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Abstract

Breast cancer is the second leading cause of cancer-related deaths in the United States, with
the majority of these deaths due to metastatic lesions rather than the primary tumor. Thus, a
better understanding of the etiology of metastatic disease is crucial for improving survival.
Using a haplotype mapping strategy in mouse and shRNA-mediated gene knockdown, we
identified Rnaseh2c, a scaffolding protein of the heterotrimeric RNase H2 endoribonuclease
complex, as a novel metastasis susceptibility factor. We found that the role of Rnaseh2c in
metastatic disease is independent of RNase H2 enzymatic activity, and immunophenotyping
and RNA-sequencing analysis revealed engagement of the T cell-mediated adaptive immune
response. Furthermore, the cGAS-Sting pathway was not activated in the metastatic cancer
cells used in this study, suggesting that the mechanism of immune response in breast cancer
is different from the mechanism proposed for Aicardi-Goutiéres Syndrome, a rare
interferonopathy caused by RNase H2 mutation. These results suggest an important novel,
non-enzymatic role for RNASEH2C during breast cancer progression and add Rnaseh2c to a
panel of genes we have identified that together could determine patients with high risk for
metastasis. These results also highlight a potential new target for combination with
immunotherapies and may contribute to a better understanding of the etiology of Aicardi-

Goutiéres Syndrome autoimmunity.

Author Summary

The majority of breast cancer-associated deaths are due to metastatic disease, the process
where cancerous cells leave the primary tumor in the breast and spread to a new location in
the body. To better understand the etiology of this process, we investigate the effects of gene

expression changes in the primary tumor. In this study, we found that changing the expression
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of the gene Rnaseh2c changed the number of metastases that developed in the lungs of
tumor-bearing mice. By investigating the enzyme complex Rnaseh2c is part of, RNase H2, we
determined that Rnaseh2c’s effects may be independent of RNase H2 enzyme activity.
Because RnasehZ2c is known to cause the autoimmune disease Aicardi-Goutiéres Syndrome
(AGS), we tested whether the immune system is involved in the metastatic effect. Indeed, we
found that the cytotoxic T cell response is important for mediating the effect that Rnaseh2c has
on metastasis. Together these data indicate that Rnaseh2c expression contributes to a
patient’s susceptibility to developing breast cancer metastasis and demonstrate that the
immune system is involved in this outcome. The implications of this study suggest
immunotherapy could be a viable treatment for breast cancer metastasis and may help inform

the understanding of AGS and RNase H2 in cancer.

Introduction

Breast cancer is the most frequently diagnosed female malignancy in the United States and
the second leading cause of cancer-related female deaths [1]. Since the primary tumor is
usually resected upon detection, most of this mortality is due to metastases. The 5-year
survival for patients diagnosed with localized breast cancer is approximately 99%, indicating
that detection and treatment is highly effective when the cancer remains in the breast tissue.
However, 5-year survival for patients with overt distant metastases plummets to a dismal 27%
[1]. These statistics indicate that the establishment of effective therapies that target and
prevent metastasis is of critical importance. Although recent decades have seen significant
advances in the development of methods for detection and treatment of primary breast cancer,
these treatments are generally ineffective at dampening metastatic progression. Therefore, a
better understanding of the mechanisms that regulate and drive metastasis is critical to

improving patient outcome.


https://doi.org/10.1101/550418

bioRxiv preprint doi: https://doi.org/10.1101/550418; this version posted February 14, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 and is
also made available for use under a CCO license.

83
84  As part of the effort to understand the biological etiology of metastatic disease, we investigate
85 the impact of genetic polymorphism on metastatic progression and susceptibility. Using a
86  strategy that integrates population genetics analysis with a variety of genomic tools, we
87  previously reported and characterized polymorphic genes that drive metastatic susceptibility.
88  Since the majority of disease-associated polymorphisms are non-coding and are thought to
89 influence gene expression rather than protein structure [2], we hypothesized that altering the
90 expression of these key genes can affect metastatic outcome. This approach has generated a
91  growing list of metastasis susceptibility and tumor progression genes with tumor-autonomous
92  and/or stromal effects [3-11], including some with the potential to be actionable clinical targets.
93
94  Here, we report the identification of a ~ 1 megabase haplotype containing 74 genes on mouse
95 chromosome 19 that associated with changes in pulmonary metastasis. Within this haplotype,
96 five genes exhibited gene expression patterns significantly associated with metastasis, of which
97 only one, Rnaseh2c (Entrez GenelD: 68209), exhibited a positive association with metastasis,
98 therefore potentially being amenable to clinical inhibition. This gene encodes a scaffolding
99  subunit of the Ribonuclease H2 (RNase H2) enzyme. RNase H2 initiates the removal of
100 ribonucleotides that are incorporated into DNA, which can occur as single ribonucleotides or as
101 longer stretches of RNA/DNA hybrids [12]. The RNase H2 complex is composed of a catalytic A
102  subunit (encoded by Rnaseh2a, 69724) and a second scaffolding B subunit (Rnaseh2b, 67153)
103  in addition to subunit C. In humans, mutations in any of these three genes result in an
104  autosomal recessive neurological autoinflammatory disorder called Aicardi-Goutiéres Syndrome
105  (AGS) [13]. This syndrome clinically mimics the phenotype of in utero viral infection and is
106  characterized by basal ganglia calcification, progressive microcephaly with accompanying
107  mental and motor retardation, and lymphocytosis and elevated Interferon a in the cerebral
108 spinal fluid and serum at early points in disease progression which activates a type | Interferon

4
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109  signature [14-16]. In many cases, these children ultimately die early in life. RNase H2 mutations
110  have also been identified in patients with another autoimmune disease, Systemic Lupus

111 Erythematosus (SLE), though it is not known if these mutations are causative [17]. Given its
112  important role in maintaining genomic integrity, a connection between RNase H2 and cancer is
113  beginning to be investigated, with multiple studies having identified associations between

114  expression of RNase H2 genes and various cancer types [18-25].

115

116  We report here the validation of Rnaseh2c as a bona fide metastasis susceptibility gene and
117  reveal its novel function in promoting metastasis through interaction with the immune system,
118  although through an alternate mechanism than that proposed for AGS. This knowledge may
119  contribute to a better understanding of the biology underlying AGS and highlights a potential
120  new target for combination with immune modulatory therapies to combat metastatic breast

121 cancer. This data also adds to a growing panel of genes we have identified that together could
122  help determine patients who are at high risk for developing metastasis.

123

124 Results

125 Identification of Rnaseh2c as a candidate metastasis susceptibility gene

126  Genetic mapping studies were performed to identify metastasis susceptibility gene candidates.
127 A population of genetically diverse tumor-bearing mice was generated by crossing the FVB/NJ-
128  TgN(MMTV-PyMT)83*Mul (hereafter, MMTV-PyMT) mouse model of metastatic breast cancer [26]
129  to animals from the Diversity Outbred mouse mapping panel [27, 28]. 50 DO Generation 5 mice
130  were crossed with MMTV-PyMT, as described in [29] (Fig 1A). Offspring from the DO x MMTV-
131 PyMT crosses (n = 115) were aged to humane endpoint at which time primary tumors were

132  weighed and surface pulmonary metastases counted. Each of the tumor-bearing mice were

133  genotyped and the unique combinations of strain-specific haplotypes in the offspring genomes
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134  were calculated for each mouse. The haplotype analysis was integrated with the phenotype
135 data to identify metastasis-associated regions. A total of 17 haplotypes on 11 chromosomes
136  were found to be significantly associated with metastatic disease (FDR < 0.05) (S1 Fig A).

137  Interestingly, two of the 17 haplotypes overlapped with regions previously identified in genetic
138  studies of metastasis susceptibility: a 1.1 megabase haplotype on chromosome 9 that

139 overlapped the peak of a metastasis susceptibility locus previously found to contain the

140 metastasis susceptibility gene Pvri1 [7, 11]; and a 1.3 megabase haplotype on mouse

141 chromosome 19 that overlapped with a previously identified metastasis susceptibility locus

142  which includes the metastasis susceptibility gene Sipa7 [30]. Due to the high density of genes
143  in the chromosome 19 haplotype and the fact that modifier loci can contain multiple causative
144  genes [31], we selected this region for further screening to identify additional metastasis

145  susceptibility genes that might exist within this interval. Given that polymorphism effects are
146  frequently on gene expression [2], primary tumor gene expression analysis was performed to
147  identify genes whose expression correlated with pulmonary metastasis. This analysis identified
148 five genes located in the region of interest: Frmd8, Mus81, Rnaseh2c, Pola2, and Dpp3 (S1 Fig
149  B). Sipa? was not identified by this screen, consistent with previous studies that demonstrated
150 that the effect of Sipa on metastasis was due to a missense polymorphism rather than an

151 expression polymorphism [9]. Interestingly, analysis of patient tumor expression using the

152  GOBO database [32] revealed that the genes within this signature, weighted for expression
1563  direction and relative contribution to the signature using the mouse-calculated hazard ratios and
154  grouped by their cumulative signature score, are also able to predict distant metastasis-free
155  survival in breast cancer patients of the Her2-enriched subtype (S1 Fig C), suggesting that our
156  approach is able to identify haplotypes relevant to outcome in patients as well as in mice.

157  RnasehZ2c was selected for further investigation due to it being the only candidate gene within
158 the haplotype that was positively associated with metastasis, thus harboring the possibility that
159 therapeutic inhibition could reduce metastatic burden.

6


https://doi.org/10.1101/550418

bioRxiv preprint doi: https://doi.org/10.1101/550418; this version posted February 14, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 and is
also made available for use under a CCO license.

160

161  Modulating expression of Rnaseh2c alters spontaneous metastasis

162  To investigate the role of Rnaseh2c as a metastasis modifier gene, shRNA-mediated

163  knockdowns were performed in the mouse metastatic mammary tumor cell line Mvt1.

164  Knockdown was confirmed by qRT-PCR (S2 Fig A), and the sh2 and sh4 cell lines were

165  selected for future experiments based on western blot analysis (Fig 1B). To determine the

166  effects on tumor growth and progression, knockdown Mvt1 cells were orthotopically injected into
167  the mammary fat pad of syngeneic FVB mice. Both knockdown cell lines exhibited significantly
168 reduced numbers of spontaneous pulmonary metastases (Fig 1C), indicating that changes in
169  RnasehZ2c expression affect the cell’s ability to metastasize. In addition, the sh4 cell line showed
170  reduced primary tumor mass (Fig 1D), however both knockdown cell lines maintained the

171 significant reduction in metastasis counts when normalized to their matched primary tumors (Fig
172  1E). To verify Rnaseh2c’s role as a bona fide metastasis modifier, we knocked down Rnaseh2c
173  in a second mouse metastatic mammary cancer cell line, 4T1 (S3 Fig A&B). In contrast to the
174  primary tumor effect in the Mvt1 cell line, sh2 reduced while sh4 increased primary tumor mass
175  of the 4T1 cells (S3 Fig C), suggesting that the effect of the shRNAs on tumor mass was

176  independent of Rnaseh2c expression. Again, both knockdown cell lines showed reductions in
177  pulmonary metastases that were maintained upon normalization (S3 Fig D&E), demonstrating
178  that the effect of Rnaseh2c on metastasis is not cell line-specific.

179

180  Since reduction in metastatic burden can result from effects along many points of the metastatic
181 cascade, an experimental (tail vein) metastasis assay was performed to determine whether

182  reduced RnasehZ2c expression affects the final extravasation and colonization steps. No

183  significant difference in the number of pulmonary metastases was observed between

184  knockdown and control conditions (Fig 1F). This indicated that reduction of Rnaseh2c
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185  expression in tumor cells did not affect metastatic colonization after a bolus injection into the
186  venous circulation.

187

188 To complement the knockdown assays, we also investigated the effect of increased Rnaseh2c
189  expression on metastasis. Total protein expression (combined endogenous and FLAG-tagged
190 exogenous protein) was increased approximately threefold in Mvt1 cells that were transduced
191  with an Rnaseh2c expression vector compared with cells transduced with an empty vector (Fig
192  2A), in agreement with the qRT-PCR results (S2 Fig B). Interestingly, endogenous RNASEH2C
193  protein levels appeared to be lower in the presence of exogenous expression, suggesting that
194  there may be mechanisms to prevent excessive RNASEH2C protein in cells. In agreement with
195 the results from the knockdown metastasis assays, increased expression resulted in more

196  pulmonary metastases without affecting primary tumor mass (Fig 2 B-D). Together these data
197  confirm Rnaseh2c as a metastasis modifier gene, specifically as a metastasis promoter.

198

199 Reduced RER enzyme activity upon Rnaseh2c knockdown is not the driver of the
200 metastatic effect

201 RNase H2 is a heterotrimeric complex composed of a catalytic subunit, RNASEH2A, and two
202  scaffolding subunits, RNASEH2B and RNASEH2C. All three subunits for required for proper
203  enzyme function [33, 34]. We therefore tested whether knockdown of Rnaseh2c reduced

204  cellular enzyme activity. An in vitro RNase H2 enzyme activity assay was performed by

205 incubating cell lysates from scramble and sh4 knockdown cell lines with an exogenous labelled
206  DNA 12-mer containing a single ribonucleotide to test the RNase H2-specific ribonucleotide
207  excision repair (RER) activity. Rnaseh2c knockdown resulted in approximately 30% substrate
208 cleavage compared to scramble (Fig 3A), indicating that limiting the available RNASEH2C

209  protein reduces RNase H2 RER enzyme activity in Mvt1 cells.
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210

211 To test if this reduction in enzyme activity is the reason for reduced metastasis, we evaluated
212  the effects of knocking down the catalytic subunit, RnasehZ2a, in Mvt1 cells. Knockdown was
213  evaluated by gRT-PCR (S2 Fig C) and western blot (Fig 3B). RER activity analysis revealed that
214  the Rnaseh2a knockdown significantly reduced enzyme RER activity (Fig 3C). Spontaneous
215  metastasis assays with the Rnaseh2a knockdown cells produced an increase in primary tumor
216  mass, however there was no significant difference in either the metastasis count or upon

217  normalization (Fig 3 D-F). Thus, the effect of Rnaseh2c knockdown on metastasis is likely not
218  the result of the reduced RER activity and may suggest an enzyme-independent function for the
219  subunit in metastasis.

220

221 Rnaseh2c knockdown does not affect Mvt1 proliferation, apoptosis, cell cycle

222  progression, or activate a DNA damage response

223  Given that reduction in enzyme RER activity did not consistently correlate with reduced

224 metastasis, we tested whether Rnaseh2c¢ knockdown cells exhibit downstream effects of RNase
225  H2 dysfunction. Cellular effects reported in the literature to be altered upon RNase H2 enzyme
226  disruption were tested in Rnaseh2c¢ knockdown cell lines and tumors. First, previous reports
227  indicate that dysfunctional RNase H2 results in reduced cell proliferation both in mouse

228  fibroblasts [35] and in fibroblasts from AGS and SLE patients [17]. Therefore, proliferation upon
229  Rnaseh2c knockdown was evaluated both in cell lines (S4 Fig A) and in tumors (Fig 4A, S4 Fig
230 C). Atrending reduction in Ki67 staining was observed in vivo for the knockdown tumors,

231  however this trend was not significant. Apoptosis was also measured in cell lines (S Fig 4B) and
232  intumors (Fig 4A, S4 Fig C) by cleavage of caspase 3; no differences were observed. Together
233  these results suggest that the level of RNase H2 disruption achieved by the Rnaseh2c

234  knockdown does not extend to affecting cell proliferation and apoptosis in this cell line. The
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235 additional in vivo evidence further confirms that the effect of Rnaseh2c expression on

236  metastasis is not primarily through altering tumor growth.

237

238  Cell lines were also assayed for differences in cell cycle progression, which is reportedly stalled
239  upon RNase H2 dysfunction in mouse and human fibroblasts [17, 35]. Both propidium iodide
240  staining and BrdU incorporation indicated only minimal accumulation of Rnaseh2c sh4

241 knockdown cells in the G2 phase with no other significant differences observed (Fig 4B). The
242  cell cycle disruption observed in mouse-derived fibroblasts is reportedly accompanied by a
243  concomitant increase in p53-inducible genes, notably p21, indicating activation of the DNA
244  damage response pathway [35]. Expression of p21 was not found to be upregulated upon

245  Rnaseh2c knockdown (Fig 4C), though expression could be induced by treatment with

246  doxorubicin, a chemotherapeutic that causes DNA damage partially by inducing replication
247  stress through inhibiting topoisomerase |l [36]. Given this mechanism of action, we

248  hypothesized that our knockdown cells may be more sensitive to doxorubicin treatment due to
249 cells already experiencing replication stress because of a genomic ribonucleotide burden

250 resulting from disrupted RNase H2 activity. Therefore, we treated control and knockdown cells
251  with increasing concentrations of doxorubicin and measured cell viability. However, the cell lines
252  were equally sensitive to the doxorubicin treatment (S4 Fig D). In agreement with the p21 data,
253  we also did not observe an induction of y-H2AX signal in our knockdown cells (S5 Fig),

254  suggesting the knockdown does not elicit a DNA damage response.

255

256 Expression of RNASEH1 is upregulated in response to Rnaseh2c knockdown
257 Since RNase H2 resolves RNA/DNA hybrids in the cell, we stained Rnaseh2c¢ knockdown cells
258  with the S9.6 antibody which recognizes these nucleic acid structures to determine how they
259  change in response to knockdown. In agreement with previous reports [37], the majority of

260 staining in scramble control cells was observed in the cytoplasm with only a small amount

10
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261  concentrated in regions of the nucleus (S6 Fig A). Unexpectedly, in knockdown cells, staining
262  was slightly reduced in the sh2 and drastically reduced in the sh4 cells including in the nuclei
263  (S6 Fig A), suggesting that hybrids were not accumulating despite reduced RNase H2 enzyme
264  activity. We hypothesized that this could be due to a compensatory upregulation of Rnaseh1,
265  which also removes longer RNA moieties from RNA/DNA hybrids. We found that RNASEH1
266  expression was indeed increased upon Rnaseh2c knockdown (S6 Fig B). To test whether

267  Rnaseh2c knockdown alters enzyme activity against RNA/DNA hybrids, we repeated the

268 enzyme activity assay using an oligo substrate composed of an RNA strand hybridized to a
269 DNA strand. This analysis revealed no difference between the control and Rnaseh2c

270  knockdown cells (S6 Fig C), suggesting that RNase H1 upregulation helps maintain activity
271 against RNA/DNA hybrids.

272

273  Together, these data show that despite a significant reduction in RNase H2 enzyme activity, the
274  expected effects of enzyme dysfunction are not observed in our cancer cells, suggesting there
275 may be other enzyme-independent effects taking place. We therefore expanded our

276  investigation into other potential effects of reduced enzyme activity.

277

278 Gene expression profiling reveals alterations to T cell immune response

279 pathways upon Rnaseh2c knockdown

280 Given that the expected effects of enzyme dysfunction were not observed upon Rnaseh2c
281 knockdown, we next profiled the gene expression landscape in response to Rnaseh2c

282  knockdown to identify global transcriptional effects. We performed mRNA sequencing of the
283  scramble control and sh4 knockdown tumors which enabled us to capture gene expression
284  changes from both tumor and stroma in the in vivo context. GSEA analysis revealed that genes

285 of the Inflammatory Response gene set approached significant enrichment (nominal p-value =

11
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0.07) in the sh4 knockdown tumors compared to scramble, with a significant enrichment of the

Interferon Gamma Response and Interferon Alpha Response gene sets (Fig 5A). For more

specific pathway annotations, genes with expression changes of at least two-fold in either

direction (249 genes, 169 of which exhibited a positive fold change) were assigned to biological

pathways and analyzed by Ingenuity Pathway Analysis (S1 File). Of the top 25 significantly

altered pathways, 17 were related to T cell responses (Table 1). Furthermore, more than half (8

of 17) of these pathways produced positive Z-scores, indicating that the direction of transcript

change is consistent with the pathway being activated in knockdown tumors.

Table 1. Top 25 altered pathways as determined by RNA-sequencing IPA analysis

Ingenuity Canonical Pathways p-value ratio z-score
CTLA4 Signaling in Cytotoxic T Lymphocytes 2.45E-08 0.101 -

T Cell Receptor Signaling 7.24E-06 0.073 --
iCOS-iCOSL Signaling in T Helper Cells 1.17E-04 0.058 2.236
CD28 Signaling in T Helper Cells 1.86E-04 0.054 1
Hematopoiesis from Pluripotent Stem Cells 8.91E-04 0.085 -
Primary Immunodeficiency Signaling 9.55E-04 0.083 -
PKCB Signaling in T Lymphocytes 1.26E-03 0.046 2
Th1 Pathway 1.41E-03 0.045 2.236
Th1 and Th2 Activation Pathway 1.48E-03 0.038 --
Agranulocyte Adhesion and Diapedesis 1.78E-03 0.037 --
CDKS5 Signaling 2.14E-03 0.051 -0.447
Th2 Pathway 2.40E-03 0.041 2.236
Calcium-induced T Lymphocyte Apoptosis 2.63E-03 0.064 2
Cytotoxic T Lymphocyte-mediated Apoptosis of Target Cells 3.09E-03 0.094 -
0X40 Signaling Pathway 5.13E-03 0.053 -
Neuroprotective Role of THOP1 in Alzheimer's Disease 5.75E-03 0.075 -
Regulation of IL-2 Expression in Activated and Anergic T Lymphocytes  5.89E-03 0.051 --

12
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Phospholipase C Signaling 6.03E-03 0.030 1
Role of NFAT in Regulation of the Immune Response 6.76E-03 0.033 2.449
Communication between Innate and Adaptive Immune Cells 8.91E-03 0.045 -
Human Embryonic Stem Cell Pluripotency 9.77E-03 0.035 --
Granzyme A Signaling 1.29E-02 0.105 -
Nur77 Signaling in T Lymphocytes 1.45E-02 0.054 --
Type | Diabetes Mellitus Signaling 1.74E-02 0.037 --
Tight Junction Signaling 1.86E-02 0.030 -

296

297  In silico analysis using ImmQuant software also supported these findings. ImmQuant uses RNA-
298 sequencing data and an immune deconvolution algorithm to predict the presence of immune cell
299  populations in heterogeneous tissues based on comparison to reference gene expression

300 profiles of defined inflammatory states in mouse [38]. This analysis predicted an increase in

301 Rnaseh2c knockdown tumors of macrophages and dendritic cells, which may be important for
302 facilitating the observed adaptive immune response. In addition, the largest predicted increase
303 was for CD8+ T cells (S7 Fig). Together these data suggest that the immune system, and CD8+
304 T cells in particular, are important for the effect that Rnaseh2c has on limiting metastasis.

305

306 A CD8+ T cell response is involved in reducing cellular metastatic capacity upon
307 Rnaseh2c knockdown

308 Individuals with inherited RNase H2 mutations develop the neurological autoinflammatory

309 disorder AGS [13]. We were therefore intrigued to find by RNA-sequencing that immune

310 response-related genes were transcriptionally activated upon Rnaseh2c knockdown in breast
311 cancer. To investigate whether this immune activation is important for metastatic outcome,

312 orthotopic metastasis assays were performed using athymic nude mice, which lack mature T

313  cells. While the previously observed significant reduction in sh4 primary tumor mass was

13
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314  maintained (Fig 5B), the pulmonary metastasis effect was ablated (Fig 5C) indicating that the
315  Rnaseh2c metastasis effect functions through engagement of T cell-mediated immunity.

316

317  To further delineate which T cell populations were involved, immunophenotyping was performed
318  using tissue from the primary tumors, metastatic lungs, and spleens of mice orthotopically

319  injected with the scramble control or knockdown cell lines. FACS analysis revealed the activated
320 CD8+ T cell population (CD8+ IFN-y+) was significantly increased in both the primary tumor and
321  metastatic lung samples of knockdown mice compared to controls (Fig 5 D&E). This increase
322  was not observed in the spleen (S8 Fig C), demonstrating that the effect was specific to the

323  primary tumor and metastatic sites. CD4+ Foxp3+ T regulatory cells were also affected by

324  RnasehZ2c knockdown, but their reduction was restricted to the metastatic lung at the time of
325 tissue harvest; NK cell infiltration was not affected (S8 Fig A&B). Together these data show that
326  the immune system plays an important role in Rnaseh2c-mediated changes in metastasis.

327

328 IRF3 activation, the proposed mechanism of AGS, is not observed upon

329 Rnaseh2c knockdown in Mvt1 cells

330 Given that AGS also has an inflammatory component, we tested whether the current

331 mechanism of this disease could also apply to our metastasis model. Recent AGS research has
332  suggested that the cytosolic DNA-sensing cGAS-STING pathway is activated via IFR3 signaling
333 in patients and mouse models of AGS [39-41]. This pathway leads to activation of Type |

334 interferons and the production of interferon-stimulated genes to generate an immune response.
335  We measured the production of a panel of interferon-related genes — including a subset known
336 to be increased in AGS patients — in our RnasehZ2c¢ knockdown cells using gqRT-PCR. Of the 10
337  genes that were tested, 3 interferon-related genes showed a trending (p < 0.10) or significant (p

338 < 0.05) increase in one or both knockdown cell lines (Fig 6A). These data indicate that
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339  RnasehZ2c knockdown results in a subtle upregulation of certain interferon-stimulated genes in
340 vitro. To determine whether IRF3 is inducing these expression changes, IRF3 activation was
341 examined. Although IRF3 could be phosphorylated and translocate to the nucleus in response
342  to treatment with the STING activator DMXAA, these effects were not observed in response to
343  Rnaseh2c knockdown alone (Fig 6B). NF-kB activation, which can also be induced by cGAS-
344  STING signaling, was also examined. However, neither the canonical nor non-canonical NF-kB
345  signaling pathways were shown to be activated (S9 Fig A&B).

346

347  Double stranded RNA (dsRNA) can also activate an immune response by activating

348  downstream signaling through IRF3 and IRF7 [42]. Since we had already determined IRF3 and
349  NF-kB were not activated, we checked IRF7 as another potential transcription factor for dsSRNA
350 signaling. IRF7 was not observed to be enriched in the nucleus (S9 Fig C), suggesting that it is
351  not actively signaling in response to Rnaseh2c knockdown. Therefore, further analysis of

352  dsRNA was not pursued. These data suggest that the mechanism of immune activation in AGS
353  may differ from that of the metastasis-associated Rnaseh2c effects.

354

355 Immune response is not due to neoantigens or repetitive elements, suggesting a
356 potentially enzyme-independent function

357  Because endogenous retroelements and noncoding RNAs are reported to be increased with
358  dysfunctional RNase H2 and can act as nucleic acid triggers for immune activation [39, 43], we
359 tested for changes in transcription of these molecules. For endogenous retroelements, qRT-
360 PCR analysis of LINE-1 (L1) transcripts produced inconsistent results between shRNAs and
361  between biological replicates (S9 Fig D), thus further analysis was not pursued. For noncoding
362 RNAs, total RNA-sequencing of scramble control and sh4 knockdown cell lines was performed.

363  Comparison of significantly differentially expressed noncoding RNAs produced a list of only 20
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364  transcripts of three types: 14 antisense RNAs, 4 long intergenic noncoding RNAs, and 2

365  processed transcripts (S1 Table). Notably, this analysis also did not identify any differences in
366  transcription of L1 elements. Since these results did not suggest a widespread dysregulation of
367 noncoding RNA expression, the observed immune response is likely not due to recognition of
368 these other RNA species.

369

370 Finally, it has been reported that RNase H2 mutations in both mouse fibroblasts and yeast can
371 result in extensive DNA mutations and genomic damage [35, 44, 45]. Additionally, recent

372  research has revealed the important role for cytotoxic T cells in response to neoantigens in
373  tumors with high mutation burdens, such as melanoma [46]. We thus hypothesized that an
374  increased burden of DNA mutations in Rnaseh2c knockdown cells might be generating tumor
375 neoantigens targeted by cytotoxic T cells. To test whether the mutation burden was increased
376  upon Rnaseh2c knockdown, we performed exome sequencing on metastases from nude mice.
377  These samples were selected to enrich for cells capable of completing the metastatic cascade
378 that might otherwise be cleared by the adaptive immune response in immunocompetent mice.
379  Comparing exonic variant counts between control and knockdown metastases showed that
380 there was not an increase in mutation burden with dysfunctional RNase H2 (S9 Fig E),

381  suggesting neoantigens were likely not increased in the Rnaseh2c knockdown cells. While we
382  cannot rule out that one of the few variants may be having an effect, it does not appear that
383  there are extensive changes to these processes upon Rnaseh2c¢ knockdown.

384

385  Together, these data eliminate numerous possible activators of an immune response based on
386  known effects of RNase H2 dysfunction. Given these results, we propose that RNASEH2C may
387  have a novel enzyme-independent activity that, when reduced in the context of breast cancer,
388 results in reduced metastasis by engaging the immune system.

389
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390 Discussion

391  Metastasis is the primary cause of cancer-related deaths in breast cancer, yet the etiology of
392 this lethal process is not well understood. In this study, we used a genetic strategy with the

393 MMTV-PyMT model of spontaneous mammary tumorigenesis and metastasis to identify genes
394  with differences in expression that associated with changes in metastasis. We demonstrated
395 that Rnaseh2c functions as a metastasis modifier whose reduced expression activates a

396 cytotoxic T cell-mediated immune response. These results further validate the meiotic genetics
397 strategy we employ to identify candidate metastasis susceptibility genes. In addition, it

398 demonstrates the ability of this approach to identify genes that impact metastasis through tumor
399 non-autonomous mechanisms, such as interaction with the immune system.

400

401  Our data suggest that the Rnaseh2c-mediated metastatic effect is independent of its enzyme
402 function since knockdown of Rnaseh2c affected metastasis, while knockdown of the catalytic
403 subunit RnasehZ2a did not. This was surprising given that no other functions are known for the
404  subunit. However, not all the AGS mutations identified in the RNase H2 genes affect enzymatic
405  activity either. Although some mutations have been shown to reduce RNase H2 function -

406  including the RNASEH2A G37S and RNASEH2C R69W mutations — other AGS mutations

407  exhibit normal RNase H2 function [33, 44, 47-49]. This may indicate that a non-enzymatic

408 function for the RNase H2 subunits, either in a complex or individually, could also be at play in
409 AGS. The possibility of non-enzymatic functions for these subunits, especially in the context of
410 cancer, has been suggested previously [50]. It should be noted, however, that the extent of the
411  effect on enzyme activity was different between the gene knockdowns, and that a threshold of
412 RNase H2 enzymatic activity may exist for the metastatic effects to be observed. A recent study
413  using a ribonucleotide excision-deficient (RED) mutant of RNase H2 found that a single wildtype

414  RnasehZ2a allele, and thus 50% enzyme activity, was sufficient to remove ribonucleotides from

17


https://doi.org/10.1101/550418

bioRxiv preprint doi: https://doi.org/10.1101/550418; this version posted February 14, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 and is
also made available for use under a CCO license.

415  the genomic DNA and produce mice without any detectible abnormalities [51]. Interestingly,
416  when RNase H2 activity was tested using the Rnaseh2a*'REP embryo extracts, RER function
417  was measured to be 431+6.6% of wildtype with hybrid activity like wildtype [51]. This is similar to
418  the amount of residual RNase H2 RER activity measured in our Rnaseh2c knockdown cells.
419  These data may suggest that the level of enzyme activity in Rnaseh2c knockdown cells is

420  sufficient to remove incorporated ribonucleotides in vivo and, thus, the effects we observed on
421  metastasis may not be due to the reduced enzyme activity.

422

423 Interestingly, although the results here implicate an Rnaseh2c-mediated immune response for
424  metastatic progression, no convincing evidence of the AGS-associated cGAS-STING activation
425  was observed upon Rnaseh2c knockdown. These observations suggest that the mechanism
426  governing the immune activation in AGS may be different from the mechanism at play in breast
427 cancer and metastasis, despite immune activation being common to the two diseases. In

428  addition, the experiments that identified the involvement of cGAS-STING in AGS were done
429  using mutations [39] or with knockout of a subunit [40] that were known to affect enzyme

430  activity, thus it is not known whether this mechanism applies in a scenario of reduced

431 expression or to enzyme-independent effects. It is also possible that the Interferon-stimulated
432  gene activation is resulting from signaling of a non-canonical anti-viral response that was not
433 tested here. Alternatively, these data may suggest that our in vitro condition does not fully

434  recapitulate the in vivo environment of the mouse tumor or metastatic site. There could be other
435  crucial molecules or cell types needed to amplify the signal generated by the knockdown,

436  without which the signal is below the level of detection in vitro. Addressing this will require

437  development of novel experimental techniques to study these biological effects in vivo as the
438  cells undergo tumor progression and metastasis.

439
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440 Interestingly, neither AGS patients nor carriers of the AGS mutations exhibit an observed

441 increase in cancer incidence [52], though the early mortality of patients may help to explain this
442  observation. However, multiple studies have reported associations between the RNase H2
443  genes and different types of cancer. RNASEHZ2A was identified as a susceptibility gene for

444  aggressive prostate cancer [20] and, in another report, data from Oncomine revealed increased
445  expression of RNASEH2A in a set of human cancers compared to normal tissue [18]. Similarly,
446  analysis of overexpressed genes in gastric adenocarcinoma revealed increased expression of
447  RNASEH2B [19]. In colorectal cancer, RNASEH2C mRNA was found to be reduced in tumor
448  tissue compared to normal, while increased expression of RNASEH2B and RNASEH2C was
449  correlated with metastasis [21], like in our study. Similar to what was observed here, no

450 correlation between RNASEHZ2C expression and type | interferon (specifically IFNBT), which is
451  typically increased in AGS patients, was observed [21]. A recent report also concluded that
452  RNase H2 functions as a tumor suppressor in colorectal cancer using a mouse model

453  containing H2B/p53 deletion in intestinal epithelial cells [23]. Rnaseh2b inactivation in the

454  epidermis also resulted in increased proliferation, DNA damage, and development of squamous
455  cell carcinoma [24]. Interestingly, this was accompanied by leukocyte infiltration which was

456  shown to be independent of concomitant type | IFN production. Finally, in the context of breast
457  cancer, a study analyzing low-frequency coding variants in loci identified by a genome-wide
458  association study reported a significant association between a single amino acid change in

459 RNASEH2C and breast cancer risk [22]. These data implicate the RNase H2 genes not only in
460 the context of breast cancer, but also in progression of other cancer types. They also suggest
461 that the effects of RNase H2 dysfunction and varied RNase H2 gene expression may be tissue-
462  specific. Notably, many of the in vivo studies have used a knockout of the H2B subunit; while
463 this is known to reduce the expression/stability of the H2A and H2C subunits, it may also leave
464  residual H2C protein free to enact a tumor-promoting function, either in concert with or

465 independent from the effects of absent H2B protein. Understanding how the biology of RNase
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466  H2 in cancer differs from its function in non-cancerous cells and how that biology differs across
467  tissues may help shed light on additional targets for therapy.

468

469  The results from our study reveal an important role for the immune system in limiting RnasehZ2c-
470 mediated metastatic disease through the cytotoxic T cell response. The involvement of the

471 immune system may also help explain the results of the experimental (tail vein) metastasis
472  assay. Unlike in spontaneous metastasis assays where the immune system is exposed to the
473  developing tumor and thus primed to attack metastasizing cells, the immune system of the

474  mouse receiving cells by tail vein injection has not been exposed to these cells prior to their
475  bolus introduction into circulation and arrival in the lung. Therefore, the tumor-induced priming of
476  the pulmonary immune microenvironment seen by spontaneously metastasizing cells would be
477  absent in the experimental metastasis setting. In addition, the immune response at the primary
478  tumor may be preventing cells from escaping, thus also ultimately preventing lung colonization.
479  Both interpretations fit the observed results of the metastasis assays; additional study will be
480 needed to determine whether either is accurate.

481

482  The involvement of the cytotoxic immune response introduces the possibility for effective

483  immunotherapy in patients with reduced RNASEH2C expression, specifically immune

484  checkpoint therapy. Immune checkpoint blockade would facilitate the continued targeting of the
485  metastatic cells and primary tumors by naturally recruited cytotoxic T cells. This approach is
486  currently being investigated in breast cancer (reviewed in [53]), but additional biomarkers such
487 as RNASEH2C may help oncologists determine which patients are most likely to respond.

488

489 In summary, the results from our study implicate Rnaseh2c as a metastasis susceptibility gene
490 thatinfluences breast cancer metastasis through a novel, potentially enzyme-independent

491 mechanism that stimulates cytotoxic T cells. This interaction supports the use of immune
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492  checkpoint inhibitors in the treatment of certain breast cancers. The classification of this gene as
493 a metastasis modifier also adds to the list of known metastasis susceptibility genes that have
494  the potential to be used by oncologists to identify patients with increased risk for developing

495 metastatic disease, the primary cause of mortality in breast cancer.

496

497 Materials and Methods

498 Mouse strain analysis

499  The Diversity Outcross x MMTV-PyMT cross has been described previously [29]. Briefly, 50
500 female Diversity Outcross mice from Generation 5 were purchased from Jackson Laboratories
501 and bred to male MMTV-PyMT mice. One hundred and fifteen transgene-positive female

502 animals were generated and aged for mammary tumor and metastasis induction. When animals
503 approached humane endpoints, they were euthanized by cervical dislocation after

504  anesthetization by Avertin administration at 50 uL/g of body weight. Tumor tissue was collected,
505 and surface pulmonary metastases enumerated as previously described [7]. Genotyping was
506 performed with the MUGA mouse genotyping chip using spleen DNA. Genotypes for the 8 DO
507 progenitor strains was downloaded from http://csbio.unc.edu/CCstatus/index.py and used to
508 calculate linkage disequilibrium (LD) blocks for the DO animals using the Haploview software
509 package. Haplotypes for each animal were then created using the PHASE software package
510 (version 2.1) based on the Haploview LD blocks. Association analysis between the genotyping
511  and the phenotypes was performed by using glm function in R. Associations were considered
512  significant if the FDR < 0.05. For tumor gene expression, RNA was isolated from non-necrotic
513  tumor samples using Trizol (Invitrogen) according to the manufacturer’s instructions. RNA was
514  subsequently arrayed on Affymetrix Mouse Gene 1.0 x ST chip microarrays by the NCI

515  Laboratory of Molecular Technology. The gene expression data is available through the Gene

516  Expression Omnibus, accession no. GSE48566 [29]. Identification of genes within the
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517  haplotypes of interest having significant correlations with metastasis in the DO cross was

518 performed using BRB-ArrayTools Version: 4.3.0 - Beta_1. Gene lists for each haplotype were
519  used to filter the expression data, which were subsequently tested for correlation with

520 metastasis using the BRB-ArrayTools Survival function, permuting the data 10000 times.

521  Associations between gene expression and metastasis were considered significant if the

522  permutated p-value < 0.05.

523  This study utilized the high-performance computational capabilities of the Biowulf Linux cluster

524  at the National Institutes of Health, Bethesda, MD (http://biowulf.nih.gov).

525 Cell lines and cell culturing

526  Mouse mammary carcinoma cell lines used were Mvt1 and 4T1. Cells were cultured in full
527 DMEM (10% fetal bovine serum (FBS), 1% Penicillin and Streptomycin (P/S), 1% glutamine)
528 unless otherwise described, and antibiotics for selection were included as indicated. Cells were
529 incubated at 37°C with 5% CO..

530

531  Plasmid constructs

532 shRNA knockdown constructs. TRC lentiviral shRNA constructs against Rnaseh2c and
533  RnasehZ2a were obtained from Open Biosystems (now Dharmacon) as glycerol stocks. The
534  sequences for the shRNAs were as follows:

535 Rnaseh2c (Accession: NM_026616.2)

536  sh1: TRCN0000190101 - AAACCCAGGGCTGCCTTGGAAAAG

537  sh2: TRCN0000192140 - AAACCCAGGGCTGCCTTGGAAAAG

538 sh3: TRCN0000189664 - AAACCCAGGGCTGCCTTGGAAAAG

539  sh4: TRCN0000189847 - AAACCCAGGGCTGCCTTGGAAAAG

540 Rnaseh2a (Accession: NM_027187)
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541  sh1: TRCN0000119583 - TTTGGTCTTGGGATCATTGGG

542  sh2: TRCN0000119582 - AACTGAACCGTACAAACTGGG

543  sh3: TRCN0000119585 - AAAGTGCTGTTGTAATCGAGC

544  sh4: TRCN0000119586 - AAACTGCCAGTTCTTCACAGC

545  sh5: TRCN0000119584 - AACTCAGACGACAACGACCCG

546

547  Overexpression constructs. MGC Mouse Rnaseh2c cDNA was purchased from Open

548  Biosystems (now Dharmacon) as a glycerol stock (Accession: BC024333 Clone ID: 5040687).
549  Rnaseh2c cDNA was amplified using Phusion polymerase and directional TOPO-cloning

550  primers Fwd- 5-CACCATGAAGAACCCGGAGGAAG-3 and Rev- 5'-

551 TCAGTCCTCAGGGACCT-3'. DNA was purified using the QiaQuick Gel extraction kit (Qiagen)
552 and inserted into a Gateway entry vector using LR clonase (Invitrogen) according to the

553  manufacturer’s protocol with an overnight ligation reaction.

554

555  Virus transduction

556 1 x 108 HEK293T cells were plated in 6 cm dishes 24 hr prior to transfection in P/S-free 10%
557 FBS DMEM media. Cells were transfected with 1 ug of ShRNA/cDNA and 1 ug of viral

558 packaging plasmids (250ng pMD2.G and 750ng psPAX2) using 6 ul of Xtreme Gene 9

559  transfection reagent (Roche). After 24 hr, media was refreshed with full DMEM. The following
560 day, virus-containing supernatant was passed through a 45 um filter to obtain viral particles,
561  which were then transferred to 100,000 target cells plated previously. 24 hr post-transduction
562 the viral media was replaced with fresh full DMEM. Finally, 48 hr after transduction, the cells
563  were selected with full DMEM containing 10 ug/ml puromycin (knockdown) or 5 ug/ml blasticidin
564  (overexpression) and maintained in culture under selection.

565

23


https://doi.org/10.1101/550418

bioRxiv preprint doi: https://doi.org/10.1101/550418; this version posted February 14, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 and is
also made available for use under a CCO license.

566 In vivo metastasis experiments

567  This study was performed under the Animal Study Protocol LCBG-004 approved by the NCI
568 Bethesda Animal Care and Use Committee. Female virgin FVB/nJ or BALB/cJ mice were

569  obtained from Jackson Laboratory at ~6 weeks of age. Athymic NCI nu/nu mice were obtained
570 from NCI Frederick at the same age. Two days prior to injection, cells were plated at 1 million
571  cells/condition into T-75 flasks (Corning) in non-selective DMEM media. A total of 100,000 cells
572  per mouse were injected into the fourth mammary fat pad of the appropriate mouse strain. Mice
573  were euthanized between 28 and 31 days post-injection by cervical dislocation following

574  anesthesia by Avertin. Primary tumors were resected and weighed, and pulmonary surface
575  metastases counted. For experimental metastasis assays, 100,000 tumor cells were injected
576 into the tail vein of FVB mice. At 29 days post-injection, the mice were euthanized and

577  pulmonary surface metastases counted. All surface metastasis counts were performed by a
578 single investigator. Statistical analysis was performed using GraphPad Prism Software (La Jolla,
579 CA)andR.

580

581  Cell proliferation, cell cycle progression, and MTT assay

582 5000 cells/well were plated in 24-well plates (Corning, Inc.) with 6 technical replicates each.
583  Cells were incubated in the IncuCyte Kinetic Live Cell Imaging System (Essen BioScience) at
584  37°C with 5% CO2 for up to 164 hr with imaging every 3-4 hr of 4 fields per well. Samples were
585  imaged until either growth plateaued or cells reached 100% confluence, whichever occurred
586 first. Data analysis was conducted using IncuCyte 2011A software. Representative experiment
587 is shown of 4 biological replicates.

588

589  For cell cycle progression, cells were plated at equal numbers one day prior to collection. Cells

590 were labeled with 10 yuM BrdU for 25 min, then collected and 4.5 mL of ethanol was added in a
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591  dropwise manner while vortexing half-maximally. Cells were incubated for 30 min at 4 °C, then
592  pelleted to remove supernatant. Cells were treated with 200 yL RNase A for 30 min, then in 500
593  pL of 5SM HCI with 0.5% Triton X-100 for 20 min. Samples were neutralized in 10 mL of 1M Tris,
594  washed in PBST, and incubated in 100uL of FITC-conjugated anti-BrdU (eBiosciences) solution
595 (1:40in 1% BSA in PBST) for 30 min mixing every 10 min. Cells were washed twice in PBST
596 and resuspended in PBS with 20 ug/mL of propidium iodide. Samples were analyzed using

597  FACS and FloJo software.

598

599  For sensitivity to doxorubicin treatment, cells were plated in a 96-well plate and grown overnight
600 to~70% confluency. The next day, cells were treated with increasing concentrations of

601  doxorubicin for 24 hr. 50 ug per well of MTT solution in PBS was added to the media and

602 incubated for 1 hr. Following incubation, MTT solution was removed and 100 yL MTT solvent
603 dissolved in DMSO was added per well. The plate was placed on an orbital shaker with gentle
604  agitation for 10 min protected from light, then absorbance read at 570 nm.

605

606 Immunofluorescence

607  Cells were grown to approximately 50% confluency on 12 mm diameter cover slips and

608 incubated overnight. Cells were washed twice in PBS and fixed with 4% formaldehyde or ice-
609 cold methanol for 15 min, followed by two washes. Cells were treated with 10 mM glycine for 20
610  min and washed twice. Cells were then permeabilized with 0.1% Triton-X for 20 min, washed at
611  least 3 times, and blocked with 5% goat serum for 1 hr followed by a wash in 0.1% BSA in PBS.
612  Antibodies were prepared by dilution in 0.1% BSA in PBS and spun at 4 °C for 10 min at

613  maximum speed. For staining, cells were incubated with primary antibody for 1 hr at room

614  temperature to overnight at 4 °C followed by a wash in dilution buffer, followed by incubation in

615  secondary antibody for 1 hr at room temperature. Cells were washed in dilution buffer, counter

25


https://doi.org/10.1101/550418

bioRxiv preprint doi: https://doi.org/10.1101/550418; this version posted February 14, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 and is
also made available for use under a CCO license.

616  stained with DAPI, and mounted on slides for visualization. Antibodies used were as follows:
617  yH2AX (1:100, Cell Signaling, #9718), S9.6 (1:200, Millipore, MABE1095).

618

619 RNA isolation, reverse transcription, and gRT-PCR

620  Cells were plated at equal numbers one day prior to collection. RNA was isolated using TriPure
621  (Roche) and reverse transcribed using iScript (Bio-Rad). Real-Time PCR was performed using
622  VeriQuest SYBR Green gPCR Master Mix (Affymetrix). Expression of mRNA was defined by the
623  threshold cycle and normalized to expression of Peptidylprolyl isomerase B (Ppib). Relative
624  expression was calculated using the delta Ct method. Primer sequences are provided in the
625 supplementary information (S2 Table).

626

627 Western blotting

628  Cells were plated at equal numbers one day prior to collection. Protein was extracted on ice
629 from collected cells using Golden Lysis Buffer (10 mM Tris pH 8.0, 400 mM NaCl, 1% Triton X-
630 100, 10% Glycerol plus oComplete protease inhibitor cocktail (Roche) and phosphatase inhibitor
631  (Sigma)). Protein concentration was measured using Pierce’s BCA Protein Assay Kit and

632  analyzed on the Versamax spectrophotometer at a wavelength of 560 nm. Equal amounts of
633  protein were combined with NuPage LDS Sample Buffer and NuPage Reducing Agent

634  (Invitrogen) and were run on NuPage Bis-Tris gels in MOPS buffer. Proteins were transferred
635 onto a PVDF membrane (Millipore), blocked in 5% milk in 0.05% TBST (TBS + 5% Tween) for 1
636  hr and incubated in the primary antibody (in 5% milk) overnight at 4 °C. Membranes were

637  washed with TBST and secondary antibody incubations were done at room temperature for 1
638  hr. Proteins were visualized using Amersham ECL Prime Western Blotting Detection Reagent
639  (GE Healthcare) using film or the ChemiDoc Touch Imaging System (BioRad). Densitometry

640 analysis was performed using ImagedJ or Image Lab Software (BioRad). Antibodies used were
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641  as follows: RNASEH2C (1:1000; Abcam #ab89726), RNASEHZ2A (1:1000; Proteintech #16132-
642  1-AP), BETA-ACTIN (1:10,000; Abcam #ab6276), anti-FLAG (1:1000; Sigma #080M6034),

643 RNASEH1 (1:1000; Proteintech #15606-1-AP), caspase 3 (1:1000; Cell Signaling #9662),

644  cleaved caspase 3 (1:1000; Cell Signaling #9661), p21 (1:333; C-19; Santa Cruz #sc-397),

645 pIRF3 (1:1000; Cell Signaling #29047), IRF3 (1:1000; Millipore Sigma #MABF268), GAPDH
646  (1:10,000; Millipore #MAB374), LAMIN B1 (1:1000; Abcam #ab16048-100), IRF7 (1:1000,

647  Abcam #ab109255), p65/RELA (1:1000; Cell Signaling #8242), IkBa (1:1000; Cell Signaling
648  #4814), NF-xB1 p105/p50 (1:1000; Cell Signaling #12540), NF-kB2 p100/p52 (1:1000; Cell
649  Signaling #4882), RELB (1:1000; Cell Signaling #10544), Histone H3 (1:10,000; Abcam

650 #ab1791), goat anti-rabbit (1:10,000; Santa Cruz), anti-rabbit (1:3000; Cell Signaling #7074),
651  goat anti-mouse (1:10,000; GE Healthcare NA931).

652

653 In vitro RNase H2 activity assay

654 RNase H2 activity was determined as described in [51]. Briefly, 0.1 mg/mL of protein lysate from
655  Mvt1 cells with manipulated Rnaseh2c or Rnaseh2a expression were combined with 1 uM of
656  either a 5’-32P-labeled 12 base DNAs-RNA;-DNAg hybridized with complementary DNA for RER
657  activity or a uniformly labeled poly-32P-rA/poly-dT substrate for hybrid activity. Reaction products
658  were separated using a 12 or 20% TBE-urea polyacrylamide gel and quantified using a

659  Typhoon imager.

660

661 Immunophenotyping

662  Tumors, metastatic lungs, and spleens were collected from FVB mice (n=5 per group) 30 days
663  after mammary fat pad injection. Tumors and lungs were dissociated in 5mL PBS using the
664 MACS dissociator and passed through a 100 uM filter. Spleens were mashed through a 0.40

665  pM filter, treated with ACK lysis buffer on ice for 5 min, and resuspended in RPMI. Lymphocytes
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666  were isolated from tumor and lung tissue using Lympholyte-M Cell Separation Media (Cedar
667 Lane). Briefly, pelleted tissue digest was resuspended with RPMI followed by the addition of
668 Lympholyte-M. Samples were centrifuged and supernatant spun again to isolate lymphocytes
669  which were resuspended in RPMI. Lymphocytes were activated with Leukocyte Activation

670  Cocktail with Golgi Plug (BD Pharmigen) for 4 hr at 37 °C. Following activation, immune cells
671  were stained with a fixable live/dead stain (Invitrogen) in PBS followed by surface antibody
672  staining for 20 min in FACS buffer (PBS with 0.5% BSA and 0.1% sodium azide). For

673 intracellular cytokine staining, cells were first stained for surface markers (Thy1.1; CD4; CDS8;
674 NK1.1) and later stained for intracellular molecules (IFN-y; Foxp3) following fixation and

675 permeabilization according to the manufacturer’s protocols (BD Cytofix/Cytoperm). Data were
676  collected on the LSRII- Fortessa (BD) and analyzed with FlowJo software (Tree Star).

677  Antibodies used were as follows at 1:200 dilution: Thy1.1 (Ebioscience, #25-0900-82), CD4
678 (BD, #553729), CD8 (Biolegend, #100750), Interferon gamma (BD, #557998), FoxP3

679  (Ebioscience, #17-5773-82), NK1.1 (Ebioscience, 12-597182).

680

681 Sequencing and analysis

682 RNA was extracted from small sections of primary tumor tissue using TriPure, followed by

683  organic extraction with chloroform and precipitation by isopropanol. RNA was then purified using
684 the RNeasy® Mini Kit (Qiagen) with on-column DNase digestion. RNA quality was tested using
685 the Agilent 2200 TapeStation electrophoresis system, and samples with an RNA integrity

686  number (RIN) score >7 were sent to the Sequencing Facility at Frederick National Laboratory.
687  Preparation of mMRNA libraries and mRNA sequencing was performed by the Sequencing

688  Facility using the HiSeq2500 instrument with lllumina TruSeq v4 chemistry. Sample reads were
689 trimmed to remove adapters and low-quality bases using Trimmomatic software and aligned
690  with the reference mouse mm9 genome and Ensemble v70 transcripts using Tophat software.

691 RNA mapping statistics were calculated using Picard software. Library complexity was
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692 measured by unique fragments in the mapped reads using Picard’s MarkDuplicate utility.

693  Analysis of mMRNA-seq data was performed using the Partek Genomics Suite. GSEA was

694  performed using the annotated genes ordered by log, fold change with 1000 permutations.

695  Gene sets with a nominal p-value of < 0.05 and a false discovery rate (FDR) of < 0.25 were
696  considered significantly enriched. Gene ontology pathway analysis was performed using

697 Ingenuity Pathway Analysis (Qiagen) with genes that exhibited at least two-fold change in

698  expression in either direction. Both analyses were performed comparing sh4 to scramble

699  tumors.

700

701 In silico analysis of immune cell infiltration by mRNA-seq data was performed using ImmQuant
702  software [38]. Briefly, a list of differentially expressed genes generated from mRNA-sequencing
703  analysis was used along with the software-provided reference dataset (ImmGen consortia, [54])
704  and marker genes for mouse. Relative expression was calculated using the scramble tumors
705  designated as the control sample.

706

707  Exome sequencing was performed using DNA isolated from spontaneous metastases in NCI
708  nu/nu mice. Four metastases were isolated from lungs of mice 30 days after orthotopic tumor
709 implantation as described above. Metastases were dissociated using a sterile disposable pestle
710  in a microcentrifuge tube in tail lysis buffer (100 mM Tris pH8.5, 5 mM EDTA, 0.2% SDS, 200
711 mM NaCl). 160 ug of Proteinase K (Invitrogen) was added to the tube and contents were

712  incubated at 55 °C overnight then for an additional 1hr with shaking at 1400 rpm. Genomic DNA
713  was then isolated from the dissociated metastases using the DNA miniprep kit (Zymo Research)
714 according to the manufacturer’s instructions. DNA quality was tested using the Agilent 2200
715  TapeStation electrophoresis system, and samples were sent to the Sequencing Facility at

716  Frederick National Laboratory. Variant analysis was performed on the NIH High Performance
717  Computer system, Helix & Biowulf. Sequencing reads were mapped using BWA and/or
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718  Bowtie using the mouse mm10 reference genome. Variant calling was performed using
719  mpileup and/or GATK HaplotypeCaller. Germline variants in the Mouse Genome Project
720 (mgp.v5) were filtered out; low quality variants (quality score < 30) were also removed.
721 Remaining variants were annotated using Annovar to identify nonsynonymous single

722  nucleotide variants and indels. In-house R scripts were used for statistical analyses.

723

724  RNA for total RNA sequencing was isolated as described above and sent to the Sequencing
725  Facility at Frederick National Laboratory. To analyze expression of long noncoding RNAs,
726  sequence data was aligned to the Long non-coding RNA gene annotation from GENCODE
727  (version M15, available at https://www.gencodegenes.org/mouse/) using Tophat software.
728 DESeqg2 was used to compare control and knockdown samples.

729

730 Immunohistochemistry

731 Fresh tumor tissue was fixed in 10% phosphate buffered formalin for 24 hr then transferred to
732  70% ethanol. Paraffin embedding and sectioning was performed by Histoserv, Inc.

733  (Germantown, MD). Tumor sections were rehydrated by sequential 5 min incubations in

734 Histochoice (Sigma), 100% ethanol, 90% ethanol, 70% ethanol, and water. Slides were then
735 incubated in 3% H,O, for 5 min. Antigen retrieval was performed using Antigen Retrieval Citra
736  (Biogenex) and heating for 10 min, followed by blocking for 25 min with Serum-free Protein
737  Block (Dako). Primary antibody incubation was performed at room temperature for 1 hrin a
738  humidified chamber. Antibodies used were Ki67 (1:200; Abcam), cleaved caspase 3 (1:250; Cell
739  Signaling). After washing, incubation with InmPRESS™ HRP Anti-Rabbit IgG (Peroxidase)
740  Polymer Detection Kit (Vector) was performed for 30 min at room temperature in a humidified
741 chamber. DAB chromogen solution was applied for 4.5 min, followed by counterstain for 3 min.

742  Slides were dehydrated by sequential incubations in the reverse order reported above for
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743  rehydration. Coverslips were affixed, and slides were scanned using the Aperio Slide Scanning
744  System (Leica Biosystems). Positive nuclei (Ki67) and stained area (cleaved caspase 3) were
745  analyzed using the ImageScope software (Leica Biosystems). Quantification is average of 3
746  sections, 1 from each of 3 independent tumors.

747

748  Statistical Analysis

749  Metastasis assays requiring multiple comparisons was analyzed using the Kruskal-Wallis test
750  (non-parametric one-way Anova) with post-hoc Conover-Inman correction for multiple analyses.
751  The Z-method was used to combine p-values with weighting as appropriate. RNase H2 assays
752  were analyzed using a one-tailed T test. Ki67 and cleaved caspase 3 IHC were analyzed using
753  the Kruskal-Wallis test. Cell cycle progression was analyzed using a one-way Anova of

754  knockdown sample compared to scramble. Immunophenotyping was analyzed using the Mann-
755  Whitney test. ISG expression was analyzed using a two-way Anova with Dunnett’s multiple

756  comparison correction. Statistical significance was evaluated as a p-value < 0.05.

757
758 Acknowledgments

759  The authors would like to thank present and past members of the Hunter Laboratory for

760 technical assistance and critical review of the manuscript. We would also like to thank the

761 members of Laboratory of Cancer Biology and Genetics at the NCI for helpful discussions and
762  shared reagents. We thank Helen Michael for IHC assistance, Aleksandra Michalowski for
763  assistance with statistical analysis, and the NCI Animal Facility staff. We thank Steve Shema
764  and Qin Wei in the CCR Genomics Core and Langston Lim in the CCR Confocal Microscopy
765  Core for their expertise. We thank Bao Tran and Jyoti Shetty at the Sequencing Facility at

766  Frederick National Laboratory for their expertise. This research was supported in part by the

31


https://doi.org/10.1101/550418

bioRxiv preprint doi: https://doi.org/10.1101/550418; this version posted February 14, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 and is
also made available for use under a CCO license.

767  Intramural Research Program of the NIH at the National Cancer Institute, Center for Cancer
768  Research and National Institute of Child Health and Human Development.
769

770 References

771 1. Surveillance, Epidemiology, and End Results (SEER) Program 2016 [cited 2016].
772  Available from: http://seer.cancer.gov/statfacts/html/breast.html.
73 2. Consortium EP. An integrated encyclopedia of DNA elements in the human genome.

774  Nature. 2012;489(7414):57-74. Epub 2012/09/08. doi: 10.1038/nature11247. PubMed PMID:
775  22955616; PubMed Central PMCID: PMCPMC3439153.

776 3. Crawford NP, Alsarraj J, Lukes L, Walker RC, Officewala JS, Yang HH, et al.

777  Bromodomain 4 activation predicts breast cancer survival. Proc Natl Acad Sci U S A.

778  2008;105(17):6380-5. doi: 10.1073/pnas.0710331105. PubMed PMID: 18427120; PubMed

779  Central PMCID: PMCPMC2359777.

780 4. Crawford NP, Qian X, Ziogas A, Papageorge AG, Boersma BJ, Walker RC, et al. Rrp1b,
781 a new candidate susceptibility gene for breast cancer progression and metastasis. PLoS Genet.
782  2007;3(11):e214. doi: 10.1371/journal.pgen.0030214. PubMed PMID: 18081427; PubMed

783  Central PMCID: PMCPMC2098807.

784 5. Crawford NP, Walker RC, Lukes L, Officewala JS, Williams RW, Hunter KW. The

785  Diasporin Pathway: a tumor progression-related transcriptional network that predicts breast
786  cancer survival. Clin Exp Metastasis. 2008;25(4):357-69. doi: 10.1007/s10585-008-9146-6.

787  PubMed PMID: 18301994; PubMed Central PMCID: PMCPMC2410042.

788 6. Faraji F, Hu Y, Wu G, Goldberger NE, Walker RC, Zhang J, et al. An integrated systems
789  genetics screen reveals the transcriptional structure of inherited predisposition to metastatic
790 disease. Genome Res. 2014;24(2):227-40. doi: 10.1101/gr.166223.113. PubMed PMID:

791 24322557; PubMed Central PMCID: PMCPMC3912413.

792 7. Faraji F, Pang Y, Walker RC, Nieves Borges R, Yang L, Hunter KW. Cadm1 is a

793  metastasis susceptibility gene that suppresses metastasis by modifying tumor interaction with
794  the cell-mediated immunity. PLoS Genet. 2012;8(9):e1002926. doi:

795  10.1371/journal.pgen.1002926. PubMed PMID: 23028344; PubMed Central PMCID:

796 PMCPMC3447942.

797 8. Winter SF, Lukes L, Walker RC, Welch DR, Hunter KW. Allelic variation and differential
798  expression of the mSIN3A histone deacetylase complex gene Arid4b promote mammary tumor
799  growth and metastasis. PLoS Genet. 2012;8(5):e1002735. doi: 10.1371/journal.pgen.1002735.
800 PubMed PMID: 22693453; PubMed Central PMCID: PMCPMC3364935.

801 9. Park YG, Zhao X, Lesueur F, Lowy DR, Lancaster M, Pharoah P, et al. Sipa1 is a

802 candidate for underlying the metastasis efficiency modifier locus Mtes1. Nat Genet.

803  2005;37(10):1055-62. doi: 10.1038/ng1635. PubMed PMID: 16142231; PubMed Central

804 PMCID: PMCPMC2140048.

805 10. Alsarraj J, Faraji F, Geiger TR, Mattaini KR, Williams M, Wu J, et al. BRD4 short isoform
806 interacts with RRP1B, SIPA1 and components of the LINC complex at the inner face of the

807  nuclear membrane. PloS one. 2013;8(11):e80746. Epub 2013/11/22. doi:

808 10.1371/journal.pone.0080746. PubMed PMID: 24260471; PubMed Central PMCID:

809 PMC3834312.

810 11. Bai L, Yang HH, Hu Y, Shukla A, Ha NH, Doran A, et al. An Integrated Genome-Wide
811  Systems Genetics Screen for Breast Cancer Metastasis Susceptibility Genes. PLoS Genet.
812  2016;12(4):e1005989. doi: 10.1371/journal.pgen.1005989. PubMed PMID: 27074153; PubMed
813  Central PMCID: PMCPMC4830524.

32


http://seer.cancer.gov/statfacts/html/breast.html
https://doi.org/10.1101/550418

bioRxiv preprint doi: https://doi.org/10.1101/550418; this version posted February 14, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 and is
also made available for use under a CCO license.

814 12 Cerritelli SM, Crouch RJ. Ribonuclease H: the enzymes in eukaryotes. FEBS J.

815  2009;276(6):1494-505. doi: 10.1111/j.1742-4658.2009.06908.x. PubMed PMID: 19228196;
816  PubMed Central PMCID: PMCPMC2746905.

817 13. Crow YJ, Leitch A, Hayward BE, Garner A, Parmar R, Griffith E, et al. Mutations in

818  genes encoding ribonuclease H2 subunits cause Aicardi-Goutieres syndrome and mimic

819  congenital viral brain infection. Nat Genet. 2006;38(8):910-6. doi: 10.1038/ng1842. PubMed
820 PMID: 16845400.

821 14. Aicardi J, Goutieres F. A progressive familial encephalopathy in infancy with

822 calcifications of the basal ganglia and chronic cerebrospinal fluid lymphocytosis. Ann Neurol.
823  1984;15(1):49-54. Epub 1984/01/01. doi: 10.1002/ana.410150109. PubMed PMID: 6712192.
824 15. Crow YJ. Aicardi-Goutieres syndrome. Handb Clin Neurol. 2013;113:1629-35. Epub
825  2013/04/30. doi: 10.1016/B978-0-444-59565-2.00031-9. PubMed PMID: 23622384.

826 16. Goutieres F. Aicardi-Goutieres syndrome. Brain Dev. 2005;27(3):201-6. Epub

827  2005/03/02. doi: 10.1016/j.braindev.2003.12.011. PubMed PMID: 15737701.

828 17. Gunther C, Kind B, Reijns MA, Berndt N, Martinez-Bueno M, Wolf C, et al. Defective
829  removal of ribonucleotides from DNA promotes systemic autoimmunity. J Clin Invest.

830 2015;125(1):413-24. doi: 10.1172/JC178001. PubMed PMID: 25500883; PubMed Central

831  PMCID: PMCPMC4382239.

832 18. Flanagan JM, Funes JM, Henderson S, Wild L, Carey N, Boshoff C. Genomics screen in
833 transformed stem cells reveals RNASEH2A, PPAP2C, and ADARB1 as putative anticancer drug
834  targets. Mol Cancer Ther. 2009;8(1):249-60. Epub 2009/01/14. doi: 10.1158/1535-7163.MCT-
835 08-0636. PubMed PMID: 19139135.

836 19. Mottaghi-Dastjerdi N, Soltany-Rezaee-Rad M, Sepehrizadeh Z, Roshandel G,

837  Ebrahimifard F, Setayesh N. Identification of novel genes involved in gastric carcinogenesis by
838  suppression subtractive hybridization. Hum Exp Toxicol. 2015;34(1):3-11. doi:

839 10.1177/0960327114532386. PubMed PMID: 24812152.

840 20. Williams KA, Lee M, Hu Y, Andreas J, Patel SJ, Zhang S, et al. A systems genetics

841 approach identifies CXCL14, ITGAX, and LPCATZ2 as novel aggressive prostate cancer

842  susceptibility genes. PLoS Genet. 2014;10(11):e1004809. Epub 2014/11/21. doi:

843  10.1371/journal.pgen.1004809. PubMed PMID: 25411967; PubMed Central PMCID:

844 PMCPMC4238980.

845 21. Yang CA, Huang HY, Chang YS, Lin CL, Lai IL, Chang JG. DNA-Sensing and Nuclease
846  Gene Expressions as Markers for Colorectal Cancer Progression. Oncology. 2017;92(2):115-
847  24.doi: 10.1159/000452281. PubMed PMID: 27988520.

848  22. Zhang Y, Long J, Lu W, Shu XO, Cai Q, Zheng Y, et al. Rare coding variants and breast
849  cancer risk: evaluation of susceptibility Loci identified in genome-wide association studies.

850  Cancer Epidemiol Biomarkers Prev. 2014;23(4):622-8. doi: 10.1158/1055-9965.EPI-13-1043.
851  PubMed PMID: 24470074; PubMed Central PMCID: PMCPMC3976694.

852  23. Aden K, Bartsch K, Dahl J, Reijns MAM, Esser D, Sheibani-Tezerji R, et al. Epithelial
853 RNase H2 Maintains Genome Integrity and Prevents Intestinal Tumorigenesis in Mice.

854  Gastroenterology. 2019;156(1):145-59 e19. Epub 2018/10/03. doi:

855 10.1053/j.gastro.2018.09.047. PubMed PMID: 30273559; PubMed Central PMCID:

856 PMCPMC6311085.

857 24. Hiller B, Hoppe A, Haase C, Hiller C, Schubert N, Muller W, et al. Ribonucleotide

858  Excision Repair Is Essential to Prevent Squamous Cell Carcinoma of the Skin. Cancer Res.
859  2018;78(20):5917-26. Epub 2018/08/30. doi: 10.1158/0008-5472.CAN-18-1099. PubMed PMID:
860 30154151.

861  25. Zimmermann M, Murina O, Reijns MAM, Agathanggelou A, Challis R, Tarnauskaite Z, et
862 al. CRISPR screens identify genomic ribonucleotides as a source of PARP-trapping lesions.
863  Nature. 2018;559(7713):285-9. Epub 2018/07/06. doi: 10.1038/s41586-018-0291-z. PubMed
864 PMID: 29973717; PubMed Central PMCID: PMCPMC6071917.

33


https://doi.org/10.1101/550418

bioRxiv preprint doi: https://doi.org/10.1101/550418; this version posted February 14, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 and is
also made available for use under a CCO license.

865 26. Guy CT, Cardiff RD, Muller WJ. Induction of mammary tumors by expression of

866  polyomavirus middle T oncogene: a transgenic mouse model for metastatic disease. Mol Cell
867  Biol. 1992;12(3):954-61. PubMed PMID: 1312220; PubMed Central PMCID: PMCPMC369527.
868  27. Svenson KL, Gatti DM, Valdar W, Welsh CE, Cheng R, Chesler EJ, et al. High-resolution
869  genetic mapping using the Mouse Diversity outbred population. Genetics. 2012;190(2):437-47.
870  doi: 10.1534/genetics.111.132597. PubMed PMID: 22345611; PubMed Central PMCID:

871 PMCPMC3276626.

872  28. Churchill GA, Gatti DM, Munger SC, Svenson KL. The Diversity Outbred mouse

873  population. Mamm Genome. 2012;23(9-10):713-8. doi: 10.1007/s00335-012-9414-2. PubMed
874  PMID: 22892839; PubMed Central PMCID: PMCPMC3524832.

875  29. Hu Y, Bai L, Geiger T, Goldberger N, Walker RC, Green JE, et al. Genetic background
876  may contribute to PAM50 gene expression breast cancer subtype assignments. PloS one.

877  2013;8(8):e72287. Epub 2013/09/10. doi: 10.1371/journal.pone.0072287. PubMed PMID:

878  24015230; PubMed Central PMCID: PMCPMC3756056.

879 30. Hunter KW, Broman KW, Voyer TL, Lukes L, Cozma D, Debies MT, et al. Predisposition
880 to efficient mammary tumor metastatic progression is linked to the breast cancer metastasis
881  suppressor gene Brms1. Cancer Res. 2001;61(24):8866-72. PubMed PMID: 11751410.

882  31. Morel L, Blenman KR, Croker BP, Wakeland EK. The major murine systemic lupus

883  erythematosus susceptibility locus, Sle1, is a cluster of functionally related genes. Proc Natl
884  Acad Sci U S A. 2001;98(4):1787-92. Epub 2001/02/15. doi: 10.1073/pnas.031336098. PubMed
885 PMID: 11172029; PubMed Central PMCID: PMCPMC29335.

886  32. Ringner M, Fredlund E, Hakkinen J, Borg A, Staaf J. GOBO: gene expression-based
887  outcome for breast cancer online. PloS one. 2011;6(3):e17911. Epub 2011/03/30. doi:

888  10.1371/journal.pone.0017911. PubMed PMID: 21445301; PubMed Central PMCID:

889 PMCPMC3061871.

890 33. Chon H, Vassilev A, DePamphilis ML, Zhao Y, Zhang J, Burgers PM, et al. Contributions
891  of the two accessory subunits, RNASEH2B and RNASEH2C, to the activity and properties of
892  the human RNase H2 complex. Nucleic Acids Res. 2009;37(1):96-110. doi:

893  10.1093/nar/gkn913. PubMed PMID: 19015152; PubMed Central PMCID: PMCPMC2615623.
894  34. Jeong HS, Backlund PS, Chen HC, Karavanov AA, Crouch RJ. RNase H2 of

895  Saccharomyces cerevisiae is a complex of three proteins. Nucleic Acids Res. 2004;32(2):407-
896  14. doi: 10.1093/nar/gkh209. PubMed PMID: 14734815; PubMed Central PMCID:

897 PMCPMC373335.

898 35. Hiller B, Achleitner M, Glage S, Naumann R, Behrendt R, Roers A. Mammalian RNase
899  H2 removes ribonucleotides from DNA to maintain genome integrity. J Exp Med.

900 2012;209(8):1419-26. doi: 10.1084/jem.20120876. PubMed PMID: 22802351; PubMed Central
901 PMCID: PMCPMC3409502.

902  36. Tacar O, Sriamornsak P, Dass CR. Doxorubicin: an update on anticancer molecular
903  action, toxicity and novel drug delivery systems. J Pharm Pharmacol. 2013;65(2):157-70. doi:
904 10.1111/j.2042-7158.2012.01567.x. PubMed PMID: 23278683.

905 37. Vanoosthuyse V. Strengths and Weaknesses of the Current Strategies to Map and

906  Characterize R-Loops. Noncoding RNA. 2018;4(2). Epub 2018/04/17. doi:

907  10.3390/ncrna4020009. PubMed PMID: 29657305; PubMed Central PMCID:

908 PMCPMC6027298.

909 38. Frishberg A, Brodt A, Steuerman Y, Gat-Viks |. ImmQuant: a user-friendly tool for

910 inferring immune cell-type composition from gene-expression data. Bioinformatics.

911  2016;32(24):3842-3. doi: 10.1093/bioinformatics/btw535. PubMed PMID: 27531105; PubMed
912  Central PMCID: PMCPMC5167062.

913  39. Pokatayev V, Hasin N, Chon H, Cerritelli SM, Sakhuja K, Ward JM, et al. RNase H2
914  catalytic core Aicardi-Goutieres syndrome-related mutant invokes cGAS-STING innate immune-

34


https://doi.org/10.1101/550418

bioRxiv preprint doi: https://doi.org/10.1101/550418; this version posted February 14, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 and is
also made available for use under a CCO license.

915  sensing pathway in mice. J Exp Med. 2016;213(3):329-36. doi: 10.1084/jem.20151464. PubMed
916  PMID: 26880576; PubMed Central PMCID: PMCPMC4813680.

917  40. Mackenzie KJ, Carroll P, Lettice L, Tarnauskaite Z, Reddy K, Dix F, et al. Ribonuclease
918 H2 mutations induce a cGAS/STING-dependent innate immune response. EMBO J.

919  2016;35(8):831-44. Epub 2016/02/24. doi: 10.15252/embj.201593339. PubMed PMID:

920 26903602; PubMed Central PMCID: PMCPMC4855687.

921 41. Mankan AK, Schmidt T, Chauhan D, Goldeck M, Honing K, Gaidt M, et al. Cytosolic
922  RNA:DNA hybrids activate the cGAS-STING axis. EMBO J. 2014;33(24):2937-46. Epub

923  2014/11/27. doi: 10.15252/embj.201488726. PubMed PMID: 25425575; PubMed Central

924  PMCID: PMCPMC4282641.

925 42 Ning S, Pagano JS, Barber GN. IRF7: activation, regulation, modification and function.
926  Genes Immun. 2011;12(6):399-414. Epub 2011/04/15. doi: 10.1038/gene.2011.21. PubMed
927  PMID: 21490621; PubMed Central PMCID: PMCPMC4437765.

928 43. Volkman HE, Stetson DB. The enemy within: endogenous retroelements and

929  autoimmune disease. Nat Immunol. 2014;15(5):415-22. Epub 2014/04/22. doi: 10.1038/ni.2872.
930 PubMed PMID: 24747712; PubMed Central PMCID: PMCPMC4131434.

931 44, Reijns MA, Bubeck D, Gibson LC, Graham SC, Baillie GS, Jones EY, et al. The structure
932 of the human RNase H2 complex defines key interaction interfaces relevant to enzyme function
933 and human disease. J Biol Chem. 2011;286(12):10530-9. doi: 10.1074/jbc.M110.177394.

934 PubMed PMID: 21177854; PubMed Central PMCID: PMCPMC3060506.

935 45, Nick McElhinny SA, Kumar D, Clark AB, Watt DL, Watts BE, Lundstrom EB, et al.

936  Genome instability due to ribonucleotide incorporation into DNA. Nat Chem Biol.

937 2010;6(10):774-81. doi: 10.1038/nchembio.424. PubMed PMID: 20729855; PubMed Central
938 PMCID: PMCPMC2942972.

939 46. Schumacher TN, Schreiber RD. Neoantigens in cancer immunotherapy. Science.

940 2015;348(6230):69-74. Epub 2015/04/04. doi: 10.1126/science.aaa4971. PubMed PMID:

941  25838375.

942  47. Kind B, Muster B, Staroske W, Herce HD, Sachse R, Rapp A, et al. Altered spatio-

943  temporal dynamics of RNase H2 complex assembly at replication and repair sites in Aicardi-
944  Goutieres syndrome. Hum Mol Genet. 2014;23(22):5950-60. Epub 2014/07/06. doi:

945  10.1093/hmg/ddu319. PubMed PMID: 24986920.

946  48. Perrino FW, Harvey S, Shaban NM, Hollis T. RNaseH2 mutants that cause Aicardi-

947  Goutieres syndrome are active nucleases. J Mol Med (Berl). 2009;87(1):25-30. Epub

948  2008/11/27. doi: 10.1007/s00109-008-0422-3. PubMed PMID: 19034401; PubMed Central

949 PMCID: PMCPMC2852111.

950  49. Shaban NM, Harvey S, Perrino FW, Hollis T. The structure of the mammalian RNase H2
951  complex provides insight into RNA.NA hybrid processing to prevent immune dysfunction. J Biol
952 Chem. 2010;285(6):3617-24. doi: 10.1074/jbc.M109.059048. PubMed PMID: 19923215;

953  PubMed Central PMCID: PMCPMC2823502.

954  50. Feng S, Cao Z. Is the role of human RNase H2 restricted to its enzyme activity? Prog
955  Biophys Mol Biol. 2016;121(1):66-73. Epub 2015/11/26. doi: 10.1016/j.pbiomolbio.2015.11.001.
956 PubMed PMID: 26603688.

957  51. Uehara R, Cerritelli SM, Hasin N, Sakhuja K, London M, Iranzo J, et al. Two RNase H2
958  Mutants with Differential INMP Processing Activity Reveal a Threshold of Ribonucleotide

959  Tolerance for Embryonic Development. Cell Rep. 2018;25(5):1135-45 e5. Epub 2018/11/01. doi:
960 10.1016/j.celrep.2018.10.019. PubMed PMID: 30380406.

961 52. Crow YJ, Chase DS, Lowenstein Schmidt J, Szynkiewicz M, Forte GM, Gornall HL, et al.
962  Characterization of human disease phenotypes associated with mutations in TREX1,

963 RNASEH2A, RNASEH2B, RNASEH2C, SAMHD1, ADAR, and IFIH1. Am J Med Genet A.

964 2015;167A(2):296-312. doi: 10.1002/ajmg.a.36887. PubMed PMID: 25604658; PubMed Central
965 PMCID: PMCPMC4382202.

35


https://doi.org/10.1101/550418

bioRxiv preprint doi: https://doi.org/10.1101/550418; this version posted February 14, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 and is
also made available for use under a CCO license.

966  53. Spellman A, Tang SC. Immunotherapy for breast cancer: past, present, and future.
967  Cancer Metastasis Rev. 2016;35(4):525-46. doi: 10.1007/s10555-016-9654-9. PubMed PMID:
968  27913998.

969 54. Heng TS, Painter MW, Immunological Genome Project C. The Immunological Genome
970  Project: networks of gene expression in immune cells. Nat Immunol. 2008;9(10):1091-4. Epub
971 2008/09/19. doi: 10.1038/ni1008-1091. PubMed PMID: 18800157.

972

973
974 Figure Legends

975 Fig 1. Knockdown of Rnaseh2c reduces pulmonary metastasis.

976  (A) Mice from the DO Generation 5 were bred to the MMTV-PyMT transgenic model to induce
977  tumorigenesis and metastasis in the offspring, which were used to identify strain-specific

978 haplotypes associated with metastasis. A tumor expression microarray was used to identify
979  genes within the identified haplotypes exhibiting changes in expression associated with changes
980 in metastasis. Rnaseh2c was one of the identified candidate genes. (B) RNASEH2C protein
981 expression by western blot upon shRNA-mediated knockdown. One representative blot is

982  shown, average relative densitometry for three independent experiments is reported below. (C-
983  E) Pulmonary metastases (C) and tumor mass (D) from orthotopically injected scramble control
984  (scr) and knockdown cells were quantified at euthanasia and normalized (metastases per gram
985  of tumor, E); average * standard deviation, n = 25 mice per group in three independent

986  experiments. (F) Tail vein experimental metastasis experiment using scramble and knockdown
987 cells. Pulmonary metastases were counted at euthanasia; average + standard deviation, n = 10
988  mice per group. NS — not significant

989

990 Fig 2. Overexpression of Rnaseh2c increases pulmonary metastasis.

991  (A) RNASEH2C protein expression by western blot following exogenous overexpression (OE).
992  One representative blot is shown, average relative densitometry for three independent

993  experiments is reported below; OE lane is combined endogenous and exogenous tagged
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994  RNASEH2C expression. (B-D) OE cell line was orthotopically injected along with empty vector
995  control (Ctrl) as described. Pulmonary metastases (B) and tumor mass (C) were quantified at
996 euthanasia and normalized (metastases per gram of tumor, D); average + standard deviation, n
997 =19 mice per group in two independent experiments. NS — not significant
998
999 Fig 3. Knockdown of Rnaseh2a does not phenocopy the metastatic effect of Rnaseh2c.
1000 (A) Percent ribonucleotide excision repair (RER) activity was measured in Mvt1 scr and sh4
1001  Rnaseh2c knockdown cells. Average + standard deviation of three experiments. (B)
1002 RNASEH2A protein expression by western blot. One representative blot is shown, average
1003 relative densitometry for two independent experiments is reported below. (C) Percent
1004 ribonucleotide excision repair (RER) activity was measured in Mvt1 scr and Rnaseh2a
1005 knockdown cells. Average + standard deviation of three experiments. (D-F) Control and
1006  RnasehZ2a knockdown cells were used in spontaneous metastasis assays. Pulmonary
1007 metastases (D) and tumor mass (E) were quantified at euthanasia and normalized (metastases
1008 per gram of tumor, F); average + standard deviation, n = 20 mice per group in two independent
1009  experiments. NS — not significant
1010
1011 Fig 4. Rnaseh2c knockdown does not affect Mvt1 proliferation, apoptosis, cell cycle
1012  progression, or induce a DNA damage response.
1013  (A) Quantification of Ki67 (left) and Cleaved Caspase 3 (right) staining by IHC of tumor sections
1014  as the average + standard deviation of one section from each of three independent tumors. (B)
1015  Unsynchronized cells were labeled with BrdU (left) and stained with propidium iodide (PlI, right)
1016 to analyze cell cycle progression. Average + standard deviation of duplicate samples. (C) Cells
1017 £ doxorubicin treatment (1uM for 24 hr) were analyzed for p21 protein expression in response to
1018 DNA damage. NS — not significant
1019
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1020 Fig 5. T cells mediate the effect of Rnaseh2c knockdown on metastasis.

1021  (A) GSEA analysis of RNA-sequencing data comparing sh4 with scr tumors in hallmark

1022  pathways related to inflammation and interferon signaling. nom. p: nominal p-value; NES:

1023  normalized enrichment score; FDR q: false discovery rate g-value. (B) Tumor mass in athymic
1024 nude mice that received Mvt1 cells with a knockdown of RnasehZ2c; average + standard

1025  deviation. (C) Metastasis counts for the mice from (B); average + standard deviation, n = 20
1026  mice per group in two independent experiments. (D) Proportion of Interferon y (IFN-y)-producing
1027  CD8+ T cell that were isolated from tumors of FVB mice that received orthotopic injection with
1028 either scr or sh4 cells; average + SEM. (E) Proportion of Interferon y (IFN-y)-producing CD8+ T
1029 cell that were isolated from metastatic lungs of the mice shown in (D); average + SEM. n=5 mice
1030  per group with samples from each mouse analyzed in triplicate. NS — not significant

1031

1032  Fig 6. IRF3 signaling, the proposed AGS mechanism, is not activated in Mvt1 Rnaseh2c
1033  knockdown cells.

1034 (A) gPCR analysis of a panel of interferon stimulated genes in response to Rnaseh2c

1035  knockdown. Arrows indicate genes that are upregulated in AGS. Average + standard error of
1036 three experiments. (B) Western blot analysis of IRF3 phosphorylation and nuclear translocation
1037 in Rnaseh2c knockdown cells following fractionation of the cytoplasmic (Cyto) and nuclear (Nuc)
1038 fractions. Sting activation using treatment with DMXAA was used as a positive control.

1039

1040
1041 Supporting Information

1042  $1 Fig. A haplotype on mouse chromosome 19 predicts distant metastasis-free survival

1043 in HER2 enriched patients.
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1044  (A) Metastasis-associated haplotypes identified using the DO x PyMT cross described in Fig 1A.
1045  Plus sign denotes the haplotype selected for further investigation. (B) 5-gene signature of the
1046  chromosome 19 haplotype selected in (A) and their weights calculated using the mouse hazard
1047 ratios. (C) Kaplan-Meier analysis of distant metastasis-free survival (DMFS) of patients from the
1048 GOBO dataset stratified into terciles of the cumulative signature score of the gene signature in
1049  (B). Scores are calculated in GOBO by considering both the direction of expression and relative
1050 contribution of the gene to the signature as represented by the signature weight. HR-hazard
1051 ratio

1052

1053 82 Fig. qRT-PCR analysis of shRNA-mediated gene knockdowns in the Mvt1 cell line.
1054 (A) gRT-PCR analysis of RnasehZ2c expression following shRNA-mediated knockdown in Mvt1
1055 cells. Average + standard error of three experiments. (B) gRT-PCR analysis of Rnaseh2c

1056  expression following transduction of Mvt1 cells with an exogenous expression construct.

1057  Average * standard deviation of three experiments. (C) qRT-PCR analysis of Rnaseh2a

1058  expression following shRNA-mediated knockdown in Mvt1 cells. Average + standard deviation
1059  of three experiments.

1060

1061 S3 Fig. Knockdown of Rnaseh2c reduces pulmonary metastasis in the 4T1 cell line.

1062 (A) gRT-PCR analysis of RnasehZ2c expression following shRNA-mediated knockdown in 4T1
1063 cells. (B) RNASEH2C protein expression by western blot. One representative experiment is
1064  shown. (C-E) Spontaneous metastasis of 4T1 knockdown lines sh2 and sh4 was assessed as
1065  described. Tumor mass (C) and pulmonary metastases (D) were quantified at euthanasia and
1066 normalized (metastases per gram of tumor, E); average + standard deviation, n = 10 mice per
1067  group.

1068
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1069 S4 Fig. Rnaseh2c knockdown does not affect proliferation, apoptosis, or sensitivity to
1070  doxorubicin.

1071 (A) In vitro cellular confluence was monitored as an indirect measurement of proliferation using
1072  the IncuCyte imaging system; average * standard deviation of six technical replicates. (B) Full
1073 length and cleaved caspase 3 analysis in Rnaseh2c knockdown cells by western blot. (C) Ki67
1074  (top) and cleaved caspase 3 (bottom) staining by IHC of tumor sections, representative image of
1075  staining three independent tumors. Quantification is shown in Fig 4A. (D) Rnaseh2c knockdown
1076  cells were treated with increasing concentrations of doxorubicin over 24 hours and cell viability
1077  was measured using the MTT assay. Absorbance at 570nm is reported as a percentage of the
1078  untreated condition.

1079

1080 S5 Fig. Rnaseh2c knockdown does not produce double-strand DNA breaks.

1081 Immunofluorescence staining of y-H2AX in Mvt1 cells with Rnaseh2c knockdown. Cells were
1082  grown to approximately 50% confluency on glass coverslips for staining. One of two

1083 independent experiments is shown. Magnification, 63X.

1084

1085 S6 Fig. Rnaseh1 expression compensates for Rnaseh2c¢c knockdown.

1086  (A) Immunofluorescence staining of RNA/DNA hybrids using the S9.6 antibody in Mvt1 cells
1087  with Rnaseh2c knockdown. One of three independent experiments is shown. Magnification
1088 100X. (B) RNASEH1 protein expression upon Rnaseh2c knockdown. Densitometry relative to
1089  Actin for three independent experiments is reported below. (C) Percent RNA/DNA hybrid

1090 (RNase H) activity in Mvt1 cells with knockdown of Rnaseh2c. Activity levels are presented
1091 relative to untransduced Mvt1 cells. Average * standard deviation of two technical replicates.
1092 NS - not significant

1093
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1094  S7 Fig. In silico analysis of immune cell-specific gene expression patterns predicts

1095 infiltration of knockdown tumors by CD8+ T cells.

1096  mRNA-sequencing data was analyzed using ImmQuant software for changes in immune cell-
1097  specific gene expression and compared to reference gene expression profiles from defined
1098 inflammatory states. Predicted presence of immune cell types identified in the sh4 tumors are
1099 reported between -1 (dark blue, lowest presence) and 1 (dark red, highest presence) compared
1100 to scramble control tumors. Categories of immune cells are shown in yellow.

1101

1102 S8 Fig. CD4+ T regulatory cells and NK cells do not exhibit the same pattern as CD8+
1103  cytotoxic T cells.

1104  Immunophenotyping of cells within the primary tumor (left) or metastatic lungs (right) at

1105 euthanasia: (A) Average percent T regulatory cells identified by CD4+ Foxp3+ staining. (B)
1106  Average percent natural killer (NK) cells identified by NK1.1 staining. (C) Presence of activated
1107  (IFN-y producing) CD8+ T cells in the spleen at euthanasia. Average + SEM; NS — not

1108  significant

1109

1110 89 Fig. Other known immune-related pathways are not activated in Rnaseh2c knockdown
1111 cells.

1112  (A) Western blot analysis of canonical NF-kB signaling using fractionated (top) and whole cell
1113  (bottom) lysate from Rnaseh2c knockdown cells. (B) Western blot analysis of noncanonical NF-
1114 kB signaling using fractionated (top) and whole cell (bottom) lysate from Rnaseh2c knockdown
1115  cells. (C) Western blot analysis of IRF7 nuclear translocation in the Rnaseh2c¢ knockdown cells
1116  following fractionation of the cytoplasmic (Cyto) and nuclear (Nuc) fractions. (D) Analysis of
1117  three families of L1 elements by qRT-PCR. Average + standard deviation of three experiments.
1118 (E) Exome sequencing to analyze mutation burden (number of sequence variants) following
1119  Rnaseh2c knockdown. Average + standard deviation; n = 4 metastases per group.
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1120

1121 $1 File. Full IPA analysis from Mvt1 Rnaseh2c sh4 versus scramble control RNA-

1122  sequencing

1123

1124  S1 Table. Differentially expressed non-coding RNAs in Mvt1 Rnaseh2c sh4 knockdown
1125 versus scramble control cells by total RNA-sequencing

1126

1127  S2 Table. Primers for qRT-PCR and cloning
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