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SUMMARY

Ultraviolet (UV) radiation is a carcinogen that generates DNA lesions. Here we demonstrate an
unexpected role for DGCRS8, an RNA binding protein that canonically functions with Drosha to
mediate microRNA processing, in the repair of UV-induced DNA lesions. Treatment with UV
induced phosphorylation on Serine 153 (S153) of DGCR8 in 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.
DGCRS8 depletion was epistatic to defects in XPA, CSA and CSB for UV sensitivity. DGCR8
physically interacted with CSB and RNA polymerase Il. INKs were involved in the UV-induced
S153 phosphorylation. These findings suggest that UV-induced S153 phosphorylation mediates
transcription-coupled nucleotide excision repair of UV-induced DNA lesions in a manner
independent of microRNA processing.

eTOC Blurb

Calses et al. find that UV-induced phosphorylation on Serine 153 of DGCRS8, an RNA binding
protein involved in microRNA processing, is critical for cellular resistance to UV through DNA
repair of UV-induced lesions.
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INTRODUCTION

UV irradiation generates DNA photoproducts, 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 with human genetic disorders, such as xeroderma
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pigmentosum (XP), Cockayne syndrome (CS), cerebro-oculo-facio-skeletal syndrome
(COFS), UV-sensitive syndrome (UVSS) and trichothiodystrophy (TTD). The NER pathway
operates through two subpathways: global genome nucleotide excision repair (GG-NER)
and transcription-coupled nucleotide excision repair (TC-NER). In GG-NER, XPC and UV-
DDB recognize damage sites throughout the genome, while TC-NER is initiated by RNA
polymerase 11 (RNAPII) that is blocked by DNA lesions during transcription. These
subpathways converge on a common downstream pathway to resolve the DNA lesions
(Hanawalt and Spivak, 2008).

DGCRS 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 expression (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 (lorio and Croce, 2012). MiRNAsS
are initially transcribed as long primary miRNAs (pri-miRNAs) (Carthew and Sontheimer,
2009). Pri-miRNAs are processed by the microprocessor complex, consisting of Drosha (an
RNase I11-type enzyme), and DGCRS, 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 111, 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 snoRNAs (Macias et al., 2013; Macias et al.,
2012). The two dsRNA-binding domains of DGCRS are required for the recognition of the
RNA substrates (Macias et al., 2012; Sohn et al., 2007; Yeom et al., 2006).

DGCRS is regulated in several ways. MeCP2 binds to the dsSRNA-binding domains of
DGCRS8 and prevents the binding of Drosha to DGCR8 (Cheng et al., 2014). A heme group
promotes the dimerization of DGCR8 and facilitates miRNA processing (Weitz et al., 2014).
Deacetylation of DGCRS also enhances miRNA processing (Wada et al., 2012). DGCR8 is
phosphorylated at 23 sites and these modifications increase DGCRS8 protein stability
(Herbert et al., 2013). Some of the 23 phosphorylation sites may be targets of ERK/MAPK
(Herbert et al., 2013), but there are likely other kinases involved as well.

miRNAs have been implicated in the cellular response to UV: the expression of a subset of
mMiRNAs is altered in response to UV (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 a completely novel and unexpected function of DGCRS in the repair of UV-
induced DNA lesions, which is independent of microRNA processing.
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DGCRS8 is phosphorylated in response to UV radiation

Initially, we found that DGCR8 was phosphorylated in response to UV by performing
western blot analysis of UVC-treated human and murine cells (Figure 1A-B). We
subsequently performed mass spectrometry of DGCR8 protein immunopurified from UVC-
irradiated human HeLa cells, and identified nine phosphorylation sites (S95, S153, S271,
S275, T371, S373, S377, S434 and S619) (Figure 1C and Figure S1A-B). Site-directed
mutagenesis experiments for each of these sites revealed that S153 was phosphorylated in a
UV-induced manner (Figure 1E). S153 of DGCRS is conserved among mammals, but not in
other vertebrates (Figure 1D and Figure S1C).

Next we generated a phospho-specific antibody using a peptide that flanks S153 of human
DGCRS8 as an immunogen (Figure 1D). Specificity of the antibody was confirmed using
S153A mutant cells and phosphatase treatment (Figure 1E and Figure S1D). S153
phosphorylation was detected in untreated cells, and was increased in response to UV 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 UVB, a chemical UV-mimetic, 4-nitroquinoline-1-oxide (4-NQO), and
oxidizers including hydrogen peroxide and potassium bromate, but not with other DNA
damaging agents and cellular stresses we have tested (Figure 1H and 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 fractionation 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
S1lI), indicating that the distribution of S153-phosphorylated DGCRS8 is not limited to sites
of UV-induced DNA lesions. Furthermore, almost all of the UV-irradiated cells showed
increased phosphorylation of S153 (Figure S1H-I), suggesting that the UV-induced S153
phosphorylation occurs in a cell cycle-independent manner.

DGCRS8 phosphorylation mediates cellular resistance to UV radiation

To test the functional significance of UV-induced phosphorylation of S153, we examined
UV sensitivity of DGCR8-deficient cells. Depletion of DGCR8 in a human colorectal cancer
cell line (HCT-116) using three independent shRNAs resulted in hypersensitivity to UVC
and UVB (Figure 2A and Figure S2A). We also recapitulated the UV C sensitivity phenotype
with DGCR8 depletion in human fibroblasts (Figure 4B and Figure S4C). Reintroduction of
shRNA-resistant wild-type DGCR8 or a S153D phospho-mimetic mutant into DGCR8-
depleted HCT116 cells restored UVC resistance. However, the S153A phospho-mutant
failed to restore UVC or UVB resistance (Figure 2B—C and Figure S2A), suggesting that
S153 phosphorylation is critical for cellular resistance to UV. Similarly, DGCR8-depleted
cells were hypersensitive to hydrogen peroxide, and complementation with wild-type or
S153D DGCRS restored resistance to hydrogen peroxide, while the S153A mutant did not
(Figure S2B). Dgcr8 knockout MEFs were sensitive to UVC and UVB compared to Dgcr8
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knockout MEFs transduced with wild-type human DGCRS or wild-type mouse Dgcr8, while
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
DGCRS abolish microRNA processing activity (Yeom et al., 2006). Surprisingly,
complementation of DGCR8-depleted cells with the dsSRNA binding domains mutant
(mDRBD1/2) restored UVC and UVB resistance (Figure 2B—C and Figure S2A), indicating
that RNA binding activity and microRNA processing function of DGCRS are not required
for UV resistance.

Among the various DGCR8 deletion mutants we tested (Figure 2B and Figure S2E), the
AB692 (Drosha-binding deficient) mutant (Yeom et al., 2006) restored UVC resistance in
DGCR8-depleted cells (Figure 2C), while other mutants with large deletions (A275, A483,
and A276-773) (Yeom et al., 2006) failed to do so (Figure S2F). In contrast, the A692 S153A
mutant failed to restore UV resistance in DGCR8-depleted cells (Figure 2C). The A692 or
the A692 S153A mutant proteins were not co-immunoprecipitated with Drosha as expected,
while 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, while the DGCR8-Drosha interaction is not.

Interestingly, Drosha depletion also led to hypersensitivity to UVC and UVB, which was
rescued by reintroduction of wild-type Drosha, the AC114 (miRNA processing-deficient) or
the AN490 (miRNA processing-deficient and DGCR8 binding-deficient) Drosha mutants
(Han et al., 2004) (Figure 3A-B and Figure S2G). These data suggest that the DGCR8
binding or the microRNA processing activities of Drosha are not required for UV resistance.
Furthermore, UV-induced phosphorylation of S153 on DGCRS8 occurred normally in
Drosha-depleted cells (Figure 3C). These findings collectively suggest that DGCR8 and
Drosha are independently required for UV resistance and that the microRNA processing
activity of the Drosha-DGCR8 microprocessor complex is not required for UV resistance.

DGCRS8 phosphorylation does not alter microRNA expression

Next, to determine whether S153 on DGCRS is critical for miRNA expression, we
conducted miRNA profiling using quantitative RT-PCR of 372 human miRNAs in DGCR8-
depleted HCT116 cells transduced with either empty vector, wild-type DGCRS, or the
S153A mutant. DGCR8-depleted cells transduced with empty vector showed reduction of
microRNA expression compared to non-depleted control or wild-type DGCR8-expressing
cells, but there was no clear difference of the microRNA expression profiles between the
wild-type DGCR8 and S153A DGCRS cells (Figure S3), suggesting that S153 is not critical
for microRNA processing. This is consistent with a recent report that many phosphorylation
sites on DGCRS (including S153) are not critical for its microRNA processing activity
(Herbert et al., 2013). These results indicate that the human DGCRS protein has at least two
independent functions: 1) S153 phosphorylation-mediated UV resistance and 2) RNA
binding and Drosha binding domain-mediated RNA processing (Figure 2E).
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DGCRS8 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
DGCRS8 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 and Figure S4A-B). Reintroduction of wild-type DGCR8 into DGCR8-
depleted cells restored efficient removal of CPDs and 6-4 PPs, while the S153A-DGCR8
mutant 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 and Figure S4A-B), 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.

DGCRS8 and factors involved in transcription coupled nucleotide excision repair are

epistatic in UV sensitivity
To test whether DGCRS is involved in NER and to identify which NER subpathway it may
be involved in, we performed epistasis analyses (Figure 4B and Figure S4C). We depleted
DGCRS8 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 UVC (Yasuda et al., 2007) and DGCR8 depletion sensitized control
(corrected) fibroblasts to UVC. DGCR8 depletion further sensitized XPC-deficient cells to
UVC, indicating that DGCRS 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 UVC, indicating that DGCRS is epistatic with CSB, CSA and XPA.
CSB and CSA are factors specifically involved in TC-NER, while XPA is involved in both
TC-NER and GG-NER. Therefore, these data collectively suggest that DGCR8 functions in
TC-NER, but not in GG-NER.

DGCRS8 phosphorylation modulates RNA synthesis recovery (RRS) after UV radiation

To confirm the involvement of DGCRS8 in TC-NER, we utilized a recovery of RNA
synthesis (RRS) assay (Jia et al., 2015) (Figure 4C and Figure S4D). DGCR8-depleted cells
showed impaired RRS after UV radiation similarly to CSB-depleted cells. Reintroduction of
either the wild-type or S153D DGCRS, but not the S153A DGCRS, into DGCR8-depleted
cells rescued RRS after UV, suggesting that S153 phosphorylation is critical for RRS after
UV. These findings are consistent with DGCR8 being involved in TC-NER.

Since 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-p-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.

Cell Rep. Author manuscript; available in PMC 2017 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Calses et al.

Page 7

Furthermore, wild-type DGCR8 was co-immunoprecipitated with RNAPII, CSB and Drosha
(Figure 5A-B), but not with XPC (Figure S4E), regardless of UV treatment, consistent with
DGCRS8’s role in TC-NER. Interestingly, S153A-DGCR8 was also co-immunoprecipitated
with RNAPII, CSB and Drosha (Figure 5A-B), 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
downstream 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 DGCRS in response to
UV treatment. Since JNKs are known to be activated in response to UV exposure (Johnson
and Nakamura, 2007; Lopez-Camarillo et al., 2012), we focused on JNKSs. First, treatment
with a JNK inhibitor, SP600125, abrogated UV-induced S153 phosphorylation (Figure 6A),
while treatment with a JNK activator, anisomycin, induced S153 phosphorylation in the
absence of UV treatment (Figure 6B). Second, overexpression of JNK1al induced S153
phosphorylation even in untreated cells and the phosphorylation was sustained after UV
radiation (Figure 6C). To determine whether JNK directly phosphorylates S153 of DGCRS,
we conducted an /n vitro kinase assay using GST-tagged wild-type or S153A fragments
(aal-275) of DGCRS8 or GST-tagged (aal-79) C-JUN (positive control) as substrates and
immunopurified FLAG-WT-JNK1al or kinase dead FLAG-IJNK1al (APF) from cells treated
with and without UV radiation (Figure S6A). As expected, WT-JNK1al but not kinase-dead
JNK1al phosphorylated S63 of C-JUN (Figure S6B). Importantly, WT-JNK1al from UV-
treated cells phosphorylated S153 of WT-DGCRS /n vitro (Figure 6D, lane 6 and Figure 6E,
lane 4), while the kinase-dead JNK1al was unable to phosphorylate S153 (Figure 6E, lanes
5 and 6). Taken together, these data suggest that JNKs phosphorylate S153 of DGCRS8 in
response to UV radiation.

DISCUSSION

Based on these findings, we propose a novel cellular signaling pathway (the DGCR8-
mediated UV response pathway) that connects UV-induced DNA damage, DGCRS protein
and TC-NER (Figure 6F). In this pathway, in response to UV, RNAPII stalls and triggers
phosphorylation of S153 of DGCRS8 by JNKs, and this phosphorylation facilitates efficient
removal of UV-induced DNA lesions through TC-NER in a manner independent of
microRNA 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 c-jun N-terminal kinases (JNKS) are stress-activated kinases that are a part of the
mitogen-activated protein kinases (MAPK) family. JNKs are stimulated by a plethora of
intrinsic and extrinsic stimuli including UV exposure (Johnson and Nakamura, 2007; Lopez-
Camarillo et al., 2012). DGCR8 has been shown to be multiply phosphorylated by ERK/
MAPK that 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
JNKSs phosphorylate S153 of DGCRS8 in response to UV exposure. These findings suggest
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that DGCRS8 is one of the critical substrates of JNKs in cellular response to UV exposure.
Since 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 DGCRS. It has
been reported that simple inhibition of JNKs does not affect removal of UV-induced DNA
lesions (Rouget et al., 2008), which also suggests involvement of some additional kinases in
the phosphorylation of S153. Such kinases remain to be determined. Treatment with
cisplatin or mitomycin C did not induce S153 phosphorylation (Figure S1E), while it is
reported that such a treatment activates JNKs, suggesting that activation of JINKSs is not
sufficient to induce S153 phosphorylation and there should be more complex regulatory
mechanisms of this process.

We found that DGCR8 is involved in TC-NER and that DGCRS8 physically interacts with
some known factors involved in TC-NER. However, the precise molecular mechanism by
which S153 phosphorylation on DGCRS8 regulates TC-NER remains to be determined.
Elucidating this mechanism is a focus of our on-going research. S153-phosphorylated
DGCRS8 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 posttranslational
modifications of TC-NER factors. Another possibility is that S153 phosphorylated DGCR8
may sequester some negative regulators of TC-NER. The microprocessor complex is
recruited to chromatin during transcription and processes pri-miRNA co-transcriptionally
(Morlando et al., 2008; Pawlicki and Steitz, 2008). It would be of interest to test whether
S153-phosphorylated DGCRS affects 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 novel biological
function of DGCRS 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, since 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 damage-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., 2016; Francia et al.,
2012) (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 RNA
processing activity of Drosha and Dicer, while the DGCR8-mediated UV response pathway
and cellular resistance to UV did not require RNA processing activity of the DGCR8-Drosha
complex (Figure 2C and 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, while the DGCR8-mediated UV response pathway is critical for
TC-NER.
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The mechanism by which Drosha supports UV resistance is unknown. This is a non-
canonical function of Drosha, since it did not require DGCR8 binding or microRNA
processing activities. 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 novel, miRNA processing-independent function of DGCR8 has several
important implications. In humans, DGCRS is one of the many genes whose heterozygous
deletion is associated with DiGeorge syndrome, characterized by developmental
abnormalities and behavioral problems (Shiohama et al., 2003). S153-mediated function
may or may not contribute to the clinical phenotypes of DiGeorge syndrome and
schizophrenia (Zhou et al., 2013), for which single-nucleotide polymorphisms in the
microprocessor complex are associated with increased risk. The fact that DiGeorge
syndrome is not associated with UV sensitivity suggests 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 important question. Somatic mutations in the catalytic domains of Drosha
and DGCR8 occur in Wilms’ tumors (Torrezan et al., 2014). These mutations affect miRNA
processing activity of the microprocessor complex, and are unlikely to affect S153
phosphorylation. However, cBioPortal for Cancer Genomics (http://cbioportal.org) (Cerami
et al., 2012) revealed several mutations throughout the DGCR8 gene in human cancers.
Some of the missense mutations, for example, L152F, 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 processing. Our results suggest that it is important to determine whether the
phenotypes observed in these animal models are mediated by the RNA processing function
or the S153-mediated TC-NER function of Dgcr8.

Thus, further elucidation of the non-canonical functions of the microprocessor complex
proteins is warranted for our understanding of many diseases.

EXPERIMENTAL PROCEDURES

Cell lines

U20S, HelLa and HCT116 were obtained from the American Type Culture Collection
(ATCC). Mouse embryonic fibroblasts 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 (HFF) were a gift from Denise Galloway’s lab (FHCRC). XPA deficient
(GM04312), XPA corrected (GM15876), CSA (GM16094) and CSB (GM16095) deficient
human fibroblasts were purchased from Coriell Cell Repositories. XPC deficient cells
(XP4PASV) and XPC corrected human fibroblasts (XP4PASV/FLAG-XPC(wt)) were
described (Yasuda et al., 2007). Dgcr8 knockout mouse embryonic fibroblasts (MEFs) were
purchased from Novus Biologicals and cultured following manufacturers specifications. All
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cells were maintained at 37°C in a 5% CO» incubator and grown in DMEM containing 10%
FBS, L-glutamine and Pens/Strep. 10 ug/mL of hygromycin B (Life Technologies) was
added in the media for XPC cells.

Plasmids, siRNAs, shRNAs and virus production

FLAG or hemagglutinin (HA) tagged- human and mouse DGCR8 and FLAG tagged-human
CSA cDNA were cloned into the Ncol and BamH1 sites of pMMP-IRES-puro retroviral
vector (Pulsipher et al., 1998). Phosphomutants (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 (mMDRBD1/2) of DGCR8 was subcloned into pMMP-IRES-puro using the
aforementioned sites from pcDNA-mDRBD1/2 DGCRS (Yeom et al., 2006), a gift from the
Narry Kim lab (Seoul National University). FLAG-DGCR8 WT and mutants were mutated
using QuikChange XL Site-Directed Mutagenesis kit with primers (1. Forward
5'CTCCCTGCTGAGGACCCTTTTAATTTTTATGGGGCCTCCCTTCTC
TCCAAAGGA-3" 2. Reverse 5’ TCCTTTGGAGAGAAGGGAGGCCCCATAAAA
ATTAAAAGGGTCCTCAGCAGGGAG -3") to generate ShDGCRS-1 resistant constructs.
The Drosha-binding domain mutant (FLAG-A692 WT and FLAG-A692 S153A) of DGCR8
was also subcloned into pMMP-IRES-puro. FLAG-wild-type-, FLAG-AC114- and FLAG-
AN490-Drosha were subcloned into pBABE puro retroviral vector (a gift from Bruce
Clurman’s lab, FHCRC) using BamH1 and Sal1l sites from plasmids (Lee et al., 2006)
provided by the Narry Kim lab. CSB construct (pBR-CSB) was a gift from Alan Weiner’s
lab (University of Washington) and was used to subclone FLAG-CSB into pBabe-puro
retroviral vector using BamH1 and Sal1l sites. pPCDNA3 Flag Jnklal (Addgene plasmid #
13798) and pCDNA3 Flag Jnklal(apf) (Addgene plasmid # 13846) were a gift from Roger
Davis lab (University of Massachusetts). Retroviruses and lentiviruses were produced as
described (Wang et al., 2011). All constructs were verified by direct sequencing.

Mass spectrometry

HeLa cells stably infected with pMMPpuroFLAG-DGCRS were treated with 60 J/m2 of UV-
C and 1 hour later, whole-cell extracts were prepared in lysis buffer. IP was performed using
monoclonal antibody against FLAG (M2, Santa Cruz) and the IP product was separated by
7.5% SDS-PAGE. Gel pieces corresponding to FLAG-DGCRS8 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 pL of 2% acetonitrile/0.1% formic acid and 5 UL was analyzed by liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS) with a nanoLC 2D
(Eksigent) coupled to an OrbiTrap mass spectrometer (ThermoScientific) using an
instrument configuration (Licklider et al., 2002).

Western blot analysis

Whole-cell lysates were prepared using sample buffer (0.05 mol/L Tris-HCI (pH 6.8), 2%
SDS, 6% p-mercaptoethanol), resolved by polyacrylamide gel (NuPage, Life Technologies)
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electrophoresis and transferred onto nitrocellulose membranes. Chemiluminescence was
used for detection, and membranes were digitally scanned by Imagequant LAS 4000 (GE
Biosciences).

Immunofluorescent microscopy

To detect pS153 DGCR8 by immunofluorescence, cells were treated with 60 J/m2 UVC.
After one hour, cells were fixed with 4% paraformaldehyde (Santa Cruz Biotechnology) for
10 minutes at room temperature and subsequently permeabilized with PBS containing 0.5%
Tween-20 (Fisher Scientific) for 10 minutes at room temperature. After several washes with
PBS containing 0.5% Tween-20 (washing buffer), cells were incubated over night at 4 °C
with anti-phosphoS153 (1:1000). After several washes with PBS containing 0.5% Tween-20,
cells were incubated with Alexa-fluor 488 goat anti-rabbit (A11034, Life Technologies)
secondary antibody for one hour. Nuclei were counterstained with 4,6-diami- dino-2-
phenylindole (DAPI, 1 pg/mL). Coverslips were mounted on slides in Vectashield (Vector
Laboratories). Image acquisitions were made with a TE2000 Nikon microscope equipped
with a 20x immersion objective and a CCD camera (CoolSNAP ES, Photometrics).

Flow cytometry

Cells were treated with UVC (12 J/m? for detection of CPDs, or 60 J/m? for detection of
6-4PPs) and fixed with 2% paraformaldehyde at 37 °C for 10 minutes. Then, cells were
treated with cold 90% methanol for 30 minutes at =20 °C and treated with DNase (Promega)
for 1 hour at 37 °C. After blocking with PBS containing 1% BSA for 10 minutes at room
temperature, cells were incubated with anti-CPD (1:1000) or anti-6-4PPs (1:1000) diluted in
PBS containing 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 fluorescein-conjugated
anti-mouse antibody (1:1000) (715-095-151, Jackson ImmunoResearch) for 1 hour in the
dark at room temperature. Nuclei were counterstained with propidium iodide (2 pg/mL)
(P1470, Sigma-Aldrich) and treated with RNase A (100 pg/mL) (Invitrogen) for 20 minutes
at 37°C. Flow cytometric analyses were conducted with a BD FACS Canto Il analyzer and
the FlowJo software.

Recovery of RNA synthesis (RRS) assay

RRS assays were done as described with some modifications (Jia et al., 2015; Nakazawa et
al., 2010). U20S cells stably expressing siRNA resistant FLAG-WT DGCRS8, FLAG-S153A
DGCRS8 or FLAG-S153D-DGCRS8 were transfected with siRNA against endogenous
DGCRS. Forty eight hours after transfection of siRNAs, cells were irradiated with UVC (16
J/im?) and immediately incubated with 5”-ethynyuridine (EU) (50 uM, Life Technologies)
for 2 hours (Jia et al., 2015; Nakazawa et al., 2010). Then, cells were fixed and
permeabilized at the indicated time points. After blocking with PBS containing 10% FBS,
cells were incubated for 1 hour at room temperature with Alexa-fluor 488 goat anti-rabbit
(A11034, Life Technologies) secondary antibody. Nuclei were counterstained with DAPI (1
pg/mL).
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Purification of recombinant GST-DGCRS protein and in vitro kinase assay

DNA fragment corresponding to aa 1-275 FLAG-tagged WT or S153A DGCR8 was cloned
into pGEX-4T-1 vector (GE Healthcare). The recombinant plasmids were transformed into
E. coli BL21 (DES3) cells (EMD Millipore). GST-DGCR8-WT and GST-DGCR8-S153A
proteins were expressed and purified using GST-Bind resin (EMD Millipore) according to
the manufacturer’s instructions. Human JUN partial-length recombinant protein (aa 1-79)
with a GST-tag (Novus Biologicals) was used a positive control. The /n vitro kinase assay
was performed as described (Chadee and Kyriakis, 2010).

Cell survival assay

Cells were seeded into 12-well plates at 8 x 103/well (HCT-116), 1 x 10%well (U20S), 1 x
10%well (XP and CS fibroblasts) and treated with UVC (254nm) from a UV Stratalinker
1800 (Stratagene) or UVB (output range 280-320nm) at indicated doses using the method
described (Wallace et al., 2012). After incubation for 5-7 days, cells were stained with
crystal violet as described (Wang et al., 2011).

Statistics

All statistical analyses were done using Student’s t-test (2-tail). P value < 0.05 was
considered significant.

MicroRNA profiling

RNA from stable isogenic cell lines (HCT-116) depleted of endogenous DGCR8 by
shDGCRS8-1, transduced with shRNA-resistant FLAG-WT, FLAG-S153A DGCR8 or empty
vector, were extracted using RNeasy mini kit (Qiagen). RNA from four biological replicates
were submitted to Exigon for miRNA real-time PCR using miRCURY LNA™ Universal RT
microRNA PCR human panel 1 which contains 372 human miRNAs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
Ultraviolet Radiation (UV) induces phosphorylation on S153 of DGCRS.
Phosphorylation on S153 of DGCR8 mediates cellular resistance to UV.

S153 phosphorylation mediates transcription coupled nucleotide excision
repair.

JNKSs are involved in UV-induced phosphorylation of S153 of DGCRS.
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Figure 1. S153 of DGCRS8 is phosphorylated in response to UV
(A) Immunoblot. Cell lysates from U20S cells treated with UVC were treated with A

phosphatase and phosphatase inhibitors, and immunoblotted for DGCRS8 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 illustration of nine phosphorylation sites
of human DGCRS identified by mass spectrometry (not proportional to actual size). The
DGCRS8 protein contains a WW domain, two dsRNA binding domains (DRBD1 and
DRBD?2) and a Drosha binding domain (Drosha-BD). (D) Sequence alignment of S153
surrounding amino acids. S153 is conserved among mammals. (E) Immunoblot. U20S cells
depleted of DGCRS8 and transfected with shRNA-resistant FLAG-WT DGCRS8 or FLAG-
S153A DGCRS, +/-UV-irradiated were immunoblotted for DGCRS8 or Flag. (F-H)
Immunoblot. Indicated cells were irradiated with +/-UV and harvested at the indicated time
points, or treated with other agents continuously as indicated. See also Figure S1.
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Figure 2. Phosphorylation of S153 on DGCRS8 is critical for UV resistance
(A) UVC sensitivity assay. HCT116 cells were depleted of DGCR8 or XPC and plated for

survival after +/— UV irradiation. Immunoblot shows DGCR8 and XPC depletion. (B)
Schematic presentation of DGCR8 mutants. Immunoblot shows expression of the indicated
shRNA-resistant DGCRS8 constructs in DGCR8-depleted HCT116 cells. (C) UVC sensitivity
assay. DGCR8-depleted HCT116 cells were transduced with the indicated DGCR8
constructs and plated for survival after +/— UV irradiation. All UVC sensitivity data
represent mean values +/— SEM of three independent experiments. (D) IP-western. Cell
lysate of UV-treated U20S cells transduced with the indicated FLAG-tagged DGCR8
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constructs were immunoprecipitated with anti-FLAG. Immunoblot was done using the
indicated antibodies. (E) Model for two independent functions of DGCR8: 1) S153
phosphorylation-mediated UV resistance and TC-NER, and 2) dsRNA binding- and Drosha
binding-domain-mediated RNA processing. See also Figure S2 and Figure S3.
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Figure 3. Drosha is required for UV resistance independently of DGCR8
(A) UVC sensitivity assay. HCT116 cells were depleted of Drosha or XPC, and plated for

survival after +/-UV irradiation. Immunoblot shows Drosha and XPC depletion. (B)
Schematic presentation of Drosha mutants. Immunoblot confirmed expression of the
indicated Drosha constructs in Drosha-depleted HCT116 cells. Drosha-depleted HCT116
cells were transduced with the indicated Drosha constructs and subjected to the UVC
sensitivity assay. All UVC sensitivity data represent mean values +/— SEM of three
independent experiments. (C) U20S cells depleted of DGCRS8 or Drosha were UV irradiated
and subjected to immunoblot with the indicated antibodies. See also Figure S2.
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Figure 4. Phosphorylation of S153 on DGCRS is involved in transcription-coupled nucleotide
excision repair
(A) Removal of CPDs or 6-4PPs assessed by flow cytometry using anti-CPD and anti-6-4PP

antibodies. HCT116 cells depleted of indicated genes and complemented with indicated
constructs 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. (B) UVC sensitivity assay. XPC-,
CSA-, CSB-, or XPA-deficient fibroblasts and their corrected counterparts were depleted of
DGCRS, and plated for survival after +/-UVC irradiation. (C) Recovery of RNA synthesis
(RRS) assay. 5"-Ethynyl uridine (5" EU) incorporation kinetics after UVC irradiation.
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U20S cells transfected with indicated siRNAs and cDNA constructs were subjected to the
assay. Asterisks indicate significant difference (p<0.05) relative to siControl +empty vector
transduced cells. (D) U20S cells treated with DRB or transfected with CDK9 siRNA were
immunoblotted with the indicated antibodies. All data represent mean values +/— SEM of
three independent experiments. See also Figure S4.
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Figure 5. DGCRS interacts with factors involved in transcription-coupled nucleotide excision
repair

(A-B) IP-western. Cell lysate of UV-treated (or untreated) U20S cells transduced with the
HA-tagged DGCRS8 (wild type or S153A mutant) constructs were immunoprecipitated with
the indicated antibodies. Immunoblot was done using the indicated antibodies. See also

Figure S4 and S5.
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Figure 6. INK phosphorylates S153 of DGCRS8 after UV radiation
(A) Immunoblot. U20S cells were pretreated with the JNK inhibitor, SP600125, or DMSO

for 2 hours, irradiated with +/-UV, incubated with media containing SP600125 or DMSO,
and cell lysates were harvested at the indicated time points. (B) Immunoblot. U20S cells
were continuously treated with the JNK activator, anisomycin, and cell lysates were
harvested at the indicated time points. (C) Immunoblot. U20S cells expressing either vector
or FLAG-JNK1al were treated with +/-UV, and cell lysates were harvested at the indicated
time points. (D) Immunoblot after /n vitro kinase assay. Recombinant GST-tagged WT or
S153A DGCRS (aal-275) fragment was used as a substrate and immunopurified WT
JNK1al was used as the enzyme. (E) Immunoblot after /n vitro kinase assay. Recombinant
GST-tagged WT DGCRS (aal-275) fragment was used as a substrate and immunopurified
WT JNK1al or kinase dead JNK1al (APF) was used as the enzyme. (F) Schematic
presentation of DGCR8 and Drosha functions. The DGCR8-Drosha microprocessor
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complex processes RNAs. When DNA is damaged by UV, RNAPII stalls and triggers
phosphorylation of S153 on DGCR8, which facilitates removal of UV-induced DNA lesions
by TC-NER and promotes UV resistance. Drosha is also involved in UV resistance by an
unknown mechanism. See also Figure S6.
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