2D

(Eksigent Technologies) coupled to an OrbiTrap mass spectrometer (Thermo

Scientific) using an instrument configuration (Licklider et al., 2002).

Western Blot Analysis

Whole-cell lysates were prepared using sample buffer (0.05mol/L Tris-HCl [pH

6.8], 2% SDS, and 6% b-mercaptoethanol), resolved by polyacrylamide gel

(NuPage, Life Technologies) electrophoresis, and transferred onto nitrocellu-

lose membranes. Chemiluminescence was used for detection, and mem-

branes were digitally scanned by Imagequant LAS 4000 (GE Biosciences).

Immunofluorescent Microscopy

To detect pS153 DGCR8 by immunofluorescence, cells were treated with 60

J/m2 UV-C. After 1 hr, cells were fixed with 4% paraformaldehyde (Santa

Cruz Biotechnology) for 10 min at room temperature and subsequently per-

meabilized with PBS containing 0.5% Tween 20 (Fisher Scientific) for 10 min

at room temperature. After several washes with PBS containing 0.5% Tween

20 (washing buffer), cells were incubated overnight at 4�C with anti-phos-

phoS153 (1:1,000). After several washes with PBS containing 0.5% Tween

20, cells were incubated with Alexa Fluor 488 goat anti-rabbit (A11034, Life
(D) Immunoblot after the in vitro kinase assay. A recombinant GST-tagged W

munopurified WT JNK1a1 was used as the enzyme.

(E) Immunoblot after the in vitro kinase assay. Recombinant GST-tagged WT DG

JNK1a1 or kinase-dead JNK1a1 (APF) was used as the enzyme.

(F) Schematic of DGCR8 and Drosha functions. The DGCR8-Drosha microproces

stalls and triggers phosphorylation of S153 on DGCR8, which facilitates removal o

also involved in UV resistance by an unknown mechanism.

See also Figure S6.
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Technologies) secondary antibody for 1 hr. Nuclei were counterstained with

DAPI (1 mg/mL). Coverslips weremounted on slides in Vectashield (Vector Lab-

oratories). Image acquisitions were made with a TE2000 Nikon microscope

equipped with a 203 immersion objective and a charge-coupled device

(CCD) camera (CoolSNAP ES, Photometrics).

Flow Cytometry

Cells were treated with UV-C (12 J/m2 for detection of CPDs or 60 J/m2 for

detection of 6-4PPs) and fixed with 2% paraformaldehyde at 37�C for

10 min. Then cells were treated with cold 90% methanol for 30 min at

�20�C and treated with DNase (Promega) for 1 hr at 37�C. After blocking

with PBS containing 1% BSA for 10 min at room temperature, cells were incu-

bated with anti-CPD (1:1,000) or anti-6-4PPs (1:1,000) diluted in PBS contain-

ing 1% BSA and 0.25% Tween 20 overnight at 4�C. After washing with PBS

containing 1% BSA and 0.05% Tween 20, cells were incubated with fluores-

cein-conjugated anti-mouse antibody (1:1,000) (715-095-151, Jackson Immu-

noResearch) for 1 hr in the dark at room temperature. Nuclei were counter-

stained with propidium iodide (2 mg/mL, P1470, Sigma-Aldrich) and treated

with RNase A (100 mg/mL, Invitrogen) for 20 min at 37�C. Flow cytometric

analyses were conducted with a BD FACS Canto II analyzer and FlowJo

software.

RRS Assay

RRS assays were done as described with some modifications (Jia et al., 2015;

Nakazawa et al., 2010). U2OS cells stably expressing small interfering RNA

(siRNA)-resistant FLAG-WT DGCR8, FLAG-S153A DGCR8, or FLAG-S153D-

DGCR8were transfected with siRNA against endogenous DGCR8. Forty-eight

hours after transfection of siRNAs, cells were irradiated with UV-C (16 J/m2)

and immediately incubated with 50-ethynyuridine (50EU) (50 mM, Life Technol-

ogies) for 2 hr (Jia et al., 2015; Nakazawa et al., 2010). Then cells were fixed

and permeabilized at the indicated time points. After blocking with PBS con-

taining 10% FBS, cells were incubated for 1 hr at room temperature with Alexa

Fluor 488 goat anti-rabbit (A11034, Life Technologies) secondary antibody.

Nuclei were counterstained with DAPI (1 mg/mL).

Purification of Recombinant GST-DGCR8 Protein and In Vitro Kinase

Assay

The DNA fragment corresponding to aa 1–275 FLAG-tagged WT or S153A

DGCR8 was cloned into the pGEX-4T-1 vector (GE Healthcare). The recombi-

nant plasmids were transformed into E. coli BL21 (DE3) cells (EMD Millipore).

GST-DGCR8-WT and GST-DGCR8-S153A proteins were expressed and puri-

fied using GST-Bind resin (EMD Millipore) according to the manufacturer’s in-

structions. Human JUN partial-length recombinant protein (aa 1–79) with a

GST tag (Novus Biologicals) was used a positive control. The in vitro kinase

assay was performed as described previously (Chadee and Kyriakis, 2010).

Cell Survival Assay

Cells were seeded into 12-well plates at 8 3 103/well (HCT-116), 1 3 104/well

(U2OS), and 1 3 104/well (XP and CS fibroblasts) and treated with UV-C

(254 nm) from a UV Stratalinker 1800 (Stratagene) or UV-B (output range,

280–320 nm) at the indicated doses using a method described previously

(Wallace et al., 2012). After incubation for 5–7 days, cells were stained with

crystal violet as described previously (Wang et al., 2011).

Statistics

All statistical analyses were done using Student’s t test (two-tailed). p < 0.05

was considered significant.
T or S153A DGCR8 (aa 1–275) fragment was used as a substrate, and im-

CR8 (aa 1–275) fragment was used as a substrate, and immunopurified WT

sor complex processes RNAs. When DNA is damaged by UV radiation, RNAPII

f UV-induced DNA lesions by TC-NER and promotes UV resistance. Drosha is



miRNA Profiling

RNA from stable isogenic cell lines (HCT-116) depleted of endogenous

DGCR8 by shDGCR8-1, transduced with shRNA-resistant FLAG-WT, FLAG-

S153A DGCR8, or empty vector, were extracted using the RNeasy mini kit

(QIAGEN). RNA from four biological replicates were submitted to Exiqon for

miRNA real-time PCR using miRCURY LNA Universal RT miRNA PCR Human

Panel 1, which contains 372 human miRNAs.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and six figures and can be found with this article online at http://dx.doi.org/

10.1016/j.celrep.2017.03.021.

AUTHOR CONTRIBUTIONS

P.C.C. designed and performed experiments, analyzed data, and wrote the

manuscript. K.K.D. analyzed data and wrote the manuscript. N.T. per-

formed experiments and analyzed data. Y.C. and B.E.C. provided technical

advice and generated reagents. M.K. and P.N. provided technical advice

and input for interpretation and edited the manuscript. J.H., Y.W., and

C.J. provided technical advice and input for interpretation. P.R.G. per-

formed mass spectrometry, analyzed data, and wrote the manuscript.

K.S. and M.S. provided technical advice and input for interpretation. T.T.

conceptualized and directed the study, analyzed data, and wrote the

manuscript.

ACKNOWLEDGMENTS
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SUPPLEMENTARY EXPERIMENTAL PROCEDURES 
 
Antibodies and chemical inhibitors and activators 
 Rabbit polyclonal antibodies against human (5626) and murine (8889) phosho-S153 
DGCR8 were generated by PhosphoSolutions. DGCR8 (10996-1-AP, Proteintech), 
DROSHA (Cell signaling), DICER (ab14601, Abcam), ERCC8 (15921-1-AP, 
Proteintech), FLAG (F1804, Sigma-Aldrich), phospho-H2A.X (05-636, Millipore), 
H2AX (05-636, Millipore), CSB (sc-25370, Santa Cruz Bio.), XPA (sc-853, Santa Cruz 
Bio.), XPC (A301-122A, Bethyl Lab.), vinculin (V9131, Sigma-Aldrich), RNA 
polymerase II H5 (MMS-129R, Covance), Pol II (N-20) (sc-899, Santa Cruz 
Biotechnology), CDK9 (C12F7) (2316, Cell signaling), phosphoP38 (2339, Cell 
signaling), CPD (CAC-NM-DND-001, Cosmo Bio Co.), 6-4PP (CAC-NM-DND-002, 
Cosmo Bio Co.), phospho-c-Jun (9261, Cell Signaling), phospho-JNK (4668, Cell 
Signaling) and JNK (9252, Cell Signaling) antibodies were used. SP600125 (JNK 
inhibitor) and anisomycin (JNK activator) were purchased from Tocris.  
 
Recovery of RNA synthesis (RRS) assay 
 Coverslips were mounted on slides with Vectashield (Vector Laboratories). Image 
acquisitions were made with a TE2000 Nikon microscope with a 20x immersion 
objective, a CCD camera (CoolSNAP ES) and MetaVue software (Universal Imaging). 
EU signal intensity was measured by Cellomics software (Thermo Scientific). Cells 
without EU incubation were used as a negative control to subtract background signal.  
 
siRNA and shRNA  
siDGCR8 (5’-CCUUCAACUUCUACGGAGCUUC-3’),  
siDrosha-1 (5’-AACGAGUAGGC UUCGUGACUU-3’),  
siDrosha-2 (5’-AAGUCACGAAGCCUACUCG-3’) and  
siCSB (5’-CAGGACUCGUGGUUCAAAUUA-3’) were used.   
Lentiviral constructs containing shRNAs for DGCR8 (shRNA1: TRCN0000166035, 
shRNA2: TRCN0000165324, shRNA3: TRCN0000162331), Drosha (shRNA1: 
TRCN0000022249, shRNA2: TRCN0000022250), or XPC (shRNA1: 
TRCN0000083119, shRNA2: TRCN0000083118) were purchased from Sigma. 
 
Mass spectrometry 
 In-line de-salting was accomplished using a reversed-phase trap column (100 µm × 20 
mm) packed with Magic C18AQ (5-µm 200Å resin; Michrom Bioresources, Auburn, CA) 
followed by peptide separations on a reversed-phase column (75 µm × 250 mm) packed 
with Magic C18AQ (5-µm 100Å resin; Michrom Bioresources, Auburn, CA) directly 
mounted on the electrospray ion source. Chromatographic separations were conducted at 
a flowrate of 300 nL/min with a elution profile from 2%B to 2%B in 5 min, 2%B to 
10%B in 3 min, 10%B to 40%B in 60 min, 40%B to 80%B in 2 min, and 80%B to 80%B 
in 10 min using 0.1% formic acid in water (a) and 0.1% formic acid in acetonitrile (b) as 
solvents. Data were collected in a data-dependent mode in which a high mass 
resolution/high mass accuracy scan (in the FT part of the instrument) was followed by 
low resolution/low mass accuracy MS/MS scans of the five most abundant ions from the 
preceding MS scan (in the LTQ part of the instrument). The FT part of the instrument 



	 	

was set at a target resolution of 60,000 at m/z 400, an AGC target value of 1e6, and a 
maximum ion time of 150 ms while the ion trap was set to a MSn AGC target value of 
1e4 and a MSn maximum ion time of 50 ms. The data-dependent method triggered a 
MS3 (MS/MS/MS) analysis on an MS2 (MS/MS) ion species if an MS2 ion species 
differed from the precursor ion species by m/z 98.0, 49.0, or 32.7, the neutral loss of 
phosphoric acid for a singly-, doubly-, or triply-charged ion species, respectively. 
Normalized collision energy of 35% and isolation widths of 2.0 were used for both MS2 
and MS3 events. Dynamic exclusion was enabled with a repeat count of 1, a repeat 
duration of 15 seconds, an exclusion duration of 15 seconds, a low exclusion mass width 
of 0.55 and a high exclusion mass width of 1.55.    
Raw MS/MS data were submitted to the Computational Proteomics Analysis System 
(CPAS) (Rauch et al., 2006) and searched using the X! Tandem search engine(Craig and 
Beavis, 2004) against the IPI human protein database (v3.59). Cys -17.027 Da, Glu -
18.011 Da, Met +15.995, Gln -17.027, Ser +79.966, Thr +79.966, and Try +79.966 were 
set as variable modifications. The mass tolerances were set ±2 Da and ±0.5 Da for 
precursor and fragment ions, respectively. The enzyme was set to Trypsin, and up to 2 
missed cleavages were permitted. Peptide validation was conducted with Peptide Prophet 
(Keller et al., 2002) and peptide identification results were filtered with false discovery 
rate of less than 5%.   
 
Subcellular fractionation and immunoprecipitation 
 Subcellular fractionation was performed using a published protocol (Rockstroh	et	al.,	
2011). For λ phosphatase treatment, cells were lysed with lysis buffer (50nM Tris pH 
7.4, 150nM NaCl, 1% Triton-X100, protease inhibitor (04693116011, Roche) on ice for 
15 minutes. After centrifugation at 4 °C at 13.2K rpm for 15minutes, the supernatant was 
collected and incubated with 100 units of λ phosphatase supplemented with 1mM MnCl2 
(P0753, New England BioLabs) and with or without phosphatase inhibitors (50mM NaF 
and 10mM NaVO4). After incubation for 1 hour at 30 °C, samples were boiled in sample 
buffer for 5 minutes. For the immunoprecipitation, cells were lysed with lysis buffer 
(20mM Tris-HCl pH 7.4, 150mM NaCl, 0.5% NP40, 2mM MgCl2, 125units/mL 
Universal Nuclease (88702, Thermo Scientific) on ice for 30 minutes. After 
centrifugation at 4 °C at 13.2K rpm for 5 minutes, the supernatant was collected. One mg 
of protein lysate was pre-cleared in lysis buffer with protein A/G Plus-Agarose (sc-2003, 
Santa Cruz Biotechnology) incubated for 30 minutes at 4 °C on a shaker. After 
centrifugation at 4 °C at 2K rpm for 5 minutes, 2 µg of anti-FLAG antibody (F1804, 
Sigma-Aldrich) or normal mouse IgG (sc-2025, Santa Cruz Biotechnology) was added in 
the pre-cleared protein lysates.  After an overnight incubation at 4 °C on a shaker, protein 
A/G Plus-Agarose was added into the mix and incubated at 4 °C on a shaker for 2 hours.  
Then, the lysates were washed 3 times with lysis buffer. After the last wash, lysates were 
boiled at 95°C in sample buffer. To detect DGCR8, RNAPII and CSB interaction, cells 
were cross-linked in 1% para-formaldehyde for 10 minutes at room temperature, then 
quenched with 125mM glycine for 5 minutes at room temperature before proceeding with 
immunoprecipitation as described above. Then, the immunoprecipitated samples were 
boiled at 95°C in sample buffer for 10 minutes to reverse the cross-links. The western 
blot was done as described above.  To detect the UV-induced DGCR8 upward shift 
shown in Figure 1a, 1b, and 1e, large 7.5% SDS-PAGE gels were used. 



	 	

Chemiluminescence was used for detection, and membranes were digitally scanned by 
Imagequant LAS 4000 (GE Biosciences).  
 
Micropore UV irradiation 
 To determine whether pS153-DGCR8 was localized at UV-induced CPDs, cells were 
plated onto coverslips, covered with a 5 µm micropore filter (TMTP01300, Millipore) 
and treated with 100 J/m2 UVC. After one hour, cells were fixed and permeabilized as 
described above. Then, cells were treated with 2M HCl to denature DNA for 30 minutes 
at room temperature. After several washes with washing buffer, cells were blocked with 
3% BSA in PBS for 20 minutes at room temperature and then incubated with anti-CPDs 
and anti-pS153 DGCR8 overnight at 4 °C. After several washes with washing buffer, 
cells were incubated for one hour at room temperature with Alexa-fluor 488 goat anti-
rabbit (A11034, Life Technologies) and Alexa-fluor 594 donkey anti-mouse (A21203, 
Life Technologies) secondary antibodies. Subsequent steps were done as described in the 
main text under immunofluorescent microscopy in the material and methods section.  
 
MicroRNA profiling 
 Differential Expression: Raw Ct values were generated for four biological replicates. 
Samples were from two batches (two replicates per batch). MiRNAs with Ct values 
available for at least 3 replicates were analyzed for differential expression (117 miRNAs 
out of 257 non-control miRNAs) (n = 4 for 86 miRNAs, n = 3 for 31 miRNAs). 
SNORD38b snoRNA was used as an internal control. Ct values of SNORD38b snoRNA 
were subtracted from all raw Ct values for the 117 miRNAs respectively for each sample, 
per replicate, to obtain ΔCt values. Mean ΔCt values from at least 3 biological replicates 
were used to carry out pairwise ΔΔCt calculation using either mean ΔCt from control 
untreated or mean ΔCt from control UV-treated cells as basis for comparison. ΔΔCt 
values were log transformed. Heatmaps were generated in R using the ‘gplots’ package. 
Statistical Testing: ΔCt values (from at least 3 biological replicates) were log transformed 
prior to pairwise statistical testing with Student’s t-test. MiRNAs with p < 0.05 were 
considered to be statistically significantly differentially expressed. Relative expression 
was calculated for individual miRNAs with statistically significant differential expression 
in DGCR8-depleted cells relative to control or DGCR8-depleted cells complimented with 
wildtype DGCR8, untreated and 24 hours after 20J/m2 UVC treatment. ΔCt values of 
control or control +UVC were used as a baseline for pairwise comparison across 3 to 4 
biological replicates. Relative expression was calculated by taking the inverse mean ΔCt 
relative to control or control +UVC across replicates.  
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DGCR8_ Homo sapiens(Human)   TGAERDVRAECGLLLSPVSGDVHACP 
DGCR8_ Macaca mulatta(Rhesus macaque)  TGAERDVRAECGLLLSPVIGDVHACP  
DGCR8_ Felis catus(Cat)     TGVERDARADCGLALSPVSGDVHACP 
DGCR8_ Equus caballus(Horse)   TGVERDARAECGRALSPVSGDVHACP  
DGCR8_ Cavia porcellus(Guinea pig)  TGVEHDTRAECSLLLSPLSGDMHACP  
DGCR8_ Oryctolagus cuniculus(Rabbit)  TGAERDARAECGPLPSPGSGDVHACP 
DGCR8_ Canis familiaris(Dog)   TGVERDARAECGLALSPVSGDVHACP  
DGCR8_ Sus scrofa(Pig)    TGAERDARAECTLALSPVSGDVHACP  
DGCR8_ Ovis aries(Sheep)    TGAERDVRAECGLALSPVSGDVHAGP 
DGCR8_ Gallus gallus(Chicken)   TGIEQDYKADTDFGINNVNGDLHVCP 
DGCR8_ Danio rerio(Zebrafish)   TGFGQVSDE--DQSLESINGELHDSV 
DGCR8_ Xenopus laevis(African clawed frog) TGLECEGSLHGGSNMNSVNGDMYVCP 
X777_16613_ Cerapachys biroi(Ant)  GTALVN--------QSSTSDDSHCHE 
 

C	

D	

F	

G	

H	

I	

Figure	S1,	Calses	et	al.			
	 	 			

E	



	 	

Figure S1.  S153 of DGCR8 is phosphorylated in response to UV, Related to Figure 
1. 
 (A) Phosphosite identification of S153 in DGCR8. A gel band of DGCR8 subjected to 
UV light exposure was proteolytically digested with trypsin and subjected to tandem 
mass spectrometry as described in “Methods and Materials”. A triply charged 
monoisotopic ion m/z 1184.5325 was selected for tandem mass spectrometry and the 
resulting spectrum is displayed.  The “*” in the spectrum labels a peak corresponding to 
the neutral loss of m/z 32.7 from the precursor ion equaling the loss of H3PO4, which is a 
common occurrence during the tandem mass analysis of phosphopeptides. (B) The 
tandem mass spectrum from panel A was subjected to phosphopeptide identification 
using the database search algorithm X!Tandem.  The algorithm identified the peptide 
A146 to K181 containing a single phosphate group located to S153 as shown (highlighted 
in yellow).  The panel displays all predicted fragment ions for the identified peptide and 
highlights in red and blue the y-ions and b-ions, respectively, that were identified in the 
tandem mass spectrum in panel A.  The m/z difference between the predicted triply-
charged ion species (m/z 1184.5321) for singly phosphorylated A146 to K181 peptide 
and the measured triply-charged ion species (m/z 1184.5325) is 0.0004. (C) DGCR8 
S153 sequence alignment. S153 is conserved among mammals, but not in other 
eukaryotes. (D) Immunoblot. U2OS cells depleted of DGCR8 were corrected with 
FLAG-WT DGCR8, and treated with UVC (60 J/m2). Cell lysates were treated with λ 
phosphatase +/- phosphatase inhibitors. S153 phosphorylation was induced after UV 
treatment. Treatment with λ phosphatase led to elimination of phosphoS153 signal.  Co-
treatment with phosphatase inhibitors restored phosphoS153 signal. (E) Immunoblot. 
U2OS cells were treated with several DNA damaging agents and cellular stressors.  (F) 
Immunoblot. Indicated mouse embryonic fibroblasts were irradiated with +/-UV and 
harvested at the indicated time points.  (G) Immunoblot. U2OS cells untreated or treated 
with UVC were subjected to subcellular fractionation followed by western blotting. (H) 
Immunocytochemistry.  U2OS cells transfected with indicated siRNAs were +/-UVC 
irradiated and subjected to immunocytochemistry with phospho-S153 DGCR8 antibody. 
Phospho-S153 signal was detected in the nuclei in control siRNA-transfected cells (but 
not in DGCR8-siRNA transfected cells). PhosphoS153 signal was detected in some 
untreated cells, but the signal was greatly increased after UV treatment. (I) Micropore 
UV irradiation and immunofluorescent microscopy. U2OS cells were UVC irradiated at 
100 J/m2 through a micropore filter (5 µm pore diameter). At 1 hour after UVC exposure, 
cells were double immunostained with anti-phosphoS153-DGCR8 and anti-CPD 
antibodies. Even with localized UV irradiation, phosphoS153-DGCR8 signal was 
induced diffusely in the nuclei. 
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Figure S2. DGCR8 and Drosha are critical for cellular resistance to UV, Related to 
Figure 2 and Figure 3.  
(A) UVB sensitivity assay of DGCR8-depleted HCT116 cells transduced with the 
indicated DGCR8 constructs. (B) Hydrogen peroxide sensitivity assay of DGCR8-
depleted HCT116 cells transduced with the indicated DGCR8 constructs. (C, D) 
Immunoblot and UV sensitivity assay. Dgcr8 knockout mouse embryonic fibroblasts 
were transduced with HA-tagged human DGCR8 (wild type or S153A mutant) or HA-
tagged mouse Dgcr8 (wild type or S153A mutant). These cells were irradiated with +/-
UV, harvested at the indicated time points and subjected to immunoblot.  UVC and UVB 
sensitivities of these cells were also tested.  (E) Schematic presentation of DGCR8 
deletion mutants. Immunoblot shows expression of the indicated shRNA-resistant 
DGCR8 deletion mutants and wild-type DGCR8 in DGCR8-depleted HCT116 cells. The 
DGCR8 antibody does not detect Δ275-DGCR8. (F) UVC sensitivity assay. DGCR8-
depleted HCT116 cells were transduced with the indicated DGCR8 constructs and plated 
for survival after +/-UV treatment. (G)  Drosha is critical for cellular resistance to UVB.  
Drosha depletion led to hypersensitivity to UVB in HCT116 cells. Reintroduction of 
shRNA-resistant wild-type, ΔC114 (RNA binding domain mutant, microRNA processing 
deficient) or ΔN490 (DGCR8 binding deficient, microRNA processing deficient) Drosha 
restored UVB resistance in Drosha-depleted HCT116 cells.  All UV sensitivity data 
represent mean values +/- SEM of three independent experiments.  
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Figure S3. Phosphorylation of S153 of DGCR8 is not critical for miRNA expression, 
Related to Figure 2.  
(A) Heatmaps of differential expression of DGCR8-dependent miRNAs. Downregulation 
of a subset of miRNAs that occurred upon DGCR8 depletion was rescued by expression 
of either wildtype or DGCR8 153A mutant protein in DGCR8-depleted HCT116 cells. 
Expression of miRNA’s identified to have statistically different expression in untreated 
DGCR8-depleted cells (+Vector) relative to untreated control cells is shown. For (A) 
untreated control and DGCR8-depleted cells expressing empty vector, wild-type DGCR8, 
or DGCR8 153A-mutant and for (B), UV-treated control and DGCR8- depleted cells 
expressing empty vector, wild-type DGCR8, or DGCR8 153A-mutant are shown. 
Decreased expression is indicated in shades of lighter shades of orange/red, while 
increased relative expression is indicated in darker shades of red. Clustering by rows 
(miRNAs) has been applied to heatmaps for better visualization. The values were 
normalized so that those of control cells transduced with empty vector are set to zero. (C) 
(panels i – xi) Relative expression is shown for miRNAs with statistically significant 
differential expression in DGCR8-depleted cells relative to control or DGCR8-depleted 
cells complemented with wildtype DGCR8, untreated and 24 hours after 20J/m2 UVC . 
Relative expression shown is the inverse mean of ΔCt values relative to control across 3 
to 4 replicates. Error bars indicate SEM across biological replicates. An “*” indicates 
statistically significant differential expression (p < 0.05) and an “ns” indicates a non-
significant result. None of the UV treated samples showed statistically significant results. 
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Figure S4. Phosphorylation of S153 of DGCR8 is required for efficient 
transcription-coupled nucleotide excision repair, Related to Figure 4 and Figure 5.  
 (A) Representative images for experiments shown in Figure 4A. Removal of CPDs 
assessed by flow cytometry using anti-CPD antibody. HCT116 cells depleted of indicated 
genes, and complemented with indicated constructs were treated with UVC, and CPD 
positive cells at the indicated time points were measured using flow cytometry. (B) 
Removal of CPDs or 6-4PPs assessed by flow cytometry using anti-CPD and anti-6-4PP 
antibodies. HCT116 cells depleted of indicated genes were treated with UVC, and CPD 
positive cells and 6-4PP positive cells at the indicated time points were measured. 
Asterisks indicate significant difference (p<0.05) relative to shControl +empty vector 
transduced cells.  (C) Immunoblot. DGCR8 was depleted using siRNA or shRNA in 
XPC-, CSA-, CSB-, or XPA-deficient fibroblasts and their corrected counterparts. (D) 
Representative images for experiments shown in Figure 4C. Recovery of RNA synthesis 
(RRS) assay. Immunofluorescence images of 5’ EU incorporation in U2OS cells before 
and after UVC radiation at 16J/m2. U2OS cells transfected with indicated siRNAs and 
indicated cDNA constructs were subjected to the assay. Western blot confirmed depletion 
of CSB and DGCR8 by siRNAs and expression of the siRNA-resistant wild-type and 
mutant DGCR8 constructs. (E) IP-western. Cell lysate of UV-treated (or untreated) 
U2OS cells transduced with a wild type DGCR8 construct were immunoprecipitated with 
the indicated antibodies.  Immunoblot was done using the indicated antibodies.  
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Figure S5. UV-induced S153 phosphorylation on DGCR8 in not downstream of CSB or 
CSA, Related to Figure 5.   (A) Immunoblot. CSA-, or CSB -deficient fibroblasts and their 
corrected counterparts were subjected to immunoblot. CSA or CSB deficiency did not affect UV-
induced phosphorylation of S153 of DGCR8 (B) DGCR8 was depleted using siRNA in CSA-, or 
CSB-deficient fibroblasts and their corrected counterparts. DGCR8 depletion did not affect 
expression of CSA, CSB, or RNAPII.  
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Figure S6. JNKs are involved in phosphorylation of S153 on DGCR8, Related to Figure 6.  
(A) Immunoblot. Whole cell lysate (WCL) from U2OS cells transfected with vector, WT-JNK or 
kinase-dead-JNK (APF) used for in vitro kinase assay shown in Figure6D-E. (B) Immunoblot after 
in vitro kinase assay. Recombinant GST-tagged human C-JUN (aa1-79) fragment was used as a 
substrate and immunopurified WT JNK1a1 or kinase-dead JNK1a1 (APF) was used as the enzyme 
in the in vitro kinase assay.   
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